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Abstract

Modelingofthevisualandauditoryprocesslngandunderstandingtherelationship

betweenphysicalandsubjectivepropertyisthemaintopicinthisdissertation.This

researchwasmotivatedbytiledesiretounderstandprlmalattributesinvisionand

auditorysensationgatheringtowardcomplexpsychologicalresponsesandevaluations

in therealenvironment･Aspsychologicalresponsesmentionedhere,subjective

preferenceandsubjectiveimpressionsofsounds,visualpropertiesoflandscapeand

interi()∫spacearesupposed･TbevaluatequalitiesOfsuchmaterialsfrompsychologlCal

oraffective viewpoint,relationshipsbetween physicalproperty and subjective

evaluationareinvestigated.

Theproblem inunderstandingsuchpsychologicalresponsesbyascientific

manneristhatthiskindofinformationisdifficulttoexpressinlanguage,thereforeto

definitionandquantification･Itiseasytounderstandasweexperienceiteverydayln

sightsandsounds,butthisisrathervaguetodescribetheseproperties･ThepositionI

takeinthisdissertationisthatsuchvagueandcomplicatedsensibilitiesoccuras

assembliesofsubjectiveattributesprocessedinvision,audition,andsoon.These

attributesincludecolor,shape,spatialandtemporalcharacteristicsofsurface,or

loudness,pitch,andtimbreofsound･WeneedtoknOwthewaythathumanprocess

informationaboutthesesubjectiveattributes.

Inthisdissertation,Iintroducethecorrelationmechanismformodelingthe

processinthevisualandauditoryperception.TheslgnalprocesslnguSlngthe

autocorrelationandcross-correlationdescribedinthisdissertationiseffectivefor

describingperiodicalstructureofthesignal.Thebackgroundofthiscorrelationanalysュs

isthatperiodicityisasalientcueinhumanperception･Informationaboutthenatureofa

periodicphenomenon,suchasitsstructure,strength,andfrequency,lSimportantforour

understandingoftheenvironment･ThefundamentalresultthatIwillpresentisa

demonstrationthatitispossibletoapplythecorrelationmechanismtotheprocessin

visionandauditorysystem･Resultsaresummarizedbelow･Thekindsofprocesslngby

visualandauditorysensehavetwoaspects:temporalprocesslngandspatialprocesslng.

Itisgenerallybelievedthatvisionisespeciallygoodatspatialprocesslngandaudition
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isgoodattemporalprocesslng･Buttemporalinformationisimportantf()rvisual

pr()cesslngandspatialinfo-ationisimportantforauditoryprocesslng.Ⅰnvisual

processing,detectionofthemovingObjectsiscrucialforourlife.Informationofrhythm

()rtempoisacueforperceptionofperiodicalevents･Asforauditoryprocessing,

imf()nationofdirectionanddistanceofsoundsourceisimportantcueforustonavlgate

jnthefield.Spatialpropertiesofdiffusenessandsourcewidtharealsoimportantt()

definethequalityofasoundfieldsuchasauditorium･

InChapter2,Spatialvision〉Ipresentaseriesofstudiesonphysical

pr()pertiesandpsychologicalevaluationsoftwo-dimensionalspatialpattern･Ishowthat

theautocorrelationfunction(ACF)analysisprovidesusefulmeasuresforrepresenting

threesalientperceptualpropertiesoftexture,namely,contrast,coarseness,and

regularity.Anotherexperimentshowedthatthedegreeofregularityisasalientcuefor

texturepreferencejudgment･DescribedACFmodelofferstheadvantageofextracting

perceptualpropertiesandevaluatingsubjectivereactionintextureperception･

InChapter3,TemporalvisI'on,Idiscusstheunderlyingmechanismforthe

temp()ralperceptioninvision･Tbaddresstheproblem,Ifocusonthefundamental

propertiesofthetemporalvision mecbanism･Psychophysicalexperimentwas

performedonsubjectiveflickerratesforcomplexwaveforms･Resultsshowedthat

humanobseⅣersperceivedarateatthefundamentalfrequency,althoughtheenergyat

thisfrequencywasnotincludedinthesignals･Itimpliestheexistenceofcorrelation

mechanismintemporalvision

InChapter4,Audition,IpresentaSeriesofstudiesonphysicalpropertiesand

psychologicalevaluationsofsound･IusedtheACFinanalyzlngaSOundsignalandthe

interauralcross-correlationfunction(IACF)tocharacterizethespatialpropertiesof

soundfield.Itwasfoundthattheacousticalpropertiesarewellrepresentedbythe

factorsextractedfromtheACFandtheIACF,andthatthesubjectiveevaluationsfor

snundsignalareexplainedbythecombinationsoftheACFfactors･

Asapplicationsofthecorrelationmodelforslgnalprocesslng,Ⅰproposetwo

examples･Oneisananaly'zlngmethodoftexturalfeaturesforimageretrievaland

patternrecognition.Anotherissoundfeatureextractionforspeech recognition

technology･ThesetechniquesareuslngOurabilityfordetectingperiodicalstructurein

visualandauditoryslgnals･
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1.Introduction

Preface

Periodicityiscommoninthenaturalworld.Itisalsoasalientcueinhumanperception.

Informationaboutthenatureofaperiodicphenomenon,suchasitsstructure,strength,

andfrequency,1Simportantforourunderstandingoftheenvironment･Humansarevery

goodatidentifyingcomplexpatterns.Theauditorysystem easilysensescomplex

periodicitiessuchasthe止ythmandtempothatoccurusuallyinmusicandspeech,the

visualsystemreadilygraspsthesymmetriesandrepetitionsinherentintilepatterns,and

themindsearchesforsimpleregularitiestoexplainphenomenathatappearcomplexand

irregular.Undoubtedlyhumanshavethemechanism detectingperiodicphenomenon.

Thismechanismisprobablycommoninallthesensewehave･Amongourfivesenses,

itisgenerallybelievedthatvisionisespeciallygoodatspatialprocesslngandaudition

isgoodattemporalprocesslng･Buttemporalinfo-ationisimportantforvisual

processlng andspatialinfomation isimportantforauditory processlng.In this

dissertationIexploretheunderlyingmechanismforperiodicitydetectioninvisionand

auditioninvolvingspaceandtime･Ishowthataperiodicphenomenonisoneofthe

basesofmorecomplexsubjectiveattributesinvisualandauditorysensations.

1.1Motiyation

Istartedthisresearchprojectmotivatedbythedesiretounderstandprimalattributesin

visionandauditorysensationgatheringtowardcomplexpsychologlCalresponsesand

evaluationsintherealenvironment.AspsychologlCalresponsesmentionedhere,

subjectivepreferenceandsubjectiveimpressionsofsounds,Visualpropertiesof

landscapeandinteriorspacearesupposed.Tbevaluatequalitiesofsuchmaterialsfrom

psychologicaloraffectiveviewpoint,relationshipbetweenphysicalpropertyand

subjectiveevaluationneedtobecleared･Relatedtothesetopics,thereisanemerging

researchareacalled"KANSEIInformationProcesslng"from Japan.KANSEIisa

JapanesewordthatdoesnothaveadirectcounterpartinWestem languages･The

c()nceptofKANSEIisstronglytiedtotheconcept｡fpersonalityandaffective

sensibility.KANSEIisanabilitythatallowshumanstosolveproblemsandprocess
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informationinpersonalway･Itcanberelatedtoemotion,butalsoreferstothehuman

abilityofinfomationprocesslnglnWaysnotjustlogical･

Theproblem inunderstandingKANSEIbyascientificmanneristhatthis

kindofinformationisdifficulttoexpressinlanguage,thereforetodefinitionand

quantification.ItiseasytounderstandasweexperienceiteverydaylnSightsandsounds,

butthisisrathervaguetodescribetheseproperties･ThepositionItakeinthis

dissertationisthatsuchvagueandcomplicatedsensibilitiesoccurasassembliesof

subjectiveattributesprocessedinvision,audition,andsoon･Theseattributesinclude

color,shape,andtextureoftheobjects,orloudness,pitch,andtimbreofsound.Thuswe

needt()knowthewaythathumanprocessinfomationaboutthesesubjectiveattributes.

Modelingofthevisualandauditoryprocesslngandunderstandingtherelationship

betweenphysicalandsubjectivepropertyisthereforethemaintopicinthisdissertation.

WealsoneedtoknOwwhatisasalientcueforsubjectiveevaluationsamong

thephysicalandsubjectiveprlmalattributes.AsGestalistsrevealed,therearewholes,

thebehaviorofwhichisnotdeterminedbythatoftheirindividualelements,butwhere

theparトprocessesarethemselvesdeterminedbytheintrinsicnatureofthewhole.Our

sensationandsubjectiveevaluationmightbetheGestaltitself･Itispossiblethatour

visualandauditorysystemgraspthewholeinfomationofsightandsoundroughlyby

characterizingonlyseveralimportantproperties.Iexplorewhataresalientcuesin

perceptionofcomplexvisualpatternandacousticslgnals,andhowdohumanprocess

suchcomplexpatterns･

1.2Organization

Thisdissertationisorganizedbyfollowlngfivechapters.InChapter2,3,and4,I

discussthreedifferentpropertiesofhumanperceptioninvisionandaudition.Asshown

inTable1.1,thekindsofprocessingbyvisualandauditorysensehavetwoaspects:

temporalprocesslngandspatialprocesslng･Itisgenerallybelievedthatvisionis

especiallygoodatspatialprocesslngandauditionisgoodattemporalprocesslng.But

temporalinfomationisimportantforvisualprocesslngandspatialinfomationis

importantforauditoryprocesslng.Ⅰnvisualprocesslng,detectionofthemovlngObjects

iscrucialforourlife.Informationofrhythm ortempoisacueforperceptionof

periodicalevents.Asforauditoryprocesslng,info-ationofdirectionanddistanceof

soundsourceisimportantcueforustonavlgatein thefield･Spatialproperties()f

2



diffusenessandsourcewidtharealsoimportanttodefinethequalityofasoundfield

suchasauditorium.Tbassessthepsychologicalevaluationofsoundinthereal

environment,itisnecessarytoinvestigatesuchspatialsensationsaswellastemporally

pr()cessedprimarysensations･Contentsineachchapteraresummarizedasfollows･

Table1.1Spatialandtempora一processinglnVisionandaudition.

Spatial Telnporal

Visio11 Shape Tempo,Rhythm

Dep仙 Motioll

Pattern

Audition Location Loudness,Pitch,Timbre

Spaciousness Tempo,Rhythm

Chapter2,Spatialyision,discussesaboutspatialpropertiesofvisual

perception.IpresentaseriesofexperimelltSOnphysicalpropertiesandpsychologlCal

evaluationsoftwo-dimensionalspatialpattem･Asimpleautocorrelationmodelthat

pl･()Videsusefulmeasuresforrepresentingsalientperceptualpropertiesoftextureis

introduced.ThenIdiscussthesupposedcorrelationmechanismofthevisualsystemfor

textureperception.

InChapter3,Temporalvision,Idiscusstheunderlyingmechanismforthe

temporalperceptioninvision･TemporalprocesslnglnVisualsystem haslongbeen

neglectedinspiteofitsimportanceinhumanperception･¶)focusonthefundamental

propertiesofthetemporalvisionmechanism,thesubjectiveflickerrateofcomplex

waveformsisexamined.Laterldiscussthepossibilityofcorrelationmechanism in

temp()ralvision.

InChapter4,Audition,Ipresentaseriesofstudiesonphysicalpropertiesand

psychologicalevaluationsofsound.Iuseamethodofautocorrelationandinter-aural

cross-C()rrelationinanalyzlngasoundsignal･Thesestudiesarebasedontheprevious

k110Wledgeoncorrelationmechanismintheauditorysystem･Itrytocharacterizethe

prlmalacousticalpropertiesofsoundfieldandtounderstandthemechanism of

perceptionaboutsuchproperties･

In Chapter5,Applications,imageprocesslng and speech recognition

techniquesareproposed.Proposedmethodsareapplicationofhumanabilitytoextract

3



slgnalcharacteristicsinvisionandaudition.

FinallyinChapter6,Conclttsions,summaryofthisdissertation,contributions

andfuturedirectionsaredescribed.
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2.Spatialvision

2.11mtroduction

lllthischapter,Idiscussaboutspatialpropertiesofvisualperception.Formany

practicalreasons,alargepartofresearchinspatialvisionisperformedwithblack&

whiteorsimplegrayscalepatterns･Althoughtheycanshedlightoncertainaspectsof

earlyvisionmechanism,thesearehighlyimpoverishedstimulicomparedtothenatural

visualenvironment.Toexploremoresophisticatedmechanismofthevisualsystem,I

focusmyresearchinterestonperceptionofcomplexspatialpattern,texture.

Theterm"texture"isusedinavarietyofmeanlngandcontext.Notonlyasa

visualtexture,butalsotextilesurfacetouch,soundquality,andfoodmaterialreferto

texture.Therearemanydefinitionseveninavisualtexture･Commonnatureoftexture

accordingtothesedescriptlOnSisthattextureisintuitivetounderstand,butsomewhat

difficulttodefine.Theonlygroundtruthiswhathumanobserversperceivetobethe

kindoftexturalpropertiesoftheimagecontentofthatsignal.Thisplacestextureand

spatialpatternintothedomainofperceptualattributesofimage.Apresslngquestionfor

psychologicalandimage-processlngresearchersistodiscoverphysicalpropertiesthat

correlatewiththisperceptualattribute.

AIso,textureisoneofthemostimportantcuesforspatialperceptionsuchas

depthandlocationofobjectsinthespace.SinceGibson(1950),manyeffortshave

glVenintotextureperceptiontounderstandthemechanism ofspatialperception.But

how doesourvisualsystem extractandcharacterizetexturalinformationforfurther

processofspatialperceptionisstillanopenproblem･Tounderstandtheunderlying

mechanismfortexturalpropertiesthereforecontributestotheinvestigationofthehigh-

1evelmechanismofthevisualsystem.

Thepurposeofthestudyinthischapteristwofolds.Oneistoextractthe

physicalfeaturescorrespondingtovisualperceptlOn･Thisincludesprlmalfeaturesof

textureandpsychologlCalevaluationoftexture.Anotheristounderstandthemechanism

oftextureperceptioninourvisualsystem･Thechapterisorganizedasfollows･tn

Section2.2,Iwillbrienyreview anumberoftexturerelatedstudiesinthefieldof

psychophysics,englneerlng,andpsychology.ThenIwillpresentanapproachoftexture
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illlalysisbasedonthecorrelationmodel･Finally,Iwilldiscussthesupposedmechanism

〔)川-evisualsystemfortexturepel一ccptlOn･

2.2Relatedwork

lnthissectionIreviewpreviousworks,whicharerelatedtothischapter.Thiscontains

thestudyofthelow-levelandhigh-levelmechanism ofthevisualsystem,texture

modelinglntheimageprocesslng,andpsychologicaldimensionoftextureperception.

2.2.1Pattern PerceptionandmodelofspatiaJvision

Psychophysicalexperimentshaveshownthatcertaintexturetypescanbediscriminated

andsegmentedpreattentively.Preattentivediscriminationandsegmentationoftenoccur

intextureswithdifferentfirst-orderstatistics(Figure2.1).Ananalysisofavarietyof

texturesledJulesztobelievethattextureswiththesame"global"second-orderstatistics

areindistinguishablefromoneanother(Julesz1962).

t法 い

Figure2.1Julesz'srandomdot(Julesz,1962).Tworegionsarepreattentive】ydiscriminablewhen

theyhavedifferentsecondl0rderstatistics(a),butnotdiscriminablewhentheyhavesamesecond-

Orderstatistics(b)･

Tllisfilldingbecamethebasisoftextureanalystsinenglneerlng･Late1-,hediscovel.ed

evidencetothecontrary(Julesz1980).Theseweretexturepairswiththesameglobal

secolld-orderstatistics,whichremainedeasilydiscriminable･Eacllpal一appearedtohave

some "local" differencesin theconspicuousfeatures,such aselongated blobs,

orientation,length,widthandlinecrossing(e.g.,Figure2.2).Thesefeatureswerecalled

textons(Julesz1983).

6
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Figure2.2Exampleoftexton(Julesz,1983).(a)Texturepairofwhichelementshavingdifferent

textons(linecrossingvs.not-crossingsegments)isdistinguishable,whereas(b)ofwhichelements

llaVeidenticaltextonsyieldsindistinguishabletexturepal一.

Preattentivetexturediscrimination,inthiscase,Occursasaresultofdifferencesin

textontypesorsomeotherfirst-orderstatisticsbetweenlocalfeaturessuchastheir

densltyOrStandarddeviation,ratherthanasglobalsecond-orderdifferences.Analysts

byglobalFouriertechniquesdoesnotreveallocaldistributionsorcombinationsof

imageluminance.Consequently,globalFouriertransform isinappropriateforanalysュs

ofthelocalfeaturesortextonsthatdistinguishtwotextures,

Thesamediscrepancybetweenlocalandglobalprocesslngisfoundinthe

modelsofspatialvision.Thereceptivefieldcharacteristicsmostfrequentlymentioned

intexturediscriminationmodelsareelongatedbarandedgedetectors(Hubeland

Wiesel1959,1962),Thecharacteristicsofthesedetectorsarereasonabletoexplain

Julesz'textontheory.Modelsofadifferenttypeclaimthatvisualstimuliareprocessed

inparallelbyanumberofindependentspatialfrequencychannels(Campbelland

Robson1968)･Extensiveexperimentalevidencesuggeststhatsomeform ofspatial

frequencyanalysisisperformedinthestriatecortex(DeValoisetal.1979).These

findingsleadtotheviewofthecortexasakindofspatialFourieranalyzer.

TheseproblemscanbeavoidedbyapplyingFouriertransformsto the

windowedlocalregionsCOrreSpOndingtoaspecificspatialrangewithinthevisualfield.

Localdistributions,suchastextons,arerevealedbytheFouriertransformsinsmall

-.eglOnS,andglobalsecond-orderstatisticsarecharacterizedbytheFouriertransformsin

arelativelylargearea.Aspatial/spectralanalysissuchasWaveletorGaborfiltering,isa

lllethodfordetermlnlngtheoptimalwindow inbothspatialandspatiaHrequency

7



domains(Boviketa1.,1990;Jain&Farrokh】-ia,1991)･Thespatial/Spectralallalysishas

ProvedtobeeffectiveinexplainlngtOSOmeextentthehumantexturediscrimination

(Figure2.3).Itwasfoundthattwotexturesareoftendifficulttodiscriminatewhenthey

produce a similardistribution ofresponsesin abank ofspatial-frequency and

oI.ientationselectivelinearfilters(Turner,1986;Malik&Perona,1990),

Inputimage

frequency一〇rientation川terset

/ /
圏

-
園

F
f
.i
]
･
il'.BT

;盟

･
国

･
｢

璃

ii～3

Figure2･3Exampleofafrequencyandorientationfilterbank･Thedifferenceofthedistributionsin

eachfHteroutputisusedfordiscriminationoftwotexturedareas･

PerceptualgrouplnglSaprocessinchunkingofvisualinformationandin

imageSegmentation,consistinganimportantaspectofvisualprocesslng,However,the

I.Lllesthatgoverngrouplnglackaquantitativeformulation.AccordingtotheGestalt

theory ofgrouping,SimplerulessuchassimilarltyOfelements,proximlty,good

continuation,Common fate and connectedness dominate perceptualgrouplng by

.segmentingavisualsceneintoregionshavingsomeinternalconsistency(Koffka,1935).

Itisstilュunclearhowtodefineshapeandsimilarityandhowtodealwithmultiplecues.

Al一approachhasbeentakentomodelperceptualgrouplngOnthebasisofasimilarlty

metric(Beck,1966).Thatis,bygroupingtogetherelementsthatsharecommonfeatures･

Ben-AvandSagi(1995)presentedaquantitativemodelforperceptualgrouping,which

wasbasedontheintensityautocorrelation(Figure2･4)･Themodelperformancewas

successfullycomparedwithdatafrom psychophysicalexperiments.Resultssuggested

thatatleastsomeoftheGestaltrulesofgrouping(i･e･similarityandproximity)could

8



befol･malized in terms ofdirectionallyestimated spatia一correlatiol-S･They a】so

Ill'OPOSed a possibility thatorientalfiltel-S(e.g･Gaborfilters)with long-range

interactionsbetweenthemcanbeusedforestimationsofdirectionalautocorrelations.

Figure2.4Perceptua)groupingbysimiJarityandproxinlity,Ben-AvandSagi(1995).

InlpOrtanCeOftheautocoTrelationfunctionhasbeenemphasizedbyUttalin

hisbook(Uttal,1975)onform perception･Heconductedtheexperimentoffom

detectionwithdotpatterns,Hemeasuredthedetectabilityofdotpatterns,whichwere

lllaSkedbythenoisepatterns(Figure2.5)･Itwasfoundthattheregularityofdotsina

patternincreasedthedetectabilityofthepattern Intheautocorrelationfunction,the

periodicity in the slgnalis emphasized and the random noise is diminished･

CollSequently,Onlytheperiodicalsignalisextractedandthenperceivedasaform.The

autocorrelationmodelwellexplainedthelargebodyofthepsychophysicaldata.



Fjgure2.5Uttal(1975),formperceptionbydotpatternalldautocorre】ationfullCtions.

2.2.2Texturemodelinglnenglneerlng

Describingatexturebyasmallsetofparametersisusefulforeffectivecompressionand

tl.anSmission ofan image,becauseatextured reglOn exhibitcertain degreeof

llOmOgeneltyandcanberegardedascontainlngaSameOrnearSameinformationover

lleighborhood.Historically,texturemodelsarecategorizedintostatistical,structural

models(Haralick,1979).Recently,new approachsuchasstatistical/structuralhybrid

modelsandspatial/frequency(wavelet)modelsarestudied(forreview,seeWechsler,

1980).

Thestatisticalapproachfocusesonthestatisticalpropertiesofimagepatterns.

Thisisthemostnaturalandbasicapproach,becausetextureisnotusuallyassociated

withidentifiableobjects.Atexturepatternischaracterizedeitherbystatisticsofimage

plXelgraylevelsorbyastochasticmodel.Earlymethodsincludehistogram,C0-

0ccurrencematrixandrunlength(Haralicketal,1973).Inthe1980'S,alargenumberof

literatureappearedintheareaoftexturemodelingusingrandomfieldstatistics(Cross&

ユain,1983;Mao&Jain,1992).ModelsliketheMarkovrandomfieldorautoreggression

nlOdelstreattextureasaprobabilityfield.Thesemodelscandescribetexturebyuslnga

smallnumberofparameters,buttheyarenotbasedonthemechanism ofthevisual

system andcanhardlyrepresentmultipletexturalpropertiescorrespondingtovisual

perception.Thestructuralmethodsrepresentatexturepatternbyitsprlmitivesandtheir
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spatialplacementrules(Haralick,1979,Matsuyamaetal,1983)･ThenlaindeficiellCyOf

thestructuralmethodsisthattheyarenotcapableofcapturingtherandomnessthat

llaturaltexturesalwaysexhibit.

Naturaltexturesusuallycontainbothstructuralandstatisticalcomponents･

Texturemodelscapableofrepresentlngbothstructureandrandomnesshavebeen

studied.Francosetal.(1993)proposedatexturemodelbasedollthe2-D Wold

decompositionofhomogeneousrandomfields.ThemathematicalfoulldationofWold-

bとISedtexturemodelingisthe2-DWolddecompositionofhomogeneousrandomfields.

The2-DWoldtheoryallowsatexturedimagetobedecomposedintothreemutually

orthogonal components: harmonic, evanescent, and indeterministic (random)

components.Thesecomponentimagescanbecharacterizedseparately.Francosetal.

appliedWold-basedmodelstoimageco°ingandreconstruction.Itwasshownthata

handfulofmodelparameterscouldreconstructnaturaltexturesthatarevisually

illdistinguishablefrom theoriginals(Figure2.6).LiuandPicard(1996)constructedan

imageretrievalsystem basedontheWoldtheory.Comparedtoothermodels,theWold

1110delappearedtoofferperceptuallymoresatisfyingresultsintheimageretrieval

experiments.

Textureimage

..一

Jndeterministic

component

～-←←､

Deterministic

COmPOnent

//./へ ＼､

Evanescent

component

Harmonic

component

Figure2･6ExamplesofWolddecompositionbyLiuandPicard(1996).
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2.2.3Perceptualpropel･tiesandaffectiveevaluationoftextul.e

Forconstructingmaturemachinevisionandcomputerinterface,itisimportantthatthe

computationalmeasurementsoftexturecorrespondtothemultidimensionalperceptual

propertieswell.HereIreviewsomestudiesonperceptualpropertiesoftextureinthe

psychologicalframework.

From thedescriptionsseeninthepastliteratureandfrom observationof

texturesinBrodatz'sphotographicalbum (Brodatz,1966),TamuraetaLchosesix

propertiesofvisualtexture:coarseness,contrast,directionality,line-likeness,regularity,

androughness,tomodelcomputationalfeaturesoftexturedimage(Tamuraetal･,1978)･

Thesepropertiesweresupposedtobecommontoallvisualtexturesandhaveboth

extremesintheconceptofeachfeature,ら.g.,coarseversusfineforcoarsenessand

regularversusirregularforregularity,andsoon.ThenpsychologlCalexperimentswere

conductedtoestablishtheorderingof16texturesamplesbasedonthesixtextural

properties.Toimprovisecomputationalfeaturesforthesixproperties,theytestedand

modifiedheuristicfeaturesproposedintheliteratureaswellascomposlngnewOneS.

Thefinalcomputationalfeatureswerechosenasthatprovidedthehighestcorrelation

betweenthecomputerandhumanordering･InlinewiththedirectionofTamuraetal･,

AmandasunandKing(1989)proposedfivecomputationalfeaturescorrespondingto

texturalpropertiesofcoarseness,contrast,busyness,complexity,andtexturestrength.

Theyalsocomposedcomputationalfeatureheuristicallyfromtheabsolutedifferences

betweenthegrayscalevalueofeachpixelandtheaveragedgrayscalevalueina

neighborhoodsurroundingarea.

OnecommonprobleminTamuraetal.'sandAmadasunandKing'sworkis

thatnostrongreasonswereglVenWhythesepropertieswerechosen.Althoughtheir

proposedfeaturesseemtobecharacteristicofnaturaltextures,itisnotclearwhatthe

relativeimportanceoftherefeaturesareandhow theyspantheperceptualspaceof

humantextureperception.Anotherproblem isthatthecomputationalfeatureswere

improvisedheuristicallyfortheindividualproperties.Itisnotclearhowthesefeatures

canbeusedtogethertorepresentatexturepattern.Asfortheformerproblem,Raoand

Lohse(1995)conductedapsychologicalstudytoidentifytherelevantdimensionsof

humantextureperception.Intheirexperiment,twentysubjectsrated56picturesfrom

theBrodatzalbum on9-pointscaleslabeledbytwelveadjectivessuchasrepetitive,

directional,random,granular,uniform,regular,etc.Thenthesubjectswereaskedtosort
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theplCtureSintogroupsofsimilarones･Theratingdatawasanalyzedbyusing

classification and regression tree analysts,discriminantanalysts,and prlnCiple

componentanalysis.Also,thegrouplngdatawasanalyzedbyuslnghierarchicalcluster

analysisandnon-parametricmultidimensionalscaling(MDS)･Combiningtheanalysis

resultsofbothratinganqgrouplngdata,thetopthreedimensionsoftextureperception

wereidentified.Thesedimensionsareshown inFigure2.7.Theypresentedthe

possibilitythatanykindofnaturaltexturecouldbecharacterizedbythecombinations

offeaturesintheir3Dspace･

nQJ1-gtJ)ul打
hi8h00zE)Plen ty

gzv]ub
OL)ULSC
low- pJwry

Figure2.7RaoandLohse(1996),the'threedimensionsoftextureperception.

2.3Texturalpropertiescorrespondingtovisualperception

Summary

Ishow thattheautocorrelationfunction(ACF)analysisprovidesusefulmeasuresfor

representingthreesalientperceptualpropertiesoftexture,namely,contrast,coarseness,

andregularity･ThevalidityoftheACFanalysュsWasexaminedbycomparlngthe

calculatedfactorstothesubjectivescorescollectedforvariouskindsofnaturaltextures.

TheeffectivenessoftheanalysisdependsonthestructureoftheestimatedACF.Whena

texturehasaharmonicstructure,theestimatedACFhasperiodicalpeakscorresponding

totheperiodsofthetexture･Bothperceivedcoarsenessandregularityarestrongly

relatedtothesepeaksintheACF.As fortherandomtexture,however,theestimated

ACFdoesnothaveaperiodicalstructure.Ⅰnthiscase,thedecayrateoftheACFcan

】.epresentthetexturecoarsenessandregularity.
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2.3.11mtroduction

lnthissection,Ipresentanew approachtowardmeasurlngtexturalproperties

correspondingtovisualperception･Previouslyanumberofstudieshavefocusedoll

texturalpropertiesthrough both perception and computationalmodels･Butthe

relationshipbetweenperceptualandcomputationalpropertiesremainsunclear･Tobe

usedinmachinevisionoracomputerinterface,thecomputationalpropertiesoftexture

mustCOrreSpOndtotheperceptualpropertieswell.Tounderstandthemechanismofour

visualsystem,ltisimportanttoknowhowweextractandcharacterizetheinformation

toperceivetexture･Therefore,Ibelievethatthisstudycontributesbothtotheresearch

ofimageprocesslngandhumanvision･

Tamuraetal.(1978)describedsixfeaturescorrespondingtovisualperception,

namely,contrast,coarseness,regularity,roughness,directionality,andline-1ikeness･

Theymeasuredhumanperceptionintermsofthesefeaturesandcomparedthemwith

theircomputationalresults･Althouglltheirstudysignificantlycontributedtothetexture

analysis,theirapproachhaddrawbacks.Theyusとdalreadydevelopedfeaturesonly

modifyingaglVenfeatureandcombiningseveralfeaturestohaveacloserelationshipto

aspecificproperty･Asaresult,thisapproachfailedtoclarifyhowvisualpropertiesare

l･elatedtoparticularphysicalproperties.AmadasunandKing(1989)carriedouta

similarstudy,buttheircomputationalfeatureshadsimilardrawbacks.

Anumberofstudieshaveattemptedtotackletheproblem from adifferent

perspectivefocusingonthedimensionalityoftextureperception･RaoandLohse(1996)

developedaclassificationmethodforvisualtexture･Basedonpsychologicalsimilarity

judgments,theyconstructedathree-dimensionalspacefortextureclassification.The

threeorthogonaldimensionstheyidentifiedwererepetitivevs･non-repetitive･,high-

contrastandnon-directionalvs.low-contrastanddirectional;andgranular,coarse,and

low-complexltyVS･nOn-granular,fine,andhigh-complexity･Anexperimentconducted

byChoetal,(2000)suggeststhatthedimensionalityofperceptualtexturespaceisat

leastfour.Theydescribedfourorthogonalattributes,namely,coarseness,regularity,

contrast,andlightness.TIleSeStudiessuggestthattheimportantpropertiesofperceptual

texturecanbedescribedbyuslngthreeorfourindependentfactors･

Ianalyzedtexturalpropertiesbasedonthecorrelationmechanism inthe

visualsystem.Uttal(1975)conductedanexperimentofformdetectionwithdotpatterns･

Hemeasuredthedetectabilityofdotpatternsmaskedbynoisepatterns.Hefoundthat
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theregularityofdotsinapatternincreasedthedetectabilityofthepattern.The

autocorrelationprlnCiplewasappliedtoexplainthisresult.Inhisautocorrelationmodel,

theperiodicityoftheslgnalisemphasizedandtherandomnoiseisminimized.Asa

result,Onlytheperiodicalsignalisextractedandthenperceivedasaform.Ben-AVand

Sagi(1995)developedan autocorrelationfunction (ACF)modelforperceptual

grouplng.Theyusedmatrixpatternstoquantifythegrouplnglaw.TheACFwas

calculatedintwodirections(verticalandhorizontal).Thegroupingoccurredinthe

directionwithahighercorrelation.Theirresultsimplythatthereisacorrelation

mechanisminvolvedintheprocessofperceptualgrouplng･Theysuggestthattheearly

localspatialfilteringstage(tunedtospecificfrequencyandorientation)maybe

followedbyalong-rangeinteractionbetweenthefilterstoestimatetheACFoftheinput

illlage.

TheACFismathematicallyequlValenttothepowerspectrumthroughFourier

transforms,whichmeansthatwecanderivethesameinformationfromboththeACF

andpowerspectrum.Forexample,averticalstripepatternhasitsfundamentalFourier

componentsalongthehorizontalaxes･TheACFofthesamepatternhasaperiodicity

correspondingtothereciprocalofitsfundamentalfrequency.However,thereisacertain

case,inwhichthereisadiscrepancybetweenthespectrumandtheACF.Ifapattern

doesnothaveafundamentalcomponent(missingfundamental:MF),wecal一alsosee

theperiodofthefundamental(Henningeta1.,1975).ThissuggeststllatOurVisual

system candetectthespatialperiodicityofpatternswithoutFouriercomponents.A

spectrum analysis failed to explain thisperceptualphenomenon because the

fundamentalcomponentcouldnotbedetected.Instead,theACFofthisMFpatternwas

foundtohaveaperiodicityofafundamentalcomponent.Althoughtheperceptual

mechanismoftheMFpatternisstillunderdiscussion(Badcock良Derrington,1989;

Hammett& Smith,1994),thisphenomenonimpliesthattheremaybeacorrelation

mechanisminourvisualsystem.

Inthisstudy,itriedtodevelopasetofmeasuresfortexturepropertiesthat

correspondingtovisualperception.Motivatedbythediscussiondescribedabove,I

assumedthatanACFmechanism doesexistinthevisualsystem.Ianalyzednatural

texturesandextractedseveralfeaturesbyuslngtheACFanalysis.ThenIcomparedour

psychologlCaljudgmentsandcomputationalmeasurementstoextractandquantifythe

texturalpropertiesofcontrast,coarseness,andregularity･Thesethreepropertieswere
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Chosenbecauseoftheirimportancetothestudyoftextureperceptiondescribedabove.

2.3.2Autocorrelationanalysisofnaturaltextures

lnthissection,WedescribemathematicalformulationoftheACFandextractedfactors,

whichwecomparedwithhumanperception.Toshow thevalidityofouranalysュs,

previouspsychologicalfindingsarealsoconsidered･

I)efinitionofACF

TheACFofatwo-dimensionaltexturepatternisdefinedas
〟-1∧J-1

◎(Ax,A y ) -∑ ∑ p(x,y)p(x･ Ax,y･ Ay)/MN,
x-()y-()

(2.1)

wherep(Ⅹ,y)istheinputsignalandp(Ⅹ+△Ⅹ,y+Ay)istheshiftedversionoftheinput･

Theanalyzedimagewaszero-meanedbeforethecalculationtoremovetheDC

components."M"and"N"refertothesignalsizeinhorizontalandverticaldirections･

Inthisstudy,M =N=256.Equation(1)istheconvolutionofthesignalitself.For

computationalefficiency,theACFwascomputedasaninverseFFToftheimagepower

spectrum.Usually,theACFisnormalizedas
〟-1〃-1

Q(Ax,Ay)-◎(Ax,Ay)/(∑ ∑ p(x,y)2/MN).xI()y-O
(2,2)

Thedenominatorinequation(2)isthemaximumvalueoftheACFandisdefinedas

¢(0).Afterthisnormalization,theACFtakesthemaximumvalueof1attheorigin･

FactorsextractedfromtheACF

Fl･OmthecalculatedACF,WeextractedfourtyplCalfeatures.Hereweonlyconsidereda

partofonequadrantbecausetheACFissymmetrical･AsshowninFigure2･8,theACF

decaysfrom theorigintotheoutwards.Weassumedthatthepropertiesofthetwo-

dimensionalACFareheldintheone-dimensionalACFs.Tosimplifythecalculation

algorithm,weconsideredtwoone-dimensionalACFsforthexandydirectionsfromthe

orlgin･WhentheACFhadadirectionality,wechosetheperiodicalone,andwhenboth

directionshadaperiodicity,wechosetheoneinwhichthemaximumpeakhadalligher

zLmPlitude･BythismanlPulation,theperiodicalnatureoftheACFwasextracted･
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Figure2･8AcalculatedACFandfactordefinitions･(a)Two-dirnensionalACFoftextureD3in

Figure2･9.(b)and(C)One-dimensionalACFforthexandydirections･Bycomparingtheheightsof

tllemaximumpeaksinbothdirections,WeextractedthreefactorsfromtheACFforthexdirection.

Below,Wedefineanddescribethefourfactors.(1)◎(0):theautocorrelation

atshiftvalueAX = Ay=0.BecausetheACFwascalculatedfrom thezero-meaned

image,0(0)correspondstotheroot-mean-square(RMS)ofthesignal.Thus,itis

assumedthat(p(0)correspondstotheperceivedcontrast.Onlythisfactorwascalculated

from thetwo-dimensionalACF,anditisshownonthedBscale(1010g川◎(0)).(2)8.:

thedisplacementofthemaximumpeakand(3)4).:theamplitudeofthemaximumpeak

i-1thenormalizedACF･Thesetwofactorsarerelatedtotheperiodicityoftheimage,

Thevalueofa.isareciprocalofthefundamentalfrequency,and¢listhestrengthofthe

harmonic components･Itispossiblethatthecoarsenessand regularlty Can be

representedby8)and中lrespectively.(4)8e:theeffectiverangeoftheACF.Wedefined

tllisvalueasadisplacementatwhichthenormalizedACFdecayedbelow0.1.Because

itsvalueisrelatedtotheperiodandheightofthepeaks,aemayberelatedtothe

perceivedcoarsenessandregularity.Thevaluesofaland8ewerenormalizedbasedon

tlleimagesize･Thevisualangle(degree)ofthevaluesiscalculatedbyapplyingimage

width(cm)anddividingbyviewingdistance(cm)･
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2.3.3Pl･elimi naryexperiment

Datacollectioll

Asapreliminaryexperiment,Weanalyzed16texturesfrom the"Brodatztexture

database"(Brodatz,1966),thatwereusedbyTamuraetal･(1978).Thistextureset

illCludesavarietyofnaturalandman-madeobjects(Figure2.9).Theallalyzeddata

consistsof256 × 256imageswith8-bit(256)graylevels.TheACFwascalculated

と111dfourfactorswereextractedfrom eachimage.Asmentionedbefore,Tamuraetal.

measuredhumanperceptlOnaboutsixtexturalfeaturesincludingcontrast,coarseness,

alldregularlty,thefeaturesweareinterestedin.Wecomparedtheirresultswithour

computedresults.ApsychologlCaldatasetwasobtainedfrom thefigureinTamuraet

al.'Sarticlebyuslnganimagescanner,andtheirsubjects'averagescoreswerere-scaled

between0and1.Thesubjectivescoresforthecontrast,coarseness,andregularltyWere

correlatedwiththefactorsextractedfromtheACF,namely,¢(0),8.,and¢い

D28 D33

D67 D68 D69 DB4

D93 D 98 D109 DlH

Figure2.9TexturesetusedbyTamuraetal.,(1978).
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ComparlngpsychologicalmeasurementsandACFfactors

Figure2.10showstherelationshipbetweentheACFfactorsandsubjectivescores,The

ACFfactorsareshownonalogarithmicscalebecauseofitsgoodnessforlinear

regressionWecanseethatourACFfactorsareingoodagreementwiththesubjective

scores.Forcontrast,inparticular,correlationcoefficientwasveryhigh(r=0.89,p <

0.01)andweconcludedthatthesefactorscorrespondtotheperceptualpropertyof

contrastwell.Asdescribedabove,ACFfactor(p(0)correspondstotheRMSofthe

image.Thisisconsistentwiththepreviousstudiesthatfoundthattextureswiththesame

RMSareperceivedasthesamecontrast(Mayhew & Frisby,1978;Tiippanaetal"

1994).
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Figure2,10Relationshipsbetweenthescalevaluesoftexturalpropertl'esandcorrespondingACFfactors.

Eachdotrepresentsascalevalueforeachtexture,andthestraightlinesexpresslinearregression.

ThecorrelationbetweentheSVofregularityandthevalueof¢lWasalsohigh

(r=0.86,p <0.01).Particularlyforthehighvalueof中1,perceivedregularitywaswell

represented.Someofthetextureswithvaluesoflog(中一)below -1(0･1inrealvalue)

showedsomediscrepancies.A low valueof中,couldmeananirregularityol-a

randomnessofthetexture.Butthecorrelationonlyinthisrangewasverylow(r=0･35).
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Thisresultimpliesthatregular-random dimensioncanhardlyberepresentedbythe

valueof¢lalone,especiallyinrandomtexture.

Thecorrelationbetweencoarsenessand8-was0.70,whichisworsethanthe

previoustworesults.Therewasadiscrepancyforsometexturesinwhich中,hadalow

value.Thisisbecause8.isstronglyaffectedbythevalueof中..WhentheACFcontains

highpeaksbecauseofahighregularityoftheimage,¢1and8,Canbeeasilydetermined

andtheresultantvalueof81accuratelyrepresentsthedominantperiodoftheimage.But

whentheimageisrandom,theACFdecaysimmediatelywithnoparticularpeaks.Asa

result,thedeterminedvalueof81mightnotreflecttheperiodoftheimage.

WeshowedthattheACFfactorscouldrepresenttheperceptualpropertiesof

contrast,coarseness,andregularity.Butthereremainssomevariancethatcannotbe

explainedbyslnglefactorsalone.Aportionofthisunexplainedvariancemightbedue

tothepropertiesnotbeingtrulyone-dimensional.Actuallysomecorrelationbetween

theperceivedcoarsenessandcontrastwasfoundbyTamuraetal･Weusedmultiple

regression analysュstO examinewhetherthepluralfactorsaffecttheperceptual

properties.

Multipleregressionanalysis

Theaimofthemultipleregressionanalysisistopredictthebehaviorofadependent

variablebyuslngaWeightedsumofindependentpredictorvariables.Inourcase,We

triedtopredictthesubjectivescoresbyuslngalinear.combinationoffourACFfactors.

ToobtainanoptimalmodelforanyglVennumberofpredictors,allllpossible

regressionequationswereexamined.Thecorrelationcoefficientsandsignificancelevels

wereusedtodeterminethegoodnessoffit.

Forcontrastandcoarseness,thebestpredictorswere◎(0)and8,.Althoughthe

otherfactorsalsohadsomeuse,theywerenotsignificant.Comparingtheresults,We

canseethatthevarianceunexplainedbyslnglefactorshowninFigure2.10became

smallinFigure2.ll.Thepartialregressioncoefficientsof◎(0)anda.were0.98and

().36forthecontrast,0.50and0.79forthecoarseness.Itmeansthattheperceived

contrastandcoarsenessarerepresentedmainlyby◎(0)and81,andmaybeaffectedby

allOtherfactor,Thisresultisconsistentwiththefactthattherewasacorrelationbetween

perceivedcontrastandcoarseness･Forregularity,onlysinglefactor中一wassignificantin

allcombinations.Eventhoughtheotherfactorsalsohadsomecontribution,the

resultantcorrelationlittlegainedwiththesefactors.Therefore,weconcludedthatinthis
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experiment,singlefactor中,wassufficienttorepresenttheperceivedregularity.
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Figure2.llRelationshipsbetweencalculatedSVsbymeansofmultipleregressionanalystsandmeasured

SVsofcontrastandcoarseness.

Discussion

Basedontheresultsdescribedabove,webelievethattheACFfactorscanbeusedto

1-epreSenttheperceptualpropertiesofcontrast,coarseness,and regularity.The

correlationcoefficientsshowedsimilarorhigherlevelsofcorrespondencecompared

withthosefoundinTamuraetal.'sorlglnalresults.ItisquitesurprlSlngthatthese

simplemeasuresaccountsowellforthesubjectiveattributesofcomplexnaturaltexture.

Theremalnlngproblem ishow toimprovethecorrespondenceofregularityand

coarsenessforrandomtexture.

Asdescribedabove,theACFofrandom texturedoesnothaveaperiodical

property･Consequently,itisdifficulttoextractinformationrelatedtoregularityand

coarsenessonlyfrom themaximum peakoftheACF.A recentstudyreportedthat

llumanVisualsystemmightusedifferentcuesintextureperceptioninproportiontothe

strengthofharmoniccomponents(Sakai&Finkel,1995,1997).Inthecaseofrandom

textures,thevalueof8e(theeffectiverangeoftheACF,definedasaten-percentdecay

oftheACF)mayrepresenttheperceivedregularityandcoarseness.Ifanimagedoesnot

colltainanyharmoniccomponents,thevalueof8ccorrespondstotheslopeofitspower

spectrum.Whenthespectrumisflat(whitenoise),thevalueofaebecomesverysmall

(theoretically,8e- 0)･Whenthespectrumhasaslope(correlatednoise),thevalueof8e
becomeslargerinproportiontothevalueoftheslope(informalobservation).Itis

possiblethatthemorethenoise-likeimagescorrelate,themorewecanperceivethe

21



1~egularltyOftheimages.Incoarsetexture,8｡islarge,whereasinfinetexture,8｡issmall.

A detailed discussion aboutthisissueispresentedin thenextsection on the

psychologicalexperiment.Inourexperiment,weusedasetofrandom-lookingtextures

toexaminewhetherthevalueof8｡Couldrepresenttheperceivedcoarsenessand

regularity.

2.3.4PsychologlCalexperiment

Methods

Tensubjects(5malesand5females)participatedintheexperiment.Theiragesranged

from 22to26.Allhadnormalorcorrected-t0-mormalvisualacuity.Exceptfortwoof

theauthors(FKandSS),therestofthesubjectswereunawareofthepurposeofthe

study.

ThestimuliwerepresentedonaCRTdisplayundernormalindoorlighting

conditions.Thestimuliconsistedofaseriesoftwotexturepal一slocatedhorizontally.

Theviewlngdistancewasapprox,100cm,whichresultineachtexturebeingsubtellded

atavisualangleof6 × 6degree.Thesampletexturesetusedintheexperiment

consistedof12botanicaltexturesasshowninFigure2.12.Thepicturesweretakenbya

digitalcameraandweretransformedinto256 × 256imageswith8-bitgraylevels.All

tlleSampleswerethenanalyzedbyuslngtheACFinthesamewayasdescribedinthe

previoussection,andfourfactorswereextracted.ComparedwithTamuraetal.'stexture

set,Oursampleshadahigherdegreeofsimilaritytooneanother.Consequently,the

extractedfactorsfellintoanarrowrange(Table2.1).

Table2.1.ACFfactorsfortexturesusedinTamura'sexperimentandours.Meanvaluesareshown

withStandarddeviation.

Sampleset (p(0) ¢ 1 8. 8C

Tamuraet.a1 -37.99(2.78) 0.21(0.23) 0.ll(0.1) 0.19(0.36)

Presentstudy -39.08(1.61) 0.09(0.05) 0･03(0･01) 0･02(0.01)

Furthermore,aswecanseefromTable2烏 thevaluesof中lWeremuchlower

forourstimuli.Thismeansthatthestructureofoursampletextureswasnotharmonic

butmorerandom.Thereasonwhywechosesuchatexturesetistwofold.Ontheone

halld,Wewantedtoexaminewhetherthehumansubjectscoulddetectsmalldifferences
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ilHhep1-0pertiesandwhethertheresultsoftheACFanalysisCO】.respondedtothe

subjects'judgments.Ontheotherhand,wewantedtoexaminewhethertheACFfactors

とireusefulinanalyzlngteXtureSwithlessharmonicstructures.

SI S2 S3 S4

S5 S6

S9 SIO SつI S12

Figure2･12StimulussetusedinthepsychologlCa]experiment,

Beforetheexperiment,thesubjectswereglVenabriefexplanationofthebasic

conceptoftextureandthethreefeaturesdescribedabove(theexplanatiollSWereWritten

inJapanese,exceptforthenamesoffeaturessuchas"coarseness;coarse1,S.fine",

whichweregiveninEnglish)･Themethodofjudgmentinourstudywasapaired

comparisonAllpossiblepairsfromthetwelveimages(66pairs)werepresentedtothe

humanSubjectsinarandom orderil一OneSession.Duringapresentationof10s,they

hadtomaketheirdecisionsaboutthethreefeatures,1･e･,tOChoosefrom eachpairthe

pとIttel-nthatwascoarser,hadahighercontrast,andwasmoreregular.Al一subjectshad

elghtseriesofsessions,glVlngatotalof528comparisonsforeachfeature.

DataanalystsandResults

Weprocessedtheexperimentalresultsbyapplying"thelawofcomparativejudgment"

(caseV;Thurstone,1927).Thislawwasusedtoproduceaone-dimensionalscalevalue

(SV)foreachstimu一usfrom thetotalmatrixofsuperioritiescollectedfl'Om thepaired

coll叩arisons･Thel~eSultswerereconfiI.medbythegoodnessoffit(Mosteller,1951),and
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theagreementofallsubjects'judgmentswastestedbythechi-squaretest(p<0,05).In

Table2.2,weshowtheco汀elationcoefficientsbetweenthesubjectivescoresforeach

feature.Basedontheresults,wecanmakethefollowmgobseⅣations.

Table2.2.Correlationmatrixofthescalevaluesofcontrast,coarseness,andregularlty.

Property contrast coarseness regu一arity

co11traSt

coarseness 0.672*

regularity 0.017 -0.363

*p<0.05

a)Forallperceptualpropertiestestedintheexperiment,thesubjects'

judgmentsarereliableandtherearecertainunderlyingcl■iteriauponwhichthetested

subjectsagreed.Thisdoesnotmeanthatthesamedatawereobtainedforallhuman

subjectsintheexperiment.Individualdifferencesmustbeconsidered.

b)Especiallyintheregularityscore,arelativelyhighinter-subjectvariance

wasobserved.Theremightbeseveralreasonsforthisvariance.First,Someofour

subjectsmayhaveinterpreted"regularity"differently,Ortheconceptofregularityitself

mighthavebeendifficulttodefineforthetestedtextures･Second,becausetherewas

littledifferenceinmaterialorappearancebetweenthesampletextures,thesubjectsmay

llaVehadadifficultylnCOmparlngregularity,Finallyeachsubjectmighthaveused

differentcuesforthejudgmentofregularity.Wespecifiedregularityasapropertyofthe

placementrules,butthevariationofelements,especiallyinthecaseofnaturaltextures,

mayreducetheregularityasawhole.Asaresult,itisassumedthatthesubjects

perceivedahighregularityofthosetexturesforwhichwecandescribetextureelements

easily.Additionally,finetexturetendstobeperceivedasregular(thereisaslight

inversecorrelationbetweenregularityandcoarseness,seeTable2,2).

C)TherewasahighcorrelationbetweentheSVsofcontrastandcoarseness(p

<0.05).Thismeansthatmorecoarsetextureisperceivedtohaveahighercontrast･The

coefficientvaluewasconsistentwithTamuraetal,'sresults.

From theaboveobservations,Weconcludethatourexperimentwasvalidfor

measurlnghumanperceptionoftexturalproperties,eventhoughthereweresome

individualdifferences,Thepsychologicaldataandcomputedfeaturesofthetexturesare
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Compareddescribedasdescribedbelow.

ComparlngpsychologicalmeasurementsandACFfactors

TherelationshipbetweeneachSVanditscorrespondingACFfactorisshowninFigure

2.13.Thereisahighcorrelation(r=0.81,p <0.05)betweentheSVofcontrastand

¢(0).Thisresultisconsistentwith thatofthepreliminary experimentand is

satisfactory.
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Figure2･13Relationshipsbetweenthesca一evaluesandACFfactors.(a)SVofcontrastand0(0)･(b)

and(C)SVofregularityand01,andac,respectively.(d)SVofcoarsenessandac.Arrowsin(b)and

(C)indicatetwotexturesmentionedinthetext.

Asforregularity,Ourresultwasverydifferentfrom thatobtainedinthe

preliminaryobservation.Inthatexperiment,Wehypothesizedthatregulartextureshad

high-amplitudeperiodicalpeaksintheACFandthattheheightofthemaximumpeak

correspondedtotheperceivedregularity.Ourpreliminaryobservationsconfirmedthis

hypothesisclearly.Inourpsychologicalexperiment,however,wecouldnotobtain

sim ila r res u lts.A s showninFigu re 2 .1 3 (b) , th e relation s hip betw een th e SV o f

regularityandthevalueof中lisunexpected.Fortherangeoflog中,below-1(0.1inreal
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value),thereappearedtobeatendencytowardanegativecorrelation･Thisresultis

perhapsrelatedtothefactthatmostofthetexturesinourstimulihadalowvalueof¢1.

Asaresult,themaximumpeakintheACFmightnotrepresenttheperiodicityofthe

image,resultinginunexpectedvaluesof中1,Thereasonforthisnegativecorrelationis

llOtClear.Torepresenttheperceivedregularityforthesetextures,wecanusethevalue

of8e.Wecanseethatthereisanormalcorrelationbetweentheregularityand8ewith

twoexceptionalcases(Figure2.13(C)).ThesetwotexturesarealsoindicatedinFigure

2.13(b),whichshowsthatthesetextureshavelargevaluesof¢1･Thisresultcanbe

interpretedasfollows.Whenthevalueof中1islow,aereflectstheperceivedregularity.

When¢lexceedsacertainlevel,however,theperceivedregularitymightbeaffectedby

theharmoniccomponentsincludedinthetexture.Itispossiblethatoursubjects

perceivedtheregularitylnproportiontothevalueof8eforthetextureswithless

harmonicstructures,andtothevalueof中tforthetextureswithmoreharmonic

structures.

InFigure2.13(d),theresultforcoarsenessisshowninrelationt08｡.Thereis

amoderatecorrelationevenallowingsomevariance(∫=0.63,p≡0.053).Weassumed

thattheperceivedcoarsenessisrelatedtothevalueof81,butthecorrelationbetween81

andSVwasnotsignificant(∫≡0.56,p≡0.28).Asdescribedearlier,mostofourstimuli

didnothaveaharmonicstructure.Asaresult,thedeterminedvalueof81maynot

necessarilyreflecttheperiodicityoftheimage.Thevalueof8eappearsmoresuitableto

representtheperceivedcoarseness.

Multipleregressionanalysis

Asinourpreliminaryexperiment,WefoundacorrelationbetweentheSVs(seeTable

2.2).Pluralfactorsmaybesuitabletorepresentperceptualproperties･Weconducteda

multipleregressionanalysisagainforthepsychologicaldataweobtained.

Wefoundthatthefactorsof◎(0)and8eweresignificantpredictorsoftheSVs

ofcontrastandcoarseness(Figure2.14).TheregressioncoefficientsshowedthattheSV

ofcontrastisrepresentedmainlyby◎(0).Inourexperiment,predictor81inthe

preliminaryexperimentwasreplacedby8e,whichisafactorrepresentingtheperceived

coarseness.Consideringthetwoexperimentalresultstogether,itbecomesobviousthat

tlleValuesoftheperceivedcontrastandcoarsenessaffecteachother･Althoughthereare

someindividualdifferences,asshowninTable2.3,thedominanceofpredictorsis

interchangedby◎(0)and8eeachother･Forregularity,wecouldnotfindanysignificant
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combinationofpredictorstofittheSVexceptforaslnglefactorof8｡.Itmeansthatthe

otllerACFfactorsarenotrelatedtotheperceivedregularity.Atthispolnt,Wethinkthat

thebestpredictorofperceivedregularityisae.
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Figure2･14RelationshipsbetweenpredictedSVsbymeansofmultipleregressionanalysISand

measuredSVsofcontrastandcoarseness.EachplotrepresentsresultsforeacllSubject.

Table2･31Regressioncoefficientsof(p(0)andacandcorrelationcoefficientsofregressionequations

forSVsofcontrastandcoarseness.

Contrast Coarseness

Subject q)(0) ac r Subject ◎(0) 8c r

A 0.60**

B 0,55*

C 0.79**

D 0.56*

E 0.57*

F 0.63**

G 0.77**

H 0.86**

1 0.74**

∫ 0.73**

0.50* 0.85**

0.48* 0.80*

-0.02 0.78*

0.47 0.79*

0.44 0.78*

0.44* 0.83**

0.32 0.89**

0.08 0.88**

0.21 0.80**

0.43* 0.91**

A 0.26

B 0.10

C 0.23

D 0.49*

E 0.36

F 0.16

G 0.09

H -0.49

1 0.05

∫ 0.15

0.71** 0.80**

0.55* 0.58

0.29 ().40

0.40 0.68*

0.63* 0.78*

0.81** 0.85**

0.43 0.46

0.36 0.55

0.75** 0.76*

0.70* 0.75*

**p<0.01,"p<0.05

Dl'Scussjon

Basedontheobservationsabove,webelievethattheACFanalysュsisstillusefulfor

random textures.The value of◎(0)corresponded wellto theperceived contrast
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similarlytothatinregulartextures.Thevaluesof¢(0)inourexperimentwerecentered

il一anarrowrange,butwerefoundtorepresenttheperceivedcontrastwell.Theseresults

llleanthattheRMSoftheimageisconsistentwiththeperceivedcontrast.

Asforregularityandcoarseness,thevalueof8ecorrespondedtothatinthe

stlbjectivescores.ThisresultisconsistentwithourassumptlOn.Whenatexturehasa

harmonicstructure,theestimatedACFhasperiodicalpeakscorrespondingtothe

periodsofthetexture･Boththeperceivedcoarsenessandregularityarestronglyrelated

tothesepeaksintheACF.Forthetextureswithlessharmonicstructures,likethosewe

used,theinitialslopeoftheACFisimportant.Thevalueof8eshowsadegreeof

correlationwithintheimage.Themorethetexturescorrelate,themorethesubjects

perceivedthecoarseandregularproperties.Theboundaryofthesetwoaspectsforthe

perceptionoftextureperiodicitywasthevalueof¢1芦ゴ0.1inthisstudy,Furtherresearch

isneededtoclarifythismechanismtodevelopaunifiedmodelofperiodicityperceptlOn

foranykindoftexture.

Themultipleregressionanalysisrevealedthattheperceivedcontrastand

coarsenesscouldberepresentedbyalinearcombinationoftheACFfactorswithcertain

weightings.Ofallthepossiblecombinations,themostsignificantpredictorswerefound

tobeくわ(0)andae･Comparingthiswiththeresultofthepreliminaryexperiment,we

believethattheperceivedcontrastandcoarsenessmayaffecteachother.Becausethe

experimentwasbasedonpairedcomparisonswithinatextureset,itwasdifficultto

determineaslnglemeasureofperceivedpropertiesforbothtexturesets,Further

1-eSearChisneededusingmoretexturesordifferenttexturesetstoextendourmethodto

beappliedtoanytextureimages.

2.3.5Conclusion

WeshowedthattheACFanalysisprovidesusefulmeasuresforrepresentingthetextural

propertiesofcontrast,coarseness,andregularity.Thisstudydiffersfromtheprevious

worksreviewedinlntroductionmainlyinthefollowlngtwoaSpeCtS･First,theexamined

texturalpropertiesinthisstudywerechosenbasedonastudyofthedimensionalityof

textureperceptlOn･Thethreepropertiesexaminedherewerefoundearliertobesalient

intexturediscrimination.Therefore,analyzlngthesepropertiesfortexturemodeling

makessense.Second,theproposedanalystsisbasedonaplausiblemechanisminthe

human visualsystem.The computed factorswerenotcomposed heuristically.

Consequently,theACF modelcan provide importantinformation fortexture
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representation.

ThevalidityoftheACFanalystsWasexaminedbycomparlngthecalculated

Factorstothesubjectivescorescollectedforvariouskilldsofnaturaltextures.The

とIPPlicabilityoftheACFinanalyzlngrandom textureswasalsoexamined.The

effectivenessoftheanalysisdependsonthestructuresoftheestimatedACF.Whena

texturehasaharmonicstructure,theestimatedACFhasperiodicalpeaks,which

correspondtotheperiodsofthetexture･Boththeperceivedcoarsenessandregularity

arestronglyrelatedtothesepeaksintheACF.Asfortherandomtexture,however,the

estimatedACFdoesnothaveaperiodicalstructure.Inthiscase,theeffectiverangeof

theACFisimportanttorepresentingthetexturecoarsenessandregularity.

Anothercontributionofthisstudyistodescribeanew approachtoward

understandingamechanism aftertherelativelylow-levelandsimplelinearfiltering

stage.Itisknownthattherearemanylocalspatialfiltersinthevisualsystem,thatare

tunedtoparticularspatialfrequenciesandorientations･However,itisdifficultto

characterizemultipleperceptualpropertiesoftexturebymeansofthismulti十filter

mechanism alone.ThedescribedACFmodelofferstheadvantageofextractlng

perceptualproperties･Herewedidnotneedtomakeassumptionsaboutthisearly

filterlngStage,butconsideringtheoperationoflocalfilterswiththeACFmodelmight

glVeafullaccountoftextureperception.

2.4Texturepreference

Summary

Thepurposeofthepresentstudyistoquantifytheperceptualpropertiesoftextureand

evaluatesubjectivepreferenceoftexture.Particularly,Comparisonbetweennaturally

occurredandman一madetextureswasattemptedintermsofperceivedregularity.Texture

couldbeclassifiedintotwocategoriesthedegreeofregularity,whichisestimatedby

the amplitude ofthe maximum peak in the autocorrelation function (ACF)･

PsychologlCalexperimentshowedthatthedegreeofregularitylSaSalientcuefor

texturepreferencejudgment.Humansubjectspreferredtexturewithmixedregularity

alldrandomness,whicharousefromfluctuationsinobjectshape,brightness,color,and

structuralpattern.
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2.4.11mtroduction

Backgl.Ound

lnthefieldofarchitectural,landscape,ortheindustrialdesign,texturehasanimportant

l̀01easdesignmaterialsoastoaffectthesubjectiveevaluation.Texturecauses

emotionaloraffective reactionssuch asimpression and preference.However,

expressionoftexturalpropertiesinanobjectivemannerisdifficultbecausetextureis

themixtureofmanysensationsandthebasicvisualpropertiesoftexturearenot

understoodquantitatively.Ifthevisualfeaturesoftexturearehandledinanumerical

definition,itwillbepossibletodevelopsuitabletexturesforindividualdesignerand

consumerbyseparatingorblendingthefeatures.Measurementoftexturalproperties

correspondingtovisualperceptlOnWOuldbeusefulfortheconstructionofobjective

scalefortexture.

Theword"texture"expressesthecharacteristicattributeofmaterialssuchas

"woodentexture"or"stonetexture",inarchitecturaldesign.Butweperceivetexturefor

materialsurfaceinavariouswaydependingontheobservlngCOnditions.Wecan

perceivedifferenttextureinadifferentdistanceforasamematerial,andwecan

perceivetextureforanassemblyofobjectssuchaspebblesorleaves･Therefore,itis

consideredthattextureperceptioniscausednotbyamaterialitselfbutbyanoptlCal

pattern,whichisreflectedbythematerialsurface.Inthispaper,Wetreattextureasan

opticalpatternandtrytodescribeitsvisualfeaturesbymeasurablephysicalfeatures･

Previousstudies

Texturehasbeenstudiedontwolevelsinpatternrecognition:statisticalandstructural

(e.g.,Tbmitaeta1.,1982;Haralick,1979).Onthestatisticallevel,textureisregardedas

definedbyasetofstatistics.Evensimplestatisticssuchastheaverage,variance,and

histogram ofthegraylevel,canbeusedforclassifyingalimitedclassoftextures･

Humansaresensitivetosecond-orderstatistics,aspointedoutbyJulesz(1973).The

graylevelc0-Occurrencematrix,theFourierpowerspectrum,theautoregressionmodel,

andtheautocorrelationfunctionaresecond-Orderstatistics.Roughlyspeaking,these

statisticalmethodsareusefulforrandompatterntextures.Todescribetexturesofmore

complexstructuressuchasbrickwallandlatticepattern,structuralanalysュsisuseful･

Onthestructurallevel,atextureisdefinedbyelements(primitive),whichoccur

repeatedlyaccordingtotheirplacementrules･
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Texturalpropertiesusedinpatternrecognitionaredefinedforcomputational

collVenience.Toevaluatethesubjectiveresponseoftexture,physicaldescriptionof

textureshouldcorrespondtothehumanvisualperception･Tamuraetal･(1978)

proposedsixtexturalfeaturescorrespondingtovisualperception:coarseness,contrast,

regularlty,directionality,line-likeness,androughness.Assimilardirections,Amandasun

(1989),Cわo(2000),andRao良 Lohse(1996)investigatedtexturalpropertiesfor

discriminationanddissimilarityjudgmentoftexture.Accordingtothesestudies,

regularityisthemostimportantproperties.Theysuggestedthatthreeorfourdimensions

aresufficienttodescribetextureasthecombinationofregularityandotherproperties.

Purposeorthestudy

Thepurposeofthepresentstudyistoquantifytheperceptualpropertiesoftextureand

evaluatesubjectivepreferenceoftexture.Particularly,comparisonbetweennaturally

occurredandman一madetextureswasattemptedintermsofperceivedregularity.

PsychologlCalexperimentwasconductedforhumansubjectsbymeansofpaired

comparisonmethod.

2.4.2Analysis

Materialandprocedure

Asdescribedbefore,perceptionoftextureisdependentofobserveddistance.Textureof

brickortilepatternisconsideredtohavethefollowingtwolevels:(1)textureof

material,and(2)placementpatternofmaterials･Thesetwolevelscouldbeconsidered

asstatisticaltextureandstructuraltexture.Generally,texturepreferenceisconsideredas

preferenceofmaterialitself.However,inthecaseofwalltexture,whichconsistsofan

assemblyofobjects,psychologicalevaluationisaffectedbybothlevels.Furthermore,

consideringthefactthatthewholefeatureisunderstoodbeforethepartialfeature

(globalprecedencephenomenon)asNavon(1977)pointedout,thestructuralfeatureis

moreimportant.Inthisstudy,therefore,Itreatedarchitecturalwalltextureasthewhole

patternratherthanthematerialtexture.Later,Imeanthewordtextureasstructural

textureunlessexceptionaldescription.

Followingistheflowofdataanalysis:1)photographingtextureinthenatural

environment,2)digitizingandeditingtextureimages,3)pre-processingtotheimages,

and4)calculationoftheACF.Detailsofeachstagearedescribedbelow.
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Asanalyzedmaterial,man一madetexturesuchaslattice,brick,andtilepattern,

andllaturaltexturessuch asleavesandpebbleswasphotographed inthereal

eIIVironment(Figure2.15).Picturesweredigitizedbyanimagescannerandeditedto

256×256pixels,8-bitgrayscaleimages.InthepsychophysicalexperimentbyOhno,it

wasfoundthatweperceive"randomdotpattern"astexturewhenthespatialfrequency

isroughlybetween5and30cycle/°eg(Ohno,1989).Intherealvisualenvironment,

llOWeVer,thespatialfrequencydistributionismorecoarseandcomplextoexaminethe

preciserangeoftextureperception.Tokeepthedigitizedimagewithinthetexture

perceivedrange,resolutionoftheimagescannerwasdecidedsuchthatthesizeofeach

primitiveoftheimagewasbetween10and30pixels(0.1and0.3degreeat1.5m,

givingspatialfrequenciesof10and3.3cycle/°eg).

Signalwhosemeanandvariancearenotconstantoverspaceandtimeis

called"non-Stationary"slgnal.Manynon-stationaritiescouldbeobservedin the

collectedtextureimages.Especially,thelightingconditionsarenotuniform acrossthe

image.Forexample,therecanbeanilluminationgradientacrosstheimage.Suchnon-

stationaryslgnalisnotsuitablefortheACFanalysis,becauseaslowperiodicitymuch

longerthantheintegrationrangecannotbedirectorycapturedbytheACF.Toremove

sucheffect,lowfrequencycomponentswerecutoutbyapplyinghigh-passfilter.

Afterpre-processing,theACFwascalculatedfortheobjectiveevaluationof

texture.Asdescribedinprevioussection,texturalpropertiesofcontrast,coarseness,and

I-egularitycouldbequantifiedbytheACFfactors.Followlngfourfactorswereextracted

fromcalculatedtwo-dimensionalACF.1)◎(0):theaveragepoweroftheimage,which

correspondstoperceivedcontrast･2)8-:thedisplacementofthemaximumpeakand(3)

4)1:theamplitudeofthemaximum peakinthenormalizedACF.Thesetwofactors

correspondtoperceivedcoarsenessandregularity,respectively･4)8｡:theeffective

rangeoftheACF.Fortexturewithoutharmonicstructure,thevalueofaecorrespondsto

coarsenessandregularityoftexture.
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Figure2.15Man一madeandnalurallyoccumngtexturesPhotograplledintherealenvironnlent.

Resu)ts

TheACFofregulartexturehashigherdegreeofperiodicitythanofrandom textul.e.To

comparethedegreeofperiodicity,weconsidertheamplitudeofthemaximumpeakin

theACF,¢ Ⅰ.Asdescribedinprevioussection,ratingofthe中 IValuecould1.ePreSentS

perceivedregularityOftexture.Figure2･16tellsustherelationshipbetweenthevalueof

q)Iandperceivedregularitywell.Naturaloccurringtextureortextureofnaturalmatel-ial

suchasstonehaslowervalueof中.thanman-madetexture･Man-madetextureisa

I.egUlarlystructuredpatternwithsameshapeandsize,whereasvarioussizeandshape

objectsareplacedrandomlyinnaturaltexture,Thisdifferenceiswellrepresentedinthe

peュ-iodicityofthecalculatedACF･
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Figure2･16Rankingof中Ifor16textures･Itisclearthatperceivedregularityisdescribedbythe¢1

values.

Wallpatternofbrickandtileisgenerallymadeofstalldardizedmanufactured

lllaterials･Ifthesizeandshapeofmaterials,andspaclngbetweentheobjectsinpattern

iscompletelyequal,thecalculatedACFdoesnotdecay･Itmeansthatsuchtextureis

perfectlyregularintheoretically･Butpractically,thereexistssomekindoffluctuation,

becauseofavarietyofsmallerrorinobjectsizeandspaclng,andun-uniformityinlight

reflection.Consequently,perceivedtextureisnotperfectlyregular.InthiscasetheACF

graduallydecays･Therefore,thevalueof中.,whichisthemeasureofperceived

I-egularlty,lSalsoconsideredasthemeasurefordegreeoffluctuationil一teXtu1-e.

Naturaltexture,lnCOntraSt,generallyhasrandomnessbecauseofavarietyof

sizeandshapeofobjectsandplacementrules.ThereforethecalculatedACFdoesnot

haveperiodicalcomponentand decayssteeply (Figure2.17).Butthey arenot

completelyrandom.TheyalsohavesomedegreeofregularityasdescribedbytheACF

factor中,.Figure2.16showsthatthemoreorganizedtheshapeandsizeofcomponelltis,

thelargertheゅ.valueis.
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Figure2.17CalculatedACFsforregulartexture(top)andrandomtexture(bottom)･Forrandom

texture,theACFdoesnothaveperiodica一peaksanddecayssteeply.

Tosummarizetheresultofanalysュs,WeCanSaythatnaturaltextul.eCOnSistsof

abalanceofregularityandrandomness.Man-madetexturehashighdegreeofregularity,

alldnaturallyoccurredtexturehashighdegreeofrandomness.Humanpreferencefor

textureisassumedtoberelatedtothisbalanceofregularityandrandomness･Extremely

regularorrandomtexturemaynotbepreferred.Itcouldbeassumedthatthepreferred

texturehasmoderatebalanceofregularityandrandomness･Inthefollowlngexperiment,

thisassumptlOnisexamined･

2.4.3Psycl1010glCalexperiment

ToexaminehowmuchregularltylSpreferred,WeconductedapsychologlCalexperiment.

Humansubjectsjudgedfivesamplesfrom theanalyzedtexturesetbymeansofpaired

comparisontest.Itishypothesizedthatthemostprefe-redtexturehadmoderatedegree

of1.egularity.Wetriedtoformulatethesubjectivescoreofpreferencebythecalculated

ACFfactors,

Method

Tenmalestudentsparticlpatedintheexperiment.Theiragesrangefrom 22to24.All

hadnormalorcorrectedtonormalvisualaculty.Theywerenaiveastothepurposeof

tlleStudy.

StimuliwerepresentedonaCRT displayunderadarksurrounding.The

displaywassetatadistanceof1.5mfromthesubjects.Stimuluswas256×256,8-bit

gl.ayImagesextendingabout2･5degreeofthevisualangle.Stimuliwerechosenfrom
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thetexturesetdescribedinprevioussubsection.Stimulustextureshavedifferentvalues

ofA)1,Whichmeanseachtexturehavedifferentdegreeofregularity･Othertwoproperties

ofcontrastandcoarsenesswerekeptconstantbyfollowingmanlpulations.Contrastof

stimulusimageswasadjustedbydynamicrangeofgrayscales,andcoarsenessofthe

imageswasadjustedbymodifyingresolution.

Subjectswerepresentedpal一sOftwostimuliandaskedtojudgewhetherthey

preferred.Twostimulilasted3swithablankof1sbetweenthem･Allpossiblepal一s

from fivestimuli(10pairs)Werepresentedinarandom orderinonesession.All

subjectsconductedtenseriesofsessions,glVlngtotally100judgments.

Dataanalysisandresults

Collecteddatawasanalyzedbyapplying"thelawofcomparativejudgment"(caseV;

TllurStOne,1927).Thiswasusedtoproduceaone-dimensionalscalevalue(SV)for

each stimulusfrom thetotalmatrix ofsuperioritiescollected from thepaired

comparisons.Theresultswerereconfirmedbythegoodnessoffit(Mosteller,1951),and

theagreementOfallsubjects'judgmentswastestedbythechi-squaretest(p<0.05),

ResultsofallsubjectsareshowninFigure2.18,top.SVofpreferencehas

slllglepeakvalueforeachsubject,evenallowlngSOmeindividualdifferences.Themost

preferredrangemightexistinthevalueof中1foreachsubject･Subjectsdidnotprefer

textureofwhichhighandlowvalueof¢1.Byaveragingthescoresofallsubjects,itwas

foundthat¢1-0.5wasmostpreferredvaluefortextureregularity(Figure2.18,bottom).

Consideringtheseresultsandprevioussectiontogether,itisconsideredthatthedegree

ofregularityisavisualpropertyaffectingsubjectivepreferencefortexture.

Comparlngtheresultofindividualsubject,evaluationsforrandomtextureof

whichthe中一valueislowhadlargevariance.Itmightbeotherfactorthandegreeof

regularityforsubjects'preferencejudgment.Inthepresentexperiment,weusedvarious

texturesinnaturalenvironmentforstimuli.Althoughwechoosestimuliinaccordance

withtheir中IValueswithothertwovariables(i.6,contrastandcoarseness)constant,

theremightbeothervariablesexist.Oneofsuchvariables,wecanconsidertheeffectof

differenceinmaterialtexture.Asdescribedbefore,textureperceptlOnisdecidedby

globalfeatureandlocalfeature.Inthepresentexperiment,thesubjects'judgmentmight

beaffectedbybothofglobaldegreeofregularityandlocaltexturalpatternofmaterial.

Aboutthispoint,experimentalmethodcouldbeexaminedsuchthatthestimuliare

changedtothesynthesizedartificialtexturewithmaterialtextureexcluded･
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Figure2.18Sca一evalues(SV)ofpreferenceforaHsubjects(top),andaverageSV(bottom).For

averageSV,fittingcurveisa一soshown.

2.4.4Discussion

AsIdescribedfirstinthissection,thisstudytreatedtextureasanassemblyofthe

primitiveobjects･Therefore,Iconcernedwiththesize,Shapeandplacementpatternof

thecomponentmaterials.Todescribephysicalpropertiesoftextureinbuildingsurface,

tlleACFanalysiswasapplied.Whenthesamecomponentsareplacedinregularpattern,

theACFdoesnotdecaytheoretically.Consequently,themaximum peakintheACF

alwaysbecomes¢1=1.0.Butpractically,fortheman一madetextureintherealworld,

theACFdecaysgraduallytozeroandtheACFpeaktakesvalue¢1 <1.0.Thisis

becauseofthenoisecomponentduetotheerrorinspaclngbetweenthematerialand

fluctuationinlightreflections.Thepresentexperimentshowedthattexturewithsuch

noisecomponentsarepreferredtotexturewithhighdegreeofregularity.Preferred

textureneedstohaveabalanceofregularityandrandomness.Therefore,whenwemake

awalltexturebyassemblingmanufacturedmaterialsliketileandbrick,Weshouldusea

setofmaterialsinwhichsomedegreeofvarianceincolorandshapescontained.Along

withthisdiscussion,naturalmaterialhasvarietyofshapeandsize,anditssurfaceis

uneven,irregular,andruggedsoastointroduceafluctuationoflightreflection.This
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mightbeoneofthereasonsthatsuchnaturalmaterialsarepreferredtothemanufactul･ed

materials.

FornaturallyoccumngtextureSuchasleavesandpebbles,textureimage

inherentlyincludehigherdegreeofrandomness,becauseofavarietyofsizeandshape

ofobjectsandplacementrules.Buttheyarenotcompletelyrandom.Theyalsohave

somedegreeofregularityasdescribedbytheACFfactor¢1.Ouranalysisshowedthat

themoreregulartheshapeandsizeofcomponentis,thelargerthe¢lValueis.Our

subjectsdidnotprefertextureWithlowervalueof中,.Wecansayagainthatthe

preferredtextureneedstohaveabalanceofregularityandrandomness.

As∫discussedabove,thisstudyhasshownthattheACFanalysュsisusefulto

describetexturalpropertyofcontrast,coarseness,andregularity.Also,thedegreeof

regularityintextureisanaffectingfactorinhumanevaluationfortexturepreference.As

anexampleofapplicationoftheresultsgained,wecanconsideratextureoftilepattern

withsomedegreeofrandomnessintroducedbymanlpulatingtheplacementpatternor

colorvariation.Wecanexaminethemostpreferreddegreeofrandomnessbycomputer

simulationasshowninFigure2.19.

Finally,ofcourse,theremightbeanotherfactorotherthanregularlty,Whichis

notexaminedinthisstudy.Preferencejudgmentoftexturemaynotbeassimpleasthat

wecouldexplainonlybyone-dimensionalanalysis.Thusweneedtofindsuchafactor

andanalyzethetexturepreferencemulti-dimensionally.

2.5Summary

lnthischapter,Ipresentedaseriesofstudiesonphysicalpropertiesandpsychological

evaluationsoftwo-dimensionalspatialpattern.Ishowedthattheautocorrelation

Function(ACF)analysisprovidesusefulmeasuresforrepresentingthreesalient

perCeptualpropertiesoftexture,namely,contrast,coarseness,andregularity.Another

experimentshowedthatthedegreeofregularityisasalientcuefortexturepreference

judgment.DescribedACF modelofferedtheadvantageofextractingperceptual

propertiesandevaluatingsubjectivereactionintextureperception.
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3.Temporalvision

3.11mtroductiom

lllthischapter,IdiscusstheunderlyingmechanismforthetemporalperceptlOninvision.

Inthefieldofvisionscience,temporalprocesslnglnVisualsystem haslongbeen

neglected.Becausethetemporalresolutionofthevisualsystemismuchpoorincontrast

withitshighspatialresolution,Weareapttothinkthattheimportantinformationis

receivedmostlybyspatialvision.However,thetemporalinformationisverylmpOrtant

forperceptionintherealenvironment･DetectionofthemovlngObjectsiscrucialforour

life.Informationofrhythmortempoisacueforperceptionofperiodicalmotionsuchas

humanmotionandotherbiologlCalactivity,andnaturalbehaviorslikewavingWater,

fire,andleavesmovinginthewind.

Whenweperceivetempoorrhythm foramotionorsomebehavior,itis

consideredthatwedetectakindofperiodicitycontainedinthatsignal.Whenwecould

detectaperiodicityandthatperiodicityisinthelimitedtimerange,wecouldperceivea

senseoftempo.Rhythmicperceptionoccurswhenthesequencesofsuccessiveevents

havemorecomplexpattern,whichareperceivedasgrouplngSOftwo,threeorfour

elements.Itshouldbenotedthatsubjectiverhythm iscreatedbytherepetitionof

stimulusandgiverisetotherepetitionofapatterninthetimesequence.Inbothcasesof

tempoandrhythmperception,Weneedtodetectakindofperiodicityinthesignal.Then,

isthereamechanismfordetectingperiodicityinvolvedinthevisualsystem?Itisamain

questionposedinthischapter･ItisrecognizedthattemporalprocesslngSuchas

periodicitydetectionisanimportantstrategylnSlgnalprocesslngintheauditorysystem.

Perceivedpitchofasoundisdecidedasthemostsalientperiodicityintheslgnalby

meansofcorrelationmechanism･Isthereacorrelationmechanismalsointhetemporal

visionmechanism?Toaddresstheproblem,Ifocusonthefundamentalpropertiesofthe

temporalvisionmechanism,namelythesubjectiveflickerrateofcomplexwaveforms.

Afterabriefreviewofrelevantfield,Ipresentanexperimentalresult,whichimpliesthe

existenceofcorrelationmechanismintemporalvision(Fujiieta1.,2000).
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3.2Relatedwork

lnthissectionIwillgiveabriefreviewofpreviousworksonresponsetoflickering

ユight,mechanismoftemporalvision,andtemporalperception.

3.2.1Studiesonflickerresponse

Allumberofstudieshavedealtwiththehumanresponsetoflickeringlight･Theymostly

collCernedthesensitivitytoordetectabilityofflickerwithsinusoidalmodulation.

TemporalsensitivityreferstoourresponsetotimlngOfvisualsignals.Consideralight

thatispulsing,suchastheblinkingcursoronacomputerscreen,Itiseasytodiscern

thatthelightisblinkingbecauseofthelowfrequency,orrateatwhichitflashes.

Imaglnegraduallyincreaslngthefrequency.Asthelightblinksfasterandfaster,it

wouldeventuallyreacharatewhereitwouldnolongerbepossibletodetectthatthe

lightisflashing,itwouldlooklikea-■solidH,orcontinuouslight.Wesaythatourvisual

systemhasfusedtheflicker.

Thefrequencyatwhichthatoccursiscalledthecriticalflickerfrequency

(CFF)orflickerfusionかequency(FFF).Refreshratesofcinematography(48Hz)and

television(60Hz)arecarefullychosentopreventflicker･ButnowitisknownthatCFF

dependsonavarietyofphysicalandpsychologicalfactors.HechtandVerrijp(1933)

ShowedthatCFFincreasesasluminanceisincreased･Moreprecisely,deLange(1958)

demonstratedthatforavisualstimuluswithafixedtemporalfrequency,sensitivityto

flickerincreasesastheamplitudeoftheluminancemodulationisincreased.Flicker

perceptiondependsonthedepthofmodulation(modulationamplitude)andnotonlyon

time-averaged luminance.Temporalfrequency characteristics of visualflicker

sensitivityhavebeenfoundbyKelly(1961,1969,1971).Figure3.1Showstheflicker

thresholdmeasuredwithfivelevelsofbackground(mean)luminance,Thefiguretells

thatflickersensitivitygenerallyhasband-passedcharacteristic(peaksaround10-20Hz)

andthemeanluminanceincreasesCFF.

Anotherphysicalfactorsthatdeterminetherateatwhichflickerisfusedis

sizeofthestimulusandlocationofthestimuluswithinthevisualfield.Atfrequencies

higherthanabout20Hz,CFFisknowntoincreasewithincreaslngtargetStimulussize.

Below 20Hz,Sensitivity decreaseswithincreasing targetsize(Keesey,1972).

AccordingtotheGranit-HarperLaw,CFFincreaseslinearlywiththelogarithmofthe

retinalareasubtendedbythetarget(GranitandHarper,1930),Forsmalltargetsflicker

ismoreeasilyperceivedwhentheimagefallsonfovea,ratherthanintheperiphery.
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Thismayappeartosuggestthatthefoveaismoresensitivetoflicker.However,the

peripheryismoresensitivetoflickerwhenlargertargets(suchasflickeringfieldsor

CRTscreens)areused.Roehrig(1959)bestdemonstratedthisbyshowingthatCFf

increasesonlywhentheoutercircumferenceofavisualtargetisincreased,whileCFF

remainsthesamewhentheinnercircumferenceofarlng-Shapedtargetofthesamesize

isdecreased.

1 2 5 10 20 ■ 50 100

FREQUENCY - Hz

Figure3.1TemporalfrequencycharacteristicsofDickersensitivity,measuredbyKelly(1961),

3.2.2Modelortemporalvision

Studiesoftemporalsensitivitylnthevisualsystem havebeendominatedbylinear
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system theory.Mostofpsychophysical dataiseconomicallydescribedwithinthis

framework･Theunderlyingassumptionisthatthevisualresponsetoanyperiodic

waveformscouldbeanalyzedbydecomposlngthewaveformintoitsFourierseriesand

thenevaluatingresponsetOitscomponentsseparatelylOneofanexampleisastudyof

deLallge(1952)･Heinvestigatedthesensitivitytoavarietyofdifferentflickerlike

squareandsaw-toothwaveforms.Squarewavesandsaw-toothwaveseachcanbe

I'egarded assumsofanon-flickeringcomponent(i.e.,averageluminanceordc

component),thefundamentalcomponent(i･e･,thefirstharmonic),andaseriesof

higher-harmoniccomponents･Heshowedthatabove10Hz,Sensitivitytoavarietyof

differentperiodicwaveformscouldbepredictedfrom sensitivitytothefirstharmonic

component･Thisimpliesthattheeyesrespondtoanyperiodicflickerasalinearsystem.

Thevisualsystem,however,doesnotrespondperfectlylinearly.Especially

forflickerabovethreshold(i.e"athighcontrastlevel),thevisualsystem behaves

llOnlinear】y･Forexample,itisknownthatflickeringlightsappearbrighterthansteady

lightsofequalmeanluminance.Thisisaneffectnamedbrightnessenhancementorthe

Brdcke-Bartleyeffect(e.g.,Bartleyetal,1957).Theeffectofbrightnessenhancement

couldnotbeexplainedbyalinearsystem.ItrequlreSnOnlinearitysomewhereinthe

visualsystem.Wuetal.(1996)investigatedthemechanismofbrightnessenhancement

byusingamplitude-modulatedflicker(Figure3.2).

Figure3･2Brightnessenhancementcausedbytheamplitude-modulatednicker,Wuetal.(1996).

Theresultscouldbemodeledbyabroadtemporalfilterfollowedby aslngle

acceleratingnonlinearity(Figure3.3).Buttheyalsosuggestedthatthenonlinearityis

lllOre COmplex than asingle,static one.Aspossible alternatives,compressive

llOnlinearity,asymmetricdetector(Kelly良Savoie,1978),anddual-pathway(ONand

OFF)model(Krauskopf,1980;Schilleretall,1986)couldbeconsidered(Figure3.4).
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Figure3.4ThreetypesofasymmetricnonlinearitiesintemporalvisionproposedbyKeHy(1978)(a)

Al一Offsetdetector,inwhichthepositivelimitis2.7timesthenegativeone,withnootherintervenlng

】10nlinearity.(b)A stronglycompressionalnonlinearity,foHowedbyasymmetrical,two-sided

detector.(C)As asymmetricrectifier,withanegativeslope2.7timesitspositives】ope,followedbya

one-Sideddetector.

Mostofstudiesmentionedaboveassumedaslnglepathwayinthevisual

system soastosimplifytheproblem･However,afundamentalpropertyofthevisual
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systemismultiplicityofparallelpathways･Sincethepropertiesoftheseinitialpathways

placesfundamentalconstraintsonsubsequentstagesofvisualprocessing,ltisimportant

tounderstandtheindividualpropertiesofthesepathwaysandhowtheyareorganized･It

isnow acceptedthattheinitialstageofvisualprocesslnginvolvesanarrayofspatio-

temporalfiltersimplementedbythecharacteristicsofreceptivefields.Acollectionof

receptivefieldswiththesamefilteringpropertiesisalsocalled"channel".Althoughwe

haveaSubstantialamountofinformationaboutthespatialpropertiesofthesefilters,

investlgationintotheirtemporalpropertieshasbeenneglected･From psychophysical

dataofadaptation(MandlerandBowkeT,1980),andotherevidence,thechannelsthat

aretunedtodifferenttemporalfrequencieswerebelievedtobefewinnumberandbroad

infrequencybandwidth.Dataontemporalfrequencydiscrimination(Mandler,1984;

MandlerandMakous,1984)requiredatleastthreechannels･HessandSnowden(1992)

foundevidenceforthreetemporalchannels-alowpasschannel,aband-passchannel

peakedataroundlOHzandanotherpeakedataround18Hz(Figure3.5).Propertiesof

thesechannelsareusedinthemodelofmotionperception(JollnStOnandClifford,

1995).
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3.2.3Studiesontimeperception

TimepeTCeptlOnisformedwhenthestimuliarepresentedbothvisuallyandauditory.

Althoughthedurationofperceivedtimeisdifferenttosomeextent,theyarenot
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perceivedasdifferentkindoftime･Manyresearchersacceptedtheideathat,toperceive

timeisinfactageneralexpressionthatmeansthatsuccessionanddurationoftheevent

arebothperceived.Thisideameansthattheresultsoftheprocesslnginfomationin

physicalstimuliglVethecuefortimeperception･Perceptionofduratiollreferstothe

abilitytocomprehendsuccessiveeventsasperceptuallysimultaneous,withinthe

frameworkofthepsychologicalpresent.Psychologicalpresenthasnofixedduration.It

isbasedonwhatisperceivedandreferstoourcapacitytoapprehendtheseriesofevents.

Ithasanupperlimitabout5S,andhasanaveragevalueofユto3S(Fraisse,1984)･

Tospeakofrhythmistospeakoforderingintemporalsuccession.Aseriesof

identicalsounds(separatedbyequalintervals)heardforacertaintimeisspontaneously

perceivedasgrouplngOftwo,three,orfourelements.Thisphenomenonisalso

observedwithvisualstimuli(Handel&Yode一,1975).Suchsubjectiverhythmsare

createdbytherepetitionofstimulusandgiverisetotherepetitionofapatterninthe

courseoftime.Thisaspectseemstobeagestaltinthetimedomain.Weperceivetempo

whentheequaloralmostequallengthofdurationispresentedsuccessively.The

successionofshortertimedurationisperceivedasfasterrate.Wecanmakeestimation

fortempoaSfastorlate,andwecanproducespontaneoustempobytapplngOffingers.

Forbothtemposperceivedmoderateandproducedspontaneously,durationbetweenthe

eventsisseveralhundredms.Thisdurationhasarangewithanupperlimitabout2s

andlowerlimitabout100ms.Mishima(1951,1956)investigatedsucha'lmental

tempo■■byuslngtheflickeringlightandmetronome.Hefoundconsistenttempo

betweendifferentmodalitieS.

3.3Missingfundamentalphenomenonintemporalvision

Summary

Subjectiveflickerratesweremeasuredforcompoundwaveformsconsistingoffive

harmonicswithoutfundamentalcomponent.Itisfoundthatobserversperceivedarateat

thefundamentalfrequency,althoughtheenergyatthisfrequencywasnotincludedin

thesignals.Itiscalledthemissingfundamentalphenomenoninauditorypitchsensation,

andananalogousfindingisknowntooccurinspatialvision･Moreover,Observers

perceivedtheratesatfundamentalevenintherandom-phaseconditions,inwhichreal

wavefomstheperiodofthefundamentalisunclear.Theresultsindicatethatthe

perceivedflickerratesarenotdetectedfrom thetemporalwaveformsperse.One
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possibleoperationtoextractsuchaperiodicityinthesignalisautocorrelationfunction

tothenonlinearlydistortedtemporalwaveforms.

3.3.1Introduction

Thissectiondescribesaphenomenonthatshowsananalogybetweenvisualand

auditorysystem.Asdescribedlater,ltiscalled"misslngfundamental",whichisknown

intheauditorypitchsensation･Whentheslgnalcontainsonlyanumberofharmonies

withoutfundamentalfrequency,wehearthefundamentalfrequencyasapitch.The

misslngfundamentalphenomenonfoundintemporalvisionispresentedhere.

Weinvestigatedhow humansprocessorperceiveflickerswithcompound

waveforms.Althoughanumberofstudieshavedealtwiththehumanresponseto

flickers,theyaremostlyconcernedwiththesensitivitytoflickeringstimuli.Incontrast,

thispaperisconcernedwiththetemporalaspectofvisualperception.Ourinterestis

whathumansperceiveinthetemporaldynamicsofthevisualstimulus.Somestudies

wererelatedtocompoundwaveforms(deLange,1952;Bowen,Pokorny& Smith,

1989;Bowen,Pokorny,Smith&Fowler,1992;Kremers,Lee,Pokorny&Smith,1993;

Eisner,1995).Inparticular,squareorsawtoothwaveformswerecommonlyusedin

comparisonwithsinusoidalwaves.Squareandsawtoothwaveformseachconsistofthe

fundamentalfrequency(F,,)andaseriesofsinusoidalcomponents(harmonics)･For

sufficientlyhightemporalfrequenciesthesensitivitytoavarietyofdifferentperiodic

waveformscouldbepredictedfrom sensitivitytotheF(,Component.Atlower

frequencies,thesensitivitiestothecompoundwaveformswereaffectedbyhigher-order

llarmOnics(deLange,1954).Ontheotherhand,Weknowofnopreviousstudiesthat

dealtwithacompoundwaveformwithouttheFocomponent.TheeffectofFo,whichis

llOtCOntainedinthewaveform isknowninthespatialvision(Henning,Herz&

Broadbent,1975;Nachmias良Rogowitz,1983)andintheauditorypitchsensation

(Wightman,1973a,b).

Henningetal.(1975)reportedthatintheirexperimentonthesimultaneous

maSkingofvision,theFnCOmpOnentnotbeingcontainedinthemaskingstimulus

affectedthedetectionoftheteststimulus.Theyused1.9C/degsinusoidalpatternsasthe

teststimulus,andanamplitudemodulationpatternwhosecomponentsare7･6,9･5,and

ll.4C/deg(i.e"the41th,5-th,and61thharmonicsofthel･9C/deg)asthemasking

stimulus.Thatis,themissingfundamentalcomponentinthemaskingstimulus(1.9

C/°eg)wasperceivedanditthendisturbedthedetectionoftheteststimulus･Nachmias

46



andRogowitz(1983)foundsimilarresults.

IntheperceptlOnOfpitchintheauditorysystem,itisknownthatthe

perceivedpitchforacomplextoneconsistsofsomeharmonics(e.g.,600,800,

1000,1200,and1400Hz)correspondstotheF(,(200Hz)･Suchapitchiscalleda

residue,low pitchorvirtualpitch.Wightman(1973a)foundthattheresidueisnot

affectedbytherelativephaseofthecomponentsinthestimulus.Itmeansthatthe

pitchesofcomplextonesdonotdependonthestimuluswaveforms.Accordingtothe

pattern-transformationmodel(Wightman,1973b),theauditorysystemdetectsthepitch

notfrom thetemporalwaveformpersebutbymeansofpeaksintheautocorrelation

functionofthestimulus.Autocorrelationfunctionprovidesinfomationaboutpitch,

whichisnotdependentonthestimuluswaveforms.

Thetwomajorquestionswewishedtoaddresswere,firstly,whethertheF｡

componentwasperceived,andsecondlywhetherthesubjectiverateisaffectedbythe

relativephaseofthecomponentsinthestimulus.Inthefollowlngexperiment,we

measuredthesubjectiveflickerratesforcompoundwaveformsconsistingofharmonic

components(withoutFo).Sincethecomponentsarecombinedlinearly,thereisno

FourierenergyatF().Tbexaminethesecondquestion,weusedtwokindsofwaveforms

asthestimulus.Onewasanin-phase,andtheotherwasarandom-phasewaveform.If

theperceivedratesarebasedonthetemporalwaveform itself,observerscouldnot

detecttheratesforrandom-phasestimuli,becausetherelativephaseofcomponents

makestheperiodicityofwaveformsunclear.If,ontheotherhand,theFncomponents

areperceivedforbothin-andrandom-phasestimuli,thereshouldbeamechanismto

detectit.

3.3.2Method

Observers

Fourhumanobservers,whoweremalesand23-26yearsold,participatedinthe

experiment.Allhadnormalorcorrected-to-normalvision.Theywereallowedsufficient

practicebeforestartingtheexperiment,becausetheyhadneverparticipatedinsuchan

experimentbefore.Theydark-adaptedforabout1minutebeforeallsessions.

Apparatus

Thelightsourcewasa7-mm-diam greenLED,setatadistanceof0.8m from the

observerindarksurrounding.TheLEDstimulusfieldwasspatiallyuniform andthe
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sizeofitcorrespondedtoO･5deg･Stimuluswaveformsweregeneratedbythecomputer

witha16-bitdigital-to-analogconverter.Themeanluminancewassetto20cd/m2and

keptconstantduringthesessions.Toprovethelinearityoftheapparatus,wemeasured

tlleluminancewaveformsofthestimuliwithaluminancemeter(TOPCONBM-8)with

responsetimeof1ms･TheLEDoutputwasnotlinearatverylowlightlevel,butsuch

nonlinearcomponentsweresufficientlysmallerthansignalcomponents(-30dB)forour

experiment･

Stimuli

Stimuliinthepresentstudywerecompoundwaveformsconsistingoffivecomponents,

Thefrequencyofeachcomponentcorrespondedtothen-thharmonicofthecommonF｡.

WeselectedeightcombinationsofcomponentsintermsoffrequencyrangeandF(,.The

F"forstimuli1,2,3,and4was1Hz.Stimulus1consistedof3,4,5,6,and7Hz,and

therangesll-15,21-25,and31-35Hzwereselectedforstimuli2,3,and4,respectively.

Forstimuli5,6,7,and8,componentswereselectedinthefrequencyrangebetween30

and40Hz.Stimulus5consistedof30,30.75,31.5,32.25,and33Hz,harmonicsofthe

0,75HzFo.TheFosofstimuli6,7,and8were2,2.5,and3Hz,andthecomponents

were30-38,30-40,and27-39Hz,respectively･Thesecomponentshadequalamplitude

andwerecompoundedtomaketwokindsofwaveformsforeachstimulus.Onewasan

"in-phase",andtheotherwasa"random-phase"waveform.Thewaveformsofthe

slgnalsusedintheexperimentareillustratedinFigure3.6･Itshowsthatthetemporal

waveformsofstimuliwereaffectedbythephaseofcomponents,sothatthein-phase

andrandom-phasestimulihaddifferentwaveforms.Thein-phasewaveformshad

remarkablepeakscorrespondingtotheF(I.Fortherandom-phasecondition,each

componentwascompoundedwithdifferentphasessothatthewaveformshadno

slgnificantpeak.Intheexperiment,four"random-phase"waveformswerepresentedto

allobservers.
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Figure3.6Left:thespectrumofthecompoundwavesusedintheexperiment(componentsare30,32,

34,36,and38Hz,forexample)doesnotincludetheenergyatfundamentalfrequencyFO=2Hz).

Right:realwaveformsshowthatthetemporalwaveformsareaffectedbythephaseofcomponents.

Thein-phasewaveformhasremarkablepeakscorrespondingtotheFO,andtherandom-phase

waveformhasseveralpeaks,ofwhichperiodicityisnotclear.

Procedure

Thesubjectiveflickerrateofthestimuluswasmeasuredbymeansofthe"methodof

limits".Theflickerwithcompoundwaveformswasusedastheteststimulus,and

sinusoidalflickerWasusedasacomparisonstimulus.Thesetwostimuliwerepresented

inpal一sWithablankinterval.TheobseⅣers'taskwastojudgewhichofthesetwo

stimuliseemedtoflickeratthefasterrate.Asthecomparisonstimulus,Weused

ascendinganddescendingseries･Thatis,thecomparisonstimuluswasvariedinsteps,

fromalowfrequencytoahighfrequency(orviceversa)tomeasurethevalueatwhich

theobservers'responsereversed.Themeanofthetwovaluesbeforeandafterreversal

oftheobseⅣers'responsewasdeterminedasthematchedfrequencyoftheteststimulus.

WhentheobseⅣersperceivedtwoormoreratesforoneteststimulus,theywereasked

tojudgewiththerateperceivedmoststrongly.ItmeansthattheobseⅣersmatchedthe

sinusoidtothemostprominentcomponentofthecompoundwaveforms,andthus,One

matchedfrequencywasobtainedthroughonetrial.InteⅣalsofthecomparisonstimulus

were0.1Hzstepforfrequenciesbelow1Hz,0･2Hzstepfor1to3Hz,anda1Hzstep

forabove3Hz.Inthedescendingseries,trialsstartedfromavalueafewHzabovethe

highestfrequencyofthecomponentsintheteststimulus.Thereweretwoseriesofthe
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C()mparisonstimulus(ascendinganddescending)andtwoordersofpresentation(test-

C()mparisonandcomparison-test),givingatotaloffourconditions.Foreachcondition

f()urtrialswererepeated･Thus,16matchedfrequencieswerenbtainedforeachtest

stimulus.

3.3.3Results

ResultsareshowninFigure3･7and3.8ashistograms･Theabscissarepresentsthe

frequencyofthecomparisonstimulusmatchedwitheachteststimulus.Ontheordinate,

theprobabilityoftheresponseisrepresentedinpercentiles.Weconductedthe

experimentforseveralfrequencyrangesandfoundthatsensitivitydecreasedforthe

high frequencycomponentsinthecompoundwaveforms.Therewerelimitfrequencies,

abovewhichnoresponsewasseentothecomponentfrequencies.Thesevaluesallowed

someindividualdifferencesbetween5Hzto20Hz･Forthestimuliwithcomponentsof

1()w frequenciesbelow suchlimits,obseⅣerswereabletomatchteststimuliwith

c(-mponentfrequencies･Forthein-phasestimuli,obseⅣersperceivedtheratesatF｡･

Butinthiscase,thisfrequencylSeasilydetected,becauseitisconsistentwiththetime

intervalbetweentheperiodicpeaksappearlnginthetemporalwaveformsasshownin

Figure3.6.Fortherandom-phasestimuli,matchedfrequencieswerecomparabletnthe

severalaperiodicpeaks,whichcorrespondtothecomponentfrequencies.Itispossible

thatthehumanvisualsystem coulddetecttheflickerratesfrom localpeaksinthe

waveformsinthislowfrequencyrange.Inthehighfrequencyrangeabovethelimits

described,however,theF｡componentswereperceivedmostfrequentlyforbothin-and

random-phasestimuli,evenallowingsomeexceptionsuchascertainmultiplesofFo

(Figure3･7,right)･
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Figure3･7Resultsoffourobserversweresummed･Theabscissarepresentsthefrequencyofthe

comparisonstimulusmatchedwitheachteststimulus.Ontheordinate,theprobabilityofthe

responseisrepresentedinpercentiles･Forstimuli1-4,FOwassetas1Hz･Component付equencies

werechosenbetween3-7Hzto31-35Hz,respectively.
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Figure3.8Resultsoffourobserversweresummed.Theabscissarepresentsthefrequencyofthe

comparisonstimulusmatchedwitheachteststimulus.Ontheordinate,theprobabi一ityofthe

responseisrepresentedinpercentiles･TheFOsforstimuli5-8werevariedbetween0.75Hzand3Hz.

Componentfrequencieswereselectedbetween30-40Hz.

Figure3.9showstherelationshipbetweentheobservers'responseandFo.Bothcurves

haveasimilarprofileexceptthattheprobabilitywasabout10% higherforin-phase

condition.Althoughprobabilitywasaffectedbyphase,themostfrequentlyperceived

rateswereFHcomponentinallcases.Thehighestprobabilityisseenat2and2.5Hzfor

random-andin-phasecondition,respectively.Thesevaluescorrespondtotheperiodsof

500msand400ms,whichperiodsaresimilartothe"sensitiverange"reportedby

Fraisse(1984).Hereportedthatinthesensitiverange(500msto700ms)thesensitivity

increasedtotheperiodicityofsuccessivepresentationofthestimuli.Ourobservers

mightalsohaverespondedsensitivelytotheperiodicityoftheflickeringstimuliinthis

range･Sincetheobserversweretoldtomatchtothemostprominentcomponent,a
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misslngfundamentalthatwasvisiblebutwasnotthestrongestcomponentismissedin

thedata.Hadtheobserversbeentoldtomatchtoallvisiblefrequencies,theymight

haveglVenmoreresponsetOF.,evenoutofthesensitiverange.
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Figure3.9Re一ationshipbetweentheresponseprobabilityandFO.ThedataforfiveFOs(stimulus4,5,

6,7and8)WeregatheredandplottedintermsofresponseprobabilityintheFOj=10% frequency

range.Filledcirclesandopencirclesrepresentin-andrandom-phaseconditions,respectively.

3.3.4Discussion

Thepurposeofthisstudywastoinvestigatethemisslngfundamentalphenomenonin

thejudgmentofflickerratesbyuslngthecompoundwaveforms･Inthehighfrequency

rangeabove20Hz,Wefoundaphenomenonofmissingfundamental.Observers

detectedtheratesatfundamentalfrequency,whichwerenotincludedinthestimuli.The

l･eSultsindicatethattheperceivedflickerratesarenotdetectedfrom thetemporal

waveformsperse,becausetheperiodofFoisnotclearinthetemporalwaveformsfor

therandom-phasestimuli.Itisnecessarytosupposeanothermechanism inthevisual

systemtoextracttheperiodicityinthetemporalvariationofflickeringstimuli.

Itisknownthatthevisualsystembehavesnonlinearlyforflickeringstimuli

thatareabovethreshold,suchasthestimuliweused(Wu,Burns,Reeves,& EIsner,

1996;Macleod,Williams,& Makous,1992;Eisner,Shapiro,& Middleton,1998).

Suprathresholdflickerisaccompaniedbychangesincolorandchangesinbrightness.

Suchnonlineardistortionsproducerealsinusoidalcomponentsatthefundamental

frequencyandsomemultiplesofitinthecompoundwaveforms.Wehaveexamined
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whetherthenonlineardistortionaffectedtheobservers'responsesinourexperiments.

Theamplitudeofthedistortiondependsontheattenuationbythetemporalfilter

precedingthenonlinearityandtheform ofnonlinearity.Forthepresentpurpose,this

canberepresentedsimplybyapowerseriesinthetemporalwaveformsofthestimuli,

ど(t),andweonlyconsideredherethequadraticterms･Thecharacteristicofthetemporal

filterwasassumedtobeflat.Thenonlinearresponsethenbecomesf2(t).
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Figure3.10Tわp:nonlinearresponsesforthestimuli(seeFigure3.6)ShowthattllenOnlinearity

expandstheupperportionofthewave,creatingdistortionproductsatthe一owfrequencies.Second

row:spectraofthenonlinearresponsescontainFOandmultiplesofit･Thirdrow:theautocorrelation

functionsoftherealstimuluswaveformsareidenticalfordifferentphaseconditionandhave

periodicalpeaksatFO.Bottom:theautocorrelationfunctionsofthenonlinearresponsesarenot

identical,buthaveidenticalperiodicalpeaksatFO.
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Theacceleratingnonlinearityexpandstheupperportionofthewave(Figure

3･10,top),creatingdistortionproductsatlowfrequencies(Figure3･10,secondrow).

Therelativesizeoflowfrequencydistortionproductsdependsontherelativephaseof

thecompoundwaveforms.Whenthewaveformsare"in-phase",thestrongestlow

frequencydistortionwillproduceacomponentatF｡(Figure3･10,secondrow,left).Itis

thereforenosurprisethatobserversseeFomoststll0nglywithin-phasecompound

stimuli.Thesituationforthe"random-phase"conditionismorecomplicatedbecause

phasemodulationitselfaddssidebandsorotherfrequenciestothestimulus.Fourier

transform oftheresultingsignalconfirmstheseverereductionoftheF()Component

(Figure3.10,secondrow,right).InsomeextremecasesthesignallackstheF‖

Component.Nonlineardistortionitselfcouldnotexplainourresultsbecausethe

observersperceivedF一一moststronglyforrandom-phasestimuli.Sincetheobservers'

taskistosetthemostprominentfrequency,informationaboutotherfrequenciesislost.

Thereforeitisnotclearwhethertheobserversdetecteddistortionatseveralmultiplesof

F日.However,theimportantthinghereisthattheypreferentiallyperceivedF｡asapparent

rateofflickerwithcompoundstimuli.

OnepossibleoperationthatglVeSthephaseJndependentpredictionforour

empiricalevidenceisautocorrelation.Theautocorrelationfunctionisdefinedasthe

Fouriertransformofthepowerspectrum,P(W);

oO

◎(T)≡Ij (a,)ejwlda,, (3･1)

Sinceonlythepowerspectrumofthewaveformappearsin仙isdefinition,itisobvious

that◎(T)isnotphase-dependent.Actually,theautocorrelationfunctionofthereal

stimuluswaveformshadidenticalprofilesforbothphaseconditionsusedinthe

experiment(Figure3.10,thirdrow).Ourresultisconsistentwiththefactthatthe

autocorrelationfunctionhasparticularpeakscorrespondingtotheF.,.Itispossibleto

supposeamechanismtoextractaperiodicityatFHfromthepeaksintheautocorrelation

functionofthestimulus.

Ⅰntheexperiment,theobservers'responseatF(,wasslightlyaffected(about

10%)byphase(Figure3･9),andsomeresponsewasseenatmultiplesofF｡With

random-phasestimuli.Suchaphaseeffectcouldbeexplainedbytheautocorrelation

withnonlinearlydistortedstimuluswaveforms.Theautocorrelationisnotidenticalfor

55



thein-phaseandrandom-phasestimuliwiththenonlinearityofthesystem･Forthe

l･andom-phasestimuli,theautocorrelationhasseveralpeakscorrespondingtothe

multiplesofF(.･ThesepeaksmighthavetheroleofinterruptlngthevisibilityofF(,for

therandom-phasestimuliandofproducingexceptionstotherulethatHtheperceived

flickerrateisthemisslngfundamentalfrequency".However,bothwaveformshave

dominantpeakswiththeperiodof1/F.,(Figure3.10,bottom),Thesepeakscorrespond

totheratesthattheobserversperceivedmoststrongly.

3.3.5Conclusions

l･Themostfrequentlyperceivedflickerrateforthecompoundwaveformscorresponds

tothemissingfundamentalcomponent,whichisnotincludedinthestimulus.

2･Eventhoughtheperiodicityofthewaveformisunclear,thefundamentalfrequencylS

perceived.

3･Thephenomenoncanbeexplainedbyassumlngaprocessthatdetectsperiodical

peaksintheautocorrelationfunctionsforthenonlinearlydistortedwaveforms.

3.4Proposedmodeloftemporalvision

Summary

A qualitativemodelisproposedheretoexplaintheperceptionofthemisslng

fundamentalfrequencyforcomplexflicker･Themodelconsistsoftheenvelope

extractionmechanism from thecomplexslgnalandperiodicitydetectionmechanism

from theslgnalenvelope.Toexplorethelimitationofthemodel,thresholdsofthe

modulationdetectionwasmeasuredforamplitudemodulation(AM)flicker.Itwas

foundthatthevisualsensitivityforAMflickerisaffectedbythecarrierandmodulation

frequencies･Itwasproofedthatthesubjectiveflickerrateofcomplexflickeris

perceivedonlywhentheflickeriswellabovethethresholdofenvelopedetection.

3.4.11mtroductiom

AsIstatedintheprevioussection,itwasfoundthatthesubjectiveflickerrateof

complexwaveformisthe"misslngfundamental"frequency,whichisnotincludedinthe

signal(Fujiietal,2000).Whentheperiodicityofthewaveformisunclearduetothe

1-elativephaseofthecomponents,thefundamentalfrequencyisalsoperceived.

Furthermore,thisslgnalcaused some additionalperception atmultipleofthe
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fundamental.Toexplainthisperceptualphenomenon,aprocesswasassumedthat

detectsperiodicalpeaksintheautocorrelationfunctionsforthenonlinearlydistorted

waveforms.Althoughthemodelseemedsuitableforthedatapresented,thedetailofthe

modelhasnotbeenexamined,andthereforeitstillholdsseveralproblems.

Proposedmodelintheprevioussectionwasquiterough.Weintroducedthe

mechanismsofvisualnonlinearityandtheautocorrelation,butdidnotexaminethe

behaviorsofthesemechanismsindetail.Moredetailedmodelisproposedhereandits

limitationistested.Inthepresentmodel,theinputsignalisfirstlyprocessedbythe

nonlinearity,whichworkstoextractthewaveformenvelope.Then,theperiodicityof

theextractedenvelopeisdetectedbytheautocorrelationfunction.Aboutnonlinear

mechanism,howmucheffectwouldthevisualnonlinearityhaveonflickerperception

willbeexamined,Inthepreviousexperiment,itwasnotclearhowfaraboveflicker

thresholdwasthestimuliused.Weusedcomplexflickerwithnearly100%modulation.

Becausethevisualsystembehaveslinearlyatlowercontrast(e･g･modulationdepth)

andbecomenonlinearlyathighcontrast,weneedtoknowthisthresholdtodiscussthe

effectofnonlinearityonperceptionofcomplexflicker.

3.4.2Aqualitativemodelforflickerrateperception

Toaccountfortheexperimentalresultsaboutmisslngfundamentalflicker,amodelis

proposedwhichconsistsofaninitiallinearfilterfollowedbynonlinearityand

autocorrelationmechanisms.SchematicillustrationofthismodelisshowninFigure

3.ll.IntheexperimenLt,subjectssawthecomplexflickerconsistingfivecomponents

andmatcheditsflickerratetothatofsinusoidalflicker･Resultsshowedthatsubjects

couldseethefundamentalcomponent,whichwasnotincludedinthecomplexflicker.

Theinitiallinearfilterdeterminestheamplitudeandphaseoftheresponsetotheflicker

component,butthereisnoresponseatthefrequencyofthefundamentalcomponentat

tllisstage.Afterthecomplexflickerpassesthroughthelinearfilter,somekindof

nonlinearityworkstotheflicker.Thisnonlinearitycreatesadistortionproductatthe

fundamentalfrequencyanditsmultiples,accordingtotherelativephaseofcomponents.

Thisdistortionproductcorrespondstotheenvelopeoftheflickerwaveforms.
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Figure3.llIllustrationofamodelforflickerrateperceptionincomplexwavefornlS.

Itisassumedthatamatchingofflickerratesismadewhentheperiodofthe

extractedenvelopeisequaltothatofthesinusoidalflicker.Toillustratethis,Ishowin

Figure3.llthattheinputwaveform isseparatedintoitshighfrequencycomponent

(carrier)andlowfrequencycomponent(envelope)bynonlinearityandlowpassfiltering.

Thecarriercomponenthasadistortedwaveform duetononlinearoperation,butno

assumptionismadeastotheexactshapeofthiscomponent.Severalresearchers

proposedthekindofnonlinearity,suchasasymmetricnonlinearity(Kelly,1978),

compressivenonlinearity(Eisneretal,1998),andexpansivenonlinearity(Wuetal,

1996),butitisdifficulttodeterminetheshape ofnonlinearityanditscontributiontothe

flickerratematchingatthispoint･Rather,Weassumedthattheenvelopecomponent

extractedbynonlinearmechanism hasmucheffectontheperceivedrateofcomplex

flickerinourpreviousexperiment.

Asanoperationforextractingperiodicityincludedintheenvelopecomponent,

Weintroducetheautocorrelationmechanism afterearlyprocessingOfthelinearfilter

andsomekindofnonlinearmechanisms,Theenvelopeofthecomplexflickercontains

Periodsoffundamentalfrequencyanditsmultiples.Therelativestrengthoftheselow

frequencycomponentsismuchaffectedbytherelativephaseofcomponentsinthe

complexflicker.ThusitiseasytofindthatfundamentalfrequencylSperceivedfor"in-

phase"stimulus,butdifficulttosupposewhichperiodicitylSPerceivedfor"random-
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phase"stimulus(seeFigure3･11,middle).Bycalculatingtheautocorrelatiollfunction,

wecanseethatbothofin-phaseandrandom-phasestimulihavedominantpeaksat

rulldamentalfrequencythatallthesubjectsperceivedintheexperiment.Thedecreasein

t】1eSubjects'responseatfundamentalfrequencyforrandom-phasestimuliisalso

explainedsuchthattheautocorrelationforrandom-phasestimulihasminorpeaksother

thanfundamentalfrequency,whichcorrespondstothemultipleofit.

3.4.3Testofthemodel:Envelopeextractionbynonlinearity

A proposedmodelmainlyconsistsofthefollowlngtwoprocesses:theenvelope

extractionbythenonlinearity,andtheperiodicitydetectionbytheautocorrelation.

Testablepredictionsofthemodelarethattheflickerrateisperceivedonlywhenthe

envelopeoftheflickerisextracted,andthattheperceivedrateofthecomplexflickeris

correspondedtothedominantpeaksintheautocorrelationfunctions.Testoftheformer

predictionisdescribedasfollowingbasedontheexperimentalresultsaboutthresholdof

modulation detectionfortheamplitude-modulationflicker･Thepurposeofthis

experimentistoexaminethethresholdofmodulationdetectionforthecomplexflicker.

l】lthepreviousexperiment,itwasnotclearhowfaraboveflickerthresholdwasthe

stimuliused.Becausethevisualsystem behaveslinearlyatlowercontrast(e.g.

modulationdepth)andbecomenonlinearlyathighcontrast,weneedtoknow this

thresholdtodiscusstheeffectofnonlinearityfortheperceivedflickerrateofcomplex

waveforms.

Method

Apparatusandstimulus

Sameapparatuswasusedaspreviousexperimentexceptthattheelectriccircuitwas

addedtocompensatethelinearityoftheLEDemissionathighfrequencies.Linearityof

theapparatusWasCOnfirmedbythemeasurementoftheluminancewaveformsofthe

stimuluswithaluminancemeter(TOPCONBM-8)witharesponsetimeof1ms.

Amplitude-modulation(AM)flickerwasusedasstimulus.AMwaveformL(t)

isdefinedas

L(i)=L.,[1+K(1+mcos2ガ〝.i)sin27g(.t], (3･2)

wheref｡iscarrierfrequency,f.,,ismodulationfrequency,LHismeanluminance,Kis

carriercontrast,mismodulationdepth,andIistime.Equation3.2canbeexpressedas
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L(t)-Lo(Kl号sin2m(fc-I"I)t･Sin2戒t･号sin2m(I(･･f"Z)t]･1)･ (3･3)

F1-0m equation3.3,itisclearthattheAM flickerconsistsofonlythreesinusoidal

componentsoffc(carrier),fc-fn"andfc+fm(sidebands),andmodulationfrequencyfmis

misslng.Ifthevisualsystem behaveslinearly,wecouldnotseethemodulation

frequency.Contrary,ifthemodulationfrequencylSperceived,Wecansaythatsome

kindofnonlinearitydoesexistinourvisualsystem ThemodulationfrequencylS

containedinthesignalenvelope,whichcouldbeextractedbythenonlinearoperation.

Toexaminetheeffectofthecarrierfrequencyandthemodulationdepthforvisibilityof

themodulationfrequency,modulationdepththresholdsweremeasuredforseveral

carrierfrequenciesrangedfrom5to50Hz.Modulationdepthswerevariedbetween0.1

and0.9duringthesession.Testedmodulationfrequencywas2Hz,andmeanluminance

waskeptconstantas20cd/m2duringtheexperiment･

Procedureandsubjects

Modulationdetectionthresholdswereroughlydeterminedbythemethodoflimitsas

following.Theamplitude-modulationflickerwaspresentedsuccessivelyseparatedby

blankintervalsof1sec.Eachflickerintervallasted4secwithriseandfalltimeof0.2

sec.Duringthesession,themodulationdepthwasincreasedfrom O･1to0.9withthe

stepsizeof0.1.Thesubject'staskwastospecifytheinterval,atwhichthesubjectjust

perceivedthemodulationfrequency.Theprocedurewasrepeatedfivetimesforeach

stimulusconfiguration.Theauthorwastestedasthesubject.

Resultsanddiscussion

DeterminedthresholdmodulationdepthsareplottedinFigure3.12.Theabscissa

representsthecarrierfrequencyandtheordinateshowsthresholdmodulationdepth.

Eachplotrepresentstheaveragevalueofthethresholdsforfivemeasurements.Asthe

l･eSultshows,thesensitivityfortheAM flickerpeakedaround10and20Hz,and

decreasedathighandlowcarrierfrequenciesforthemodulationfrequenciesof1,2,and

3Hz.Forthe0.5Hzmodulations,thesensitivitywaslowpasscharacteristic.Forhigh

carrierfrequencies,thesensitivitydecreasedmoresteeplyandmodulationfrequencies

couldnotbeseenevenforthe100%modulationat50Hz.
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Figure3112Thresholdsofamplitudemodulationflickermeasuredforcarrierfrequenciesof5,10,20,

3(),40,and50Hz,alldmodulationfrequenciesofO.5,1,2,and3Hz.

Figure3･13re-plotsthedataofFig.3･12asafunctionofmodulation

frequency.Sensitivitypeakedat2Hzofmodlllationforthecarrierfrequenciesbelow40

Hz.DashedlineinFig.3.13ismodulationthresholdmeasuredby°orea,Wardak,and

Lorenzi(2000)forlarge(300)flickeringstimulisetatanaverageluminanceof50cd/m2

withamplitudemodulatedtemporalwhitenoise(AM-TWN),Thisdataisshownfor

comparisonwiththepresentoneasthesimilarexperimentaldataavailable.Eventhough

theexperimentalconditionsaredifferent(e･g･stlmulussize,meanluminance),Goreaet

al'sandpresentresultsshowsimilartendencies.Largedifferenceisonlyseenat0.5Hz

modulations.Themostlikelyreasonforthisdiscrepancyrelatestothedifferent

proceduresusedinthetwoexperiments.While°oreaetalobtainedthresholdswith

2AFCmethods,thepresentdatawascollectedwithcriteriaofperceivedmodulation

frequencies･Forthemodulationfrequencyof0.5Hz,itisdifficulttodistinguishthe

flickerrateevenwhenthemodulationisperceivable.
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Figure3.13Thresho一dsofamplitudemodulationflickerasafunctionofmodu)ationfrequency.For

comparisonwithpreviousdata,measuredthresholdsforampHtud6-modulatedtemporalwhitenoise

(°oreaetal,2000)areshownasdashedline･

From theobservationsabove,itcouldbesaidthatthesensitivityforthe

amplitudemodulationflickerisaffected byboth ofthecarrierandmodulation

Frequency.Asfortheeffectofthecarrierfrequency,thepresentdataissimilartothe

previousdata offlickerbrightnessenhancement(Wu etal,1996).Brightness

enhancementincreasedwithincreaslngmodulationdepthatallfrequencies,andpeaked

around16Hzathighmodulations.Wuetal'sresultssuggestthatthevisualnonlinearity

leadingtobrightnessenhancementisdependentwithtemporalfrequency.Thepresent

】.e§ultisalsointerpretedasthatthenonlinearityisfrequencydependent,whichworksto

extractwaveformenvelopeandmakeitperceivable.

Wecansaythatthepreviousexperimentofcomplexflickerwasconductedin

therangewellabovethresholdofmodulationdetection.Toprovethis,Stimulus

conditionofthepreviousexperimentwasextendedandreexamined.Theinformal

observationbytheauthorconfirmedthattheflickerrateofthefundamentalcomponent

couldnotbeseenforthestimulinearthreshold.Athighcomponentfrequenciesabove

40Hzandatlowmodulationdepthnearthreshold,theamplitudemodulationcouldbe

JustperCeivablebutflickerratecouldnotbedistinguishable･Therefore,ltCanbe
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concludedthattheflickerrateisperceivedonlywhentheenvelopeoftheflickeris

extractedandexceededwellabovethreshold.

3.5Summary

lnthischapter,Idiscussedtheunderlyingmechanismforthetemporalperceptionin

vision･Toaddresstheproblem,Hocusedonthefundamentalpropertiesofthetemporal

visionmechanism.Psychophysicalexperimentwasperformedonsubjectiveflicker

ratesforcomplexwaveforms.Resultsshowedthathumanobserversperceivedarateat

thefundamentalfrequency,althoughtheenergyatthisfrequencywasnotincludedin

thesignals.Itimpliestheexistenceofcorrelationmechanismintemporalvision.
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4.Audition

4.11mtroduction

lnthischapter,Ipresentaseriesofstudiesonphysicalpropertiesandpsychological

evaluationsofsound.IuseamethodofautocorrelationinanalyzlngaSOundsignal.In

addition,Iusetheinterauralcross-correlationfunctiontocharacterizethespatial

propertiesofsoundfield.Thisisbasedontheautocorrelationfunctionandtheinteraural

cross-correlationfunctionmechanisms,whichhavebeenproposedasamodelof

auditorysystem.Throughoutthenumerousstudiesonsubjectiveresponsesinthesound

field,Ando(1998,2001)suggestedthatprimarysensationsofsound(loudness,pitch,

andtimbre),andspatialsensationssuchaslocalization,di軌 seness,andapparentsource

width (ASW),are processed by the autocorrelation and the cross-correlation

mechanismsrespectively.Purposeofthepresentstudiesistocharacterizetheacoustical

propertiesofsoundfieldandtounderstandthemechanism ofperceptionaboutsuch

properties.

Loudness,pitch,andtimbreareconsideredasprlmarySensationsofsound

stimulus.Theloudnessofasoundisthesubjectiveattributethatisevaluatedonascale

from "soft"to "loud".Bythemethodofadjustment,loudnesscanbedefined

operationallyastheamountofenergylnareferencesinusoidaltoneorbroadbandnoise

thatisadjustedtobeequallyloudasaglVenStimulus.Loudnessisgenerallycorrelated

withthephysicalpropertypower･Manysoundsareperceivedtohaveapitch･Thepitch

ofasoundistheattributethatallowsittobepositionedonacontinuum scalefrom

"low"to"high".Thepitchofasoundisdefinedasthefrequencyofasinusoidaltone

thatismatchedtotheglVensoundbythemethodofadjustment.Perceivedpitchof

complexsoundsuchashumanvoicesandmusicinstrumentsiscorrelatedwiththe

frequencyofthelowestharmoniccomponent(i.e.,fundamentalfrequency).Also,we

canevaluatesubjectivelythe"pitchstrength"or"pitchness"ofasound･Averypitchy

sound,likeaharmoniccomplextone,hasaclearpitch.Foraless-pitchysound,likethat

ofrepetitionnoise,theperceptionofpitchisnotasimmediateandseemsweakerin

strength.ComparlngWithloudnessandpitch,thetimbreofasoundisdifficulttobe

correlatedwithparticularphysicalproperty.Thereisnosimplesetofphysical
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propertiesthatcorrespondstotimbre,andnoclearoperationaldefinition･Accordingto

theAmericanNationalStandards(ANSI)Standardof1960,timbreisthatattributeof

auditorysensationintermsofwhichalistenercanjudgethattwosoundssimilarly

presentedandhavingthesameloudnessandpitcharedissimilar･Usingthisdefinition,it

isnecessarytoextractfromthemixtureofsensationsthosethatmightbeimportant.

Innaturalsoundfieldwehavespatialsensationssuchasdirectionand

distanceofsoundsource,diffuseness,andwidthofsoundsource,inadditiontosound

qualitiesdescribedabove,Infbmationofdirectionanddistanceofsoundsourceis

importantcueforuStOnavigateinthefield.Spatialpropertiesofdiffusenessandsource

widtharealsoimportanttodefinethequalityofasoundfieldsuchasauditorium.To

assessthepsychologicalevaluationofsoundintherealenvironment,itisnecessaryto

investigatesuchspatialsensationsaswellasprlmarySensations.

4.2Relatedwork

Here,Iwillgiveareviewofstudiesrelatedtoperipheralandcentralmodelsofauditory

systemandsubjectiveattributeofsound.

4.2.1Modelorallditoryperiphery

AstartingpointformodelingtheauditorysystemistolookcarefullyatthebiologlCal

orlgintoseewhatmaybelearned.Ourunderstandingoftheauditoryperipherytothe

levelofthehair-cellsynapsesandbeyondhasbeenincreaslngOverthepastfour

decades.Here,eachofstageswillbedescribedbrieflyinaccordancewithliteratures

(Bgkesy,1960;Pickles,1982).

Ollterandmiddleear

Soundenteringtheouterearissubjecttoapressuregalnatthetympanicmembrane

relativetotheentrancetotheearcanal;thispressuregalnismaximalinthereg10n

between2and5kHz.Themiddleear,whichcouplessoundenergyfromtheexternal

auditorymeatustothecochlea,alsohasaband-passpressuretransferfunction.But,in

tlliscase,thepeakisnear1kHzandhasamuchsteeperslopeatthelowfrequencies.

Thesetwofunctionscouldbecombinedtoobtainaneffectofouterandmiddleear's

frequencycharacteristiceffect.

Cochleafiltering

Thecochleaisprobablytheslnglemostcriticalcomponentintheauditorypathway.

Aftercouplingtotheacousticfree-fieldviatheouterandmiddleears,theone-
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dimensionalsoundpressurefluctuationistransmittedtotheovalwindow,whichstartsa

travelingwavedownthespiraledtransmissionlineofthecochlea.Becauseofthe

variationofthemechanicalstructureofthebasilarmembrane-thecentraldivisionof

thecochlea-andcochleafluid,acontinuousarrayofband-passfiltersareformed.

Fouriercomponentsinthepressurevariationwilltravelsomedistancedownthecochlea

(furtherforlowerfrequencies)beforereachingapointwherethemembraneisin

1-eSOnanCe,Causingamaximuminbasilarmembranemotionandthedissipationofthe

travelingwave.Itmeanthatthecochleaperformsaspectralanalysュs,COnVertingthe

incidentsound-pressurevariation into motion atdifferentplacesofthebasilar

membrane,withtheplaceofmotionencodingspectrallocationandamplitudeofthe

lmOtionindicatlngintensity･

Mechanical-meuraltransductionathair･cell

Themechanicalmotionofthebasilarmembraneisconvertedtonervefiringsvia

synapsesatthebaseof仙einnerhaircell.Thistransductionformsacrucialcomponent

ofanymodeloftheauditoryperiphery,sinceitisthefifingpatternsonthe

approximately30,000fibersoftheauditorynervethatcomprlSethedescriptionOf

soundusedbyhigherlevelsofthebrain.Theinnerhaircellshavetinyembeddedhairs

(cilia)thatbendwhenthebasilarmembranemovesrelativetothecochleafluid,andthe

cellsemitelectricalspikeswithaprobabilitythatdependsonthedegreeofdeflection.

Therearetwopropertiesoftheinnerhaircellsthathaveparticularlyimportant

effectsontheslgnalstransmittedtohigherlevels.First,thecellsrespondtocilia

deflectionasymmetrically(HudspethandCorey,1977).Thisintroducesakindof

nonlinearitytotheinputsignal.Severalcomplexmodelsofinnerhaircellfunctionhave

beendevelopedthatarefaithfultothenonlinearpropertiesofmammalianinnerhair

cells(HewittandMeddis,1991),butthesimplehalf-waverectificationmodelischosen

bymanyresearchers.Second,atlow frequencies,thehaircellstendtofireata

particularphaseofthesignal-aprocesscalledphaselocking･Asthefrequencyofthe

lnputSignalincreases,phaselockingbeginstorunoutataboutl･5kHzanddisappears

by5kHz(reference)･Thisisbecausethecapacitanceofinnerhaircellspreventsthem

fromsufficientlyrapidchanglnglnVOltage.Inabsenceoflockingtothefinestructureof

thewaveform,thehaircellslocktothesignal'samplitudeenvelope(reference).This

producesareasonableenvelopefunctionathighfrequencies.
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4.2.2CeIltralmechanismofauditorysystem

Placemodelandtemporalmodelofpitch

Modelsofcentralprocesslnglntheauditorysystem afterauditorynervehavebeen

controversial.Especiallyforpitchextractingmechanism,therearetwomaintypesof

models;placemodelsandtemporalmodels.Placemodelsofpitchholdthatperceived

PitchorlglnateSinspatialaspectoftheinitialpatternofexcitationonthebasilar

membrane,Becauseprlmaryauditorycellsaredistributedalongthelengthofthe

membrane,andthistonotoplCOrganizationismaintainedthroughouttheauditory

pathway(Langner,1997),thereisgoodanatomicaljustificationfortheplacemodel,A

goodexampleoftheplacemodelisGoldstein'soptimumprocessormodel(Goldstein,

1973).Inthismodel,theinstantaneousspectralpeaksofasignalareextracted.

Statisticalanalysislikeamaximum-likelihoodmethodisusedtodecidethefundamental

fl-equenCyOfthesignal.SimilarmechanismshavebeenproposedbyTerhardt(1973),

Wightman (1973a,b) and Hermes (1988),among others.There are several

disadvantagesofsuchmodels.First,theyrequlremoreSpectralresolutionthanisknown

toexhibitincochlea.Signalswithcloselyspacedspectralpeakscanstillgiverisetoa

pitch,eventhoughtheyarenotresolvedbythecochlea(MooreandRosen,1979),

Second,placemodelscouldnotexplaincertainpitchphenomena,suchasiteratednoise

signals,thatarespectrallyflat(reference).

Inatemporalmodel,pitchisextractedastheresultoftemporalprocessing

andperiodicitydetectiononeachcochlearchannel.Cochleaactsasaspectrumanalyzer,

butperceivedpitchisnotbasedonthespectralpeaksfromthisrepresentation.Rather,

theband-passedsignalsthatareoutputfrom cochleaareanalyzedintimedomain.

Pitchedsignalshaveperiodicfluctuationsintheenvelopesoftheband-passedsignals.

TheseperiodicitiesareviewedasorlglnOfpitch.A varietyofmethodshavebeen

proposedformeasurlngtheperiodicityofsound.Licklider'sduplextheoryisthefirst

temporalmodelofpitch(Licklider,1959).Heproposedamethodbasedonanetworkof

delaylinesandcoincidencedetectorsorientedinatwo-dimensionalrepresentation

(Figure4,1).Thefirstdimensioncorrespondedtothedistributionoffrequencyanalyzed

bycochlea,andthesecondtothedelaytimeofautocorrelationovertherangeofperiods

thatevokeapitchsensation.Thisnetworkiscompiledasthat,itcalculatesarunnlng

autocorrelationfunctionineachfrequencychannel;thepeakofthefunctionwithina

cllannelindicatedtheprlmarypitchtowhichthatchannelresponded.Theinformation
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frommultiplechannelswouldbeintegratedtoglVerisetoaslnglesensationofpitch･

cochfea cochlea

Figure4･1Dup一extheoryforpitchperception(Licklider,1959)･

SinceLicklider'sformulation,thismethodhasbeenreintroducedseveral

times,First,vanNoorden(1983)proposedcalculationforhistogramsofneural

interspikeintervalsinthecochlearnerve.Morerecently,themodelwasreintroducedby

SlaneyandLyon(1990),MeddisandHewitt(1991),andothers.Theirmethodiscalled

theautocorrelogrammethodofpitchanalysisandisthepreferredmodeltoday.Meddis

and Hewitt (1991) specifically proposed that the integration of calculated

autocorrelationfunctions(ACFs)ineachfrequencybandproducesasummaryACF

(Figure4,2).
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Figure4.2ThesummaryACFmodelofpitchdetection,followingMeddisandHewitt(1991).After

passedthroughtheouterandmiddleear,theinputacousticsignalisseparatedintofrequency

subballdsbyacochlearfilterbank.A rectifying110111inearityisinducedinmechanical-neural

lransductionatauditorynervehlhaircell･RulmillgACFiscalculatedfortherectifiedwaveformsill

eachfreqtlencybandandsummedacrossfrequenciestogiveaSummaryACF.

Theypresentedanumberofanalyticandexperimentalresultsshowlngthatthismodel

canquantitativelyexplainawiderangeofpitchperception.AninterestlngStudythat

can be connected to thispitch modelisaboutneural mechanismsforauditory

pr()cesslng.Recentreportssuggestevidencethattheinformationneededforpitch

perceptionispresentinthetemporaldischargepatternofauditorynerve.Carianiand

Delgutte(1996a,b)measuredthedischargepatternofauditorynervefibersincatin

responsetoavarietyofperiodiccomplexsounds.TheyfoundthattheinteトSpike

intervaldistributionsfortheauditorynerveresemblethesummaryACF,andthatthe

propertiesofthesedistributionscorrespondedtothelargeamountofpsychophysical

dataonpitchperception.

ModelofBinauralllearlmg

lnbinauralhearing(hearingwithtwoears),theauditorysystem isprovidedwith

differencesintheinputslgnalstothetwoearsthatwouldnotbeavailableinmonaural

llearlng.Consequently,binauralhearlngOffersanumberofadvantagesovermonaural
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hearing(Blauert,1983).Themostobviousonesarefollowing:

･Spatialhearlng･Theformationofanauditoryspaceisimprovedwithregardtothe

positions(azimuth,elevation,distance)ofsoundsourceandthespatialextentsofthe

auditoryevents.

●Separationofsoundsignalsfromconcurrentsoundsource.Simultaneoussoundevents

arespatiallyseparated.Thisimprovesthelisteners'abilitytoconcentrateononeand

disregardtheothers(i.6,cocktailpartyeffect).

'Suppressionoftheperceptualeffectsofreflectedsounds.Colorationandreverberance

asinducedbyreflectedsoundsarereduced.Thedominantroleofthefirstwavefront

effect(precedenceeffect)issupported.

AstartingpointformodelinginbinauralhearlngisthemodelofJeffress

(1948)asdepictedinFigure4.3.Themainbodyofthismodelistheestimationof

interauralcross-correlationfunction(IACF).Inthismodel,itisassumedthattheIACF

iscomputedbyadelay-coincidencenetwork.Eachcoincidencedetectorrecords

coincidencesofneuralimpulsesfromthetwoearsafteraseriesofinternaltimedelays.

Cross-correlationisanadequatemeansofanalyzlnginterauraldifferencesinarrival

time.FollowlngCuesareextractedfromIACF:determinationoftheazimuthofsound

source,detectionandidentificationofechoes,andestimationoftheamountofspatial

impression.Jeffresmodelwasextendedbyvariousresearcherstocoverabroadrangeof

binauralpsychophysicalphenomenaandtoincludephysiologicalmechanisms(e.g.,

Lindemann,1986a,b;Blauert,1983).
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Figure4.3IACFmodelproposedbyJeffres(1948)I

4.2.3Subjectiveattributegofsound

Loudness

Loudnessisgenerallycorrelatedwithsoundpressurelevel(SPL)ofsound,butthereare

otherfactorsaffectingperceivedloudness.Forexample,thevariationinfrequency

distributionforbroadbandnoise,bandwidthandcenterfrequencyfornarrowbandnoise,

anddurationofsoundcausesdifferentloudnessforsoundwiththesameintensity.As

fortheseeffectsonloudness,thereisanextensiveworkbyZwickerandothers.Zwicker

etal.(1957)firstlyreportedthatwhenthespacingbetweengroupsofpuretonesis

increased,perceivedloudnessremainsconstantuntilitreachesacriticalpolnt,after

whichtheloudnessincreases.Thesameeffectsoccurredwhenthebandwidthofanoise

soundwasincreased.Thebandwidth atwllichloudnesssummation beginswas

approximatelythesameasthecriticalbanddeterminedbymethodsofmaskingand

thresholdestimation.Afterthat,theirnumerousdataandestablishedmodelingledtothe

formulationofthe"criticalbandtheory",whichbecomethebasisoftoday'sstandard

loudlleSSmeter.

However,therearestillalotofcontroversiesaboutthistheoryregardingthe

basictheorylnVOlved.Theyconcernedwiththeeffectoftonalcomponentswithinthe

spectrum.Hellman(1982,1984)investigatedtheperceivedloudnessoftone-noise

complexinrelationtothefrequencyandamplitudeoftone･Theirresultssuggestthat
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theextentoftheincrementsanddecrementsinperceivedloudnessdependsonthe

overallSPLandtheinteractionbetweenaspecifictonefrequencyandnoisespectrum.

Tわnalcomponentsmightbecontributedmoretooverallloudnessthanpredictedbya

methodofloudnesssummationbasedonthecriticalbandtheory･MerthayasaandAndo

(1996)foundthatloudnessincreasesforbandpassnoisewithitsbandwidthnarrower

tllanthecriticalband.TheirresultcontradictstoZwicker'stheoryasshowninFigure

4.4.Filteringbyasharpfilterastheyused,ratioofthetonalcomponentsincreases

whenbandwidthdecreases.Theirresultalsoindicatesthee任ectofthetonalcomponents

onloudnessestimation.Althoughatonecorrectionsforloudnessiswarrantedfor

certaintone-noiseconfigurations,noneoftheproposedcalculationproceduresconsider

allthevaluablesrelevanttoperceivedloudness.
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Figure4･4LoudnessofbandpassnoisemeasuredbyMerthayasaandAndo(1996).

Pitchandpitchstrength

Complextones,suchasvowelsormusicaltones,consistofaseriesofsinusoidal

components(hamonics)whosefrequenciesareintegermultiplesoftherepetitionrate

ofthecomplex,alsocalledasthefundamentalfrequency(F｡).Complextonesare

usuallyheardashavingasinglepitchcorrespondingtoF.,IWhenthereislittleorno

energypresentatF(,(i･e.missingfundamental),wealSohearthepitchcorrespondingto

thatF｡.Thepitchofsuchaslgnaliscalled"periodicitypitch,""residuepitch,""low

pitch,"or"virtualpitch"(reference)･Thesepitchesassociatedwithmuユti-component

spectralpatternscanbecontrastedwith"place,""spectral,"or"puretone"pitchesthat
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areassociatedwithindividualfrequencycomponents.

Inadditiontocomplextones,randomnoisecanalsobemanlpulatedtoelicit

pitchsensations･Forexample,"regularintervalnoise"(RIN)isasoundderivedfrom

randomnoise,whichhastemporalregularityinthewaveform.ThemostcommonRIN

is"ripplenoise,"whichisproducedbydelayingaportionofrandomnoiseandaddingit

backtotheun-delayedversion.TilenormalizedACFofripplenoisehasaslnglepeakat

thecorrelationlagcorrespondingtothedelay.Bycontrollinggalれandnumberof

itel.ationforaddingprocess,wecanmanlpulatetheregularityoftheslgnaland

consequentlytheheightofthisACFpeak.Yost(1996a,b)foundthatperceivedpitch

strengthofhisiteratedripplenoisecorrespondedtotheheightoftheACFpeak.It

meansthatwecandetectthedegreeofregularitylnSOundandthenperceivethe

strengthofpitch.Asanotherexample,Andoandhiscolleaguesexaminedpitchstrength

of"complexnoise"whichconsistsofharmonicallyrelatednarrow-bandnoiseswithout

fundamentalcomponent(Andoetall,1999).AsshowninFigure4,5,theheightofthe

ACFpeakwascontrolledbythebandwidthofeachcomponent.Theirresultalso

suggestedthatthepitchstrengthiscorrespondedtotheheightoftheACFpeak(Figure

4.6).
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Figure4.5Complexnoise"containingthecenterfrequenciesof600,800,1000,1200,and1400Hz.

(a)itsfundamentalfrequencyisaround200Hz･TheAfrepresentsthebandwidth.(b)-(e)

Waveformsofthefourcomplexnoises,and (b') -(e■)theirACFs･FromAndoetal.(1999).
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Figure4.6RelationshipbetweentheACFpeak¢landprobabilityoftheperceivedpitchwithin

200±16Hz(r=0.98,p<0.01)IFromAndoetal.(1999).
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Timbre

Researchershavelongbeeninterestedinidentifyingperceptualdimensionsoftimbreof

sound･Multidimensionalscaling(MDS)isageneralmethodforfindingunderlying

dimensionsoftimbreperception･A typicalMDSstudyoftimbrebeginswitha

collectionofsounds(forsimplicity,complextonesareoftenused)withdifferencesof

pitch,loudness,anddurationminimized･Subjectsareaskedtorateeitherthesimilarlty

ordissimilarityofeachpairofsoundstimuli.Fromthesejudgments,alow-dimensional

arrangementofthestimuliisfoundasthatbestfitthesubjects'ratings.Ifthesetof

stimulihasanunderlyingdimensionalstructure,thedimensionsofthearrangementcan

beinterpretedintermsofperceptual/physicalattributes.

MillerandCarterette(1975)madesimilarityjudgmentforcomplextones

simulatinginstrumentaltones.Theyfoundthatthefundamentalfrequencywasthemost

salientfactorforsimilarityjudgment.Otherfactorswerefoundastimeenvelopeof

stimuliandnumberofcomponents.Grey(1977)performedsimilarexperimentsby

uslngCOmputer-Synthesizedinstrumenttones.Salientdimensionswereinterpretedin

termsofthespectralenergydistributionandthetemporalstructuresinthetransients,

Consideringthesetworesultsandothers,timbremightbedependentonboththe

spectralstructureandtemporalstructure.Especiallyforthespectralstructure,the

averagespectralcentroid,whichcorrelatesstronglywithsharpnessorbrightnessof

sound,andtheconsonance,whichcorrelatedwithclarityofsoundisconsistentlyfound

tobeprincipal(Bismarck,1974;Ohgushi,1980).

Spatialsensations(localizationandspatialimpression)

Themosttemptingfieldofapplicationforbinauralauditorymodelsconcernstheability

ofbinauralhearlngtOprocessSignalsfromdifferentsourcesselectively,andtoenhance

oneofthemwithregardtotheothers.Lateraldisplacementofsoundsourceisperceived

whenaninterauraltimedi批rence(ITD)orinterauralleveldifference(ILD)ispresent,

Subjectivelateraldisplacementisassumedtocorrespondtothelocationofthe

maximumpeakoftheIACF.

Otherspatialsensations,suchassubjectivediffusenessandapparentsource

width(ASW)havebeenextensivelystudiedinthefieldofroomacoustics.Keet(1968)

reportedthattheabsoluteASW forfixedlistenlnglevelishighlycorrelatedtothecross-

correlationfunctionmeasuredbytwomicrophoneswithangleof900betweenthem.

Barron (1971)describedtheimportanceofearly lateralreflectionsforspatial
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impression,andclaimedthatthedegreeofspatialimpressionisrelatedtotheratioof

lateraltonon-lateralsoundarrlVlngWithin80msofthedirectsound.Damaskeand

Ando(1972)definedIACCasthemaximumvalueoftheinterauralcross-correlation

functionlyingwithinthepossiblemaximuminterauraltimedelay(between-1msand+

1ms).TheyreportedthatIACCcorrespondstothesubjectivediffusenessofsoundfield.

Later,itwasdeterminedthatIACCisaslgnificantfactorforthesubjectivepreference

ofsoundfields.Schroederetal.(1974)conductedthesubjectivepreferencetests.They

foundtwoslgnificantfactors,namely,reverberationtime,andIACC.From the

systematicinvestigationsinsimulatedsoundfields,Ando(1985)foundthefour

orthogonalfactors(listeninglevel:LL,initialtimedelay gap:At.,subsequent

reverberationtime:Tnlb,andIACC).Beranek(1996)alsoproposedthatIACCisoneof

hisproposedsixslgnificantfactors･Asanotherspatialfactor,BarronandMarshall

(1981)proposedLateralEnergyFraction.Butthereflectionfrom900inthehorizontal

planedidnotalwayshaveanadvantageforincreaslngthesubjectivediffuseness.

4.3Acousticalpropertiesofaircraftnoisemeasuredbytemporaland

spatialfactors

Sulmllary

Acousticalpropertiesofaircraftnoisewereinvestigatedbymeansoftemporaland

spatialfactorsinsoundfieldsbasedonthemodelofauditory-brainsystem.Themodel

consistsoftheautocorrelationandcrosscorrelationmechanismsforsoundsignals

arrivlngattwoearsandthespecializationofhumancerebralhemisphere.Therearefour

temporalfactorsextractedかom theautocorrelationfunction(ACF);1)soundenergy

0(0),2)effectivedurationofACF,1C,3)delaytimeofthefirstpeak,ていand4)its

amplitude¢).Fromtheinterauralcrosscorrelationfunction(IACF),threespatialfactQrS

areextractedas,1)magnitudeoftheinterauralcrosscorrelation,IACC,2)interaural

delaytimeatIACC,TIACC,and3)widthofthemaximumpeakoftheIACF,WIACC･Itis

foundthattheacousticalpropertiesarewellrepresentedbythefactorsextractedfrom

theACFandtheIACF.

4.3.1Introduction

Thispaperdescribestheacousticalpropertiesofaircraftnoiseintermsofitstemporal

andspatialfactors.Aircraftnoisedisturbspeoples'dailylivesandsometimescauses

seriousproblemssuchashearinglossorhasanadverseimpactonthegrowthofunborn
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babies,infants,andchildren(Ando,1977;AndoandHattori,1970,1973,1974,1977a,

b)･Alotofefforthasbeenspentonnoiseresearchandnoisereductiontechnologies

(StephensandCazier,1996)･Significantprogresshasbeenmadeonreducingnoise

levelbutabigproblem remains･Noisehasonlybeenevaluatedbystatisticsound

pressurelevel(SPL),butperceivedacousticalpropertieshavenotbeenconsidered

sufficiently(ResearchCommitteeofRoadTrafficNoiseinAcousticalSocietyofJapan,

1999).Inparticulartherelationshipbetweenphysicalpropertiesandpsychological

affectsisnotclear.Forexample,asoundmayexistthathasaSPLbelowstandardssuch

asEPNLorWECPNL,butthatisperceivedtobenoISylnaglVenSituation.Suchan

allnOyanCemayberelatedtoprimaryauditorysensations(pitch,loudness,andtimbre)

basedonthemechanismsinthehumanauditory-brainsystem(Andoeta1.,1999).

The mostplausible mechanism in the auditory system consists of

autocorrelatorsandacrosscorrelatorforanalyzlngSOundsignalsarrivlngatbothears

(Ando,1998).Perceivedpitchanditsstrengthofcomplextonesorcomplexnoisesare

expressedbythefirstpeakintheautocorrelationfunction(ACF)ofthesignal(Sumioka

andAndo,1996)･LoudnessisalsorelatedtoafactoroftheACF,T｡(Merthayasaand

Ando,1996),notonlytotheSPLInaddition,spatialpropertiesareimportantfornoise

evaluation.Noisesourcesareusuallynotfixed,butmovespatially.Wehearadifferent

soundqualitywhenthenoisesourceiscomlngOrgOlngaway.Informationonlocation

ordirectionofthesoundsource,subjectivediffuseness,andapparentsourcewidth

(ASW)canbeexpressedbythefactorsextractedfromtheinterauralcrosscorrelation

function (IACF)(Ando,1998;Sato andAndo,1998)･To specifysuch spatial

characteristics,binauralmeasurementswereconducted.

4.3.2Method

Measurementprocedllre

MeasurementsweretakenoutdoorsneartheflightcourseofKansaiInternational

AirportonJanuary12,2000,andnearOsakaInternationalAirportonDecember13,

1999.MeasurementlocationsareillustratedinFigure4.7.

FormeasurementofnoisealongtheflightcourseofKansaiAirport,adummy

headwassetnearcoast.Thislocationis20kmsouthwestfromtheairport,andtheflight

courseforlandingisabout1.0kmfromtheshore.Thealtitudeoftheplaneusedinthe

measurementwasabout1.0kmabovesealevel,accordingtotheflightdatafromthe
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all-port.Itwascloudyandwindlessonthegroundlevelduringthemeasurement.The

averagetemperatureforthedaywas12oC･Ambientnoiselevelinthisareawas43±2

dB.

Figure4.7(a)Locationoftwoairportsandthemeasurementpoints.Configurationofeach

measurementpointfor(b)levelnying,(C)landing,and(d)takeoff.

AttheOsakaAirport,twolocationswerechosenclosetoarunwaytomeasure

thenoisefrom aircraftlandingandtakingoff.Thedistancesbetweentherunwayand

eachmeasurlngpOlntWasabout100m･Ambientnoiselevelinthisareawashigher

becauseofroadtraffic(60j=2dB).Itwascloudyandwindlessonthegroundlevel.

Temperaturewasabout10oCduringthemeasurement･Noiseslgnalswerereceivedby

twohalf-inchcondensermicrophonessetatbothearpositionsofasphererepresentlnga

humanhead.Thisdummybeadismadeof20-mm-thickstyrofoamwithadiameterof

200mm.Microphonesweresetatl･5mabovetheground･
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Analysisofacousticalfactors

Anautocorrelationfunction(ACF)isdefinedby
十γ

q,/,(T)-,limq去Ip.(t)p.(i･T)dt,
-㍗

(4.1)

wherep'(t)=p(t)*S(t),inwhichp(t)issoundpressureands(t)isearsensitivity.For

practicalreasons,S(t)maybechosenastheimpulseresponseofanAIWeighting

network.ThevalueTrepresentsthetimedelay,andthevalueof2Tistheintegration

interval.Therearefoursignificantparametersextractedfrom theACF(Ando,1998).

Thefirstfactorisageometricalmeanofthesoundenergiesarrivingatbothears,¢(0),

whichisexpressedby,

･D(0)-[¢〟(0)◎ ,.,(0)]1′2, (4.2)

where◎‖(0)and(p,r(0)arethenormalizedACFatdelaytimeT≡0forleftandrightears.

SoundpressurelevelisobtainedasSPL=10logl(ゆ(0).Thesecondfactoristhe

effectivedurationofthenormalizedACF,Te,Whichisdefinedbyten-percentiledelayof

tllenormalizedACF,representingrepetitivefeaturesorreverberationcontainedwithin

tIleSlgnalitself.Thethirdandfourthfactorsarethedelaytimeandtheamplitudeofthe

firstpeakofthenormalizedACF,T,and¢1.Thesetwofactorsarecloselyrelatedtothe

pitchsensation(SumiokaandAndo,1996).

Forspecifyingthespatialcharacteristicsofsoundsignals,threefactorswere

extractedfrom theinterauralcrosscorrelationfunction(IACF),Thecrosscorrelation

functionbetweenthesoundsignalsatbothearsf-(t)andfr(t)isgivenby,
十r

･I,(T)豊 吉 IfL･(t)I;(tH )dt, (4･3)
-千

wherefl'(t)andf,'(t)areapproximatelyobtainedbysignalsf.,,(t)afterpassingthrough

theA-weightingnetwork,asinequation(1).NormalizedIACFisdefinedby

Q/,.(I,-歳 , (414)

wherethevaluesof◎‖(0)and申,.(0)representthesoundenergiesarrivingatleftand

I.ightears.ThedenominatormeansthegeometricalmeanofthesoundenergleSarrivlng

atbothears.ThemagnitudeofIACFisdefinedby,

IACC=l¢/,(I)lm｡x, H slms･ (4･5)

TlleValueofIACCrepresentsthedegreeofsimilarityofsoundwavesarrivlngateaCll

ear.Thisisaslgnificantfactorindeterminlngthedegreeofsubjectivediffusenessinthe
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Soundfield.AsIACCdecreasesthesubjectivediffusenessincreases.

TheinterauraltimedelayisdefinedasT】ACCatWhichtheIACCisdecided.It

representsthehorizontalsoundlocationordirection,andthebalanceofthesoundfield.

WhenTIACC ISZero,thefront-sound-sourceimageandawell-balancedsoundfieldare

Perceived.ThewidthofthemaximumpeakofIACF,WIACC,isdefinedbythedelaytime

illterVallO%belowIACC･Itisworthnoticingthattheapparentsourcewidth(ASW)

CouldbeevaluatedbyIACCandWIACC(SatoandAndo,1998).

Conditionsrbrcalculatingacousticalfactors

Aircraftnoiselastsforcertaindurationitsdurationdependsonthedistancebetween仙e

receiverandtheplanesorspeedoftheplanes.Noisewasmeasured10sforaircraft

landingand20sfortaking-off.Duringlevelflyingathighaltitude,noiselastedabout

60S.Althoughthesoundpressurelevelfluctuatedthroughouttheflight,themeanlevel

wasconstant.Therefore,themeasurementtimeforonesessionwassetto10sforlevel

flyingaircraftwithcenterofmaximumSPL

Assoundsignalsvarycontinuously,theacousticalfactorsdescribedabove

shouldbecalculatedineverycertaindurationwithshortinterval.Inthecaseofmusic

sources,theintegrationinterval(2Tinequation1)isbetween2to5S.Thislengthis

basedonthetheoryof"psychologicalpresent",whichstatesthathumansperceive

successiveeventsasonething(Fraisse,1982).ButincalculatingACFtodescribea

singlesyllableforJapanesespeech,amuchshorterintegrationinterval(30ms)isused

becausethespeechsignalvariesinveryshorttime(ShodaandAndo,1998).

Tocapturethecorrectpropertiesofaircraftnoise,integrationintervalforACF

andIACFhasbeenexamined.Figures4.8(a)and(b)ShowexamplesofmeasuredSPL

fortwotypesofsignalswithdifferenh e(Figure4.8,top)integratedforthreedifferent

intervals.Itiscle'arthatanintervalof1sistoolongtocapturethefluctuationofsound

I)rOperties.SuchavariationcouldbecaughtbyO･25sorO･5sintegration.The

propertiesthroughoutthemeasurlngtimearethesameforbothintervals,butafiner

variationcouldbemeasuredinthecaseof0.25S.ListeningtothenoisewithlongTe

(minimumvalue:20ms),thesefinevariationscouldnotbeheard･Forthesoundwith

shortT｡(minimum value:10ms),ontheotherhand,0･25sintegrationmatchesthe

actualsoundfluctuation.Mourietall(2001)reportedthattheintegrationintervalshould

besetas2T;弓30(Tc)mi.I.Inthiscase,recommended2TisO･6sandO･3sforthesignal

with(Te)mi.IOf20msand10ms,respectively･Inthepresentstudy,integrationinterval
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waschosenas0.5sforsignalswith(Te)｡i｡= 20 m s,andO･25sforsignalswith(Te)m m =

10ms.
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Figure4.8ExamplesofmeasuredSPLfortwodifferenttypesofnoisesignalswitha)(Te)… =20ms

andb)(TC)min=10mswiththreedifferentintegrationintervals,fromthesecondrow,0.25,0･5,

andl.Os.

4.3.3Resultsanddiscussion

TemporalfactorsextractedfromACF

An aircraftflyingoverheadproducesanoiseontheground,whichrisesabovethe

ambientlevel,reachesamaximumwhentheaircraftisapproximatelyoverhead,and

thendecreasesagainbelowtheambientlevel.Thepropertiesoftheaircraftnoisevary

throughouttheflight.Thetypicalcaseisoneinwhichthenoiseispredominantlyhigh

frequencywhiletheaircra氏isapproachingandispredominantlylowfrequencyafterthe

aircrafthaspassedoverandisreceding･Suchcharacteristicsareclearlyrepresentedby

thefactorsfromtheACFasshowninFigures4.9(a)-(C)forlandingcondition.

MeasuredSPLisshownasafunctionoftime;att=5.0stheaircraftwas

directlyoverhead.Thedurationabovetheambientlevelwasabout10s.Thedelaytime
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alldtheamplitudeofthefirstpeakinACF,Tland中1,representtheperceivedpitchand

itsstrength.ThereclprOCalofT】COrreSpOndstotheperceivedpitch.Resultsindicatethat

theperceivedpitchvariedthroughouttheflight.Astheaircraftapproached,T,Wasabout

1mswiththevalueof¢lincreasing･Thestrongestpitchof3300Hzwasperceived

whentheaircraftpassedoverhead,atwhichthevalueofTIWas0.3ms.Suchastrong

tollalcomponentisemittedfrom fanexhaust.Aftertheaircraftpassedover,T,Value

increased and ¢】Valuedecreased simultaneously,indicating thatthenoisewas

dominatedbythelowerfrequencycomponentsproducedbyjetexhaust.

PowerspectraandtheACFmeasuredatt=1,0,5.0,and7.0sareillustratedin

Figures4.9(b)and(C),TheyshowthatTland¢lrepresentthepropertiesofaircraft

l10iseclearly;atI=1.0Sthereisasmallpeakaround1000Hz,whichisperceivedasa

110isewithaweakpitch;att=5,0Sthereisahighfrequencycomponentat3300Hz

perceivedasatonalsound;andatt=7.0Sthestrongpeakdisappearsandthelower

frequencycomponentsincreasesbelow500Hz,whichisperceivedlikewhitenoise.

Forthesametypeofaircraftduringtakingoff,thedurationaboveambient

levelwasapproximately20S,longerthanthatoflandingcondition.Theacoustical

propertiesoftaking-offaircraftweresomewhatdifferentfromthoseoflandingaircraft.

The¢lValuewasalwaysbelow0.2,whichmeansthehighfrequencytonalcomponents

werelessenedandlow frequencycomponentswerepronounced.Thisispossibly

becausetheaircraftisatahigheraltitudeandtheenglnepowerishigher.Thus,high

frequencycomponentsattenuateandmorejetnoiseisproduced.

Figures4.10(a)showthemeasuredfactorsfortheaircraftduringlevelflying

overheadatanaltitudeofabout1km,andmeasuredpowerspectraandnormalizedACF

areshowninFigures4.10(b)and(C).Thenoiseforlevelflyingaircraftwasclassified

intotwotypicalcases.TheSPLthroughouttheflightfluctuatedinthesamemanner,but

thevaluesofTland¢lWereextremelydifferentforeachcase.ThevalueofTlforthe

twocaseswasalmostthesame(meanvalue:3.06and2.45ms),butthe中一Valueforone

casevarieddramaticallythroughouttheflight.Attimeswithhigh¢1,atonalsoundwas

heardanditspitchstrengthfluctuatedinrelationtoSPLInotherwords,whenthenoise

containedastrongtonalcomponent,thetotalSPLincreased.Thisphenomenonmaybe

relatedtodiffusion,airabsorption,orthescatteringreflectionofsoundcausedbyair

conditionssuchaswindorclouds.
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ar】dC.

Spatialfactorsextractedfl.OmIACF

Thenormalizedinterauralcrosscorrelationfunction(IACF)isshowninFigure4.ll(a)

forlanding,takingoff,andlevelflyingconditions.ThevaluesofIACC,TIACC,andWTACC

werefoundfrom them.MeasuredIACCisshowninFigure4.ll(b)asafunctionof

time.Forthelandingandtakingoffconditions,theIACFhadastrongpeakatT -0,
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meanlngthatthedirectionofthenoisesourceisperceivedclearly･ThevalueofIACC

decreasedwhentheaircraftpassedoverheadforlanding,possiblybecausethenoisewas

dominatedbythehighfrequencycomponentproducedbyfanexhaust.Thevalueof

W.ACCisdependentonthedominantfrequencyofthesound,Forthetakingoffcondition,

W-ACCWaslargebecauseofthelowfrequencycomponents.
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Figure4.ll(a)Normalizedinterauralcrosscorrelationfunctionand(b)measuredIACCasafunction

oftimefortheconditionsoflanding(top),takeoff(secondrow),leve川ying1(thirdrow),andlevel

f一ying2(bottom).

ThevalueofIACCwasgenerallysmallforthelevelflyingcondition.Inthis

casesubjectivedi軌Senessbecamehighornospatialimpressionwasperceived.For

flyingaircraftathighaltitude,thesoundsignalsmaycomefrom variousdirections

becauseofdiffusionorthescatteringreflectionsbyclouds.Itwasalsofoundthatthe

valueOHACCincreasedwhenthenoisewasdominatedbytonalcomponents.Itis

possiblethatsuchatonalcomponentreachedthegroundfromtheaircraftdirectly･

ThevalueofTIACCforlandingandtakingoffaircraftwasalwaysclosetozero,
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whichmeansthatthesoundsourceisperceivedforafrontaldirection.Onthecontrary,

ForlevelflyingconditionthevalueofTIACCCOuldnotbecalculatedinmanycases

becausethepeakoftheIACFshiftedover1ms･ThevalueofWIACCWasalsolargerfor

levelflyingthanforlandingortakeoffconditions.Asaresult,informationaboutsound

sourcedirectionmaybelostandapparentsourcewidth(ASW)maybecomewider.

4.3.4Generaldiscussion

ltwasfoundthatthemeasuredtemporalandspatialfactorsrepresenttheacoustical

propertiesofaircraftnoisewell.Althoughtheresultshavealreadybeenreportedsuch

thatthedominantfrequencycomponentvariesthroughouttheflightforlandingaircraft

(RaneyandCawthon,1979),thepresentACFanalysisrepresentstheseproperties

simplyandclearly･

Forthelevelflyingcondition,aircraftnoisewasclassifiedaseithertonalnoise

orun-tonalnoisewithlowfrequencycomponents.Forthetonalnoise,thevalueofT｡

becomeslongerbecauseoftherepetitivecomponentofthesignal.Ithasbeenreported

thatloudnessincreasesinproportiontothevalueofT｡(MerthayasaandAndo,1996).It

ispossiblethattheaircraftnoiseincludingtonalcomponentisperceivedlouderthanun-

tonalnoise.Psychologicalexperimentsshouldbeperformedtoexaminetherelationship

betweenloudnessandthevalueofTeforaircraftnoise.

Thespatialpropertiesofaircraftnoisearealsointeresting.Itwasfoundthatthe

valueofIACC decreasesandWIACClnCreaSeSforthelevelflyingcondition.This

phenomenonmayberelatedtothescatteringrenectionbycloudsinthesky.Theaircraft

noiseforlevelflyingconditionmaycausehighersubjectivediffusenessandwiderASW.

PsychologlCaltestsonspatialimpressionsalsoneedtobeperformedtoexaminethe

correspondence between the measured physical properties and psychological

perceptlOnSOrevaluationsfortheaircraftnoise.

4.4Physicalpropertiesandannoyanceoftrafficnoise

Summal･y

Temporalandspatialfactorsoftrafficnoisewereanalyzedbasedonamodelofan

auditory-brainsystem.Thismodelconsistsoftheautocorrelationandcross-correlation

mechanismsforsound signalsamVlng attwo ears,andtakesaccountofthe

specializationofleftandrightcerebralhemispheres.Therearethreetemporalfactors
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extractedfromtheautocorrelationfunction(ACF):(1)theeffectivedurationofACFT｡,

(2)thedelaytimeofthefirstpeakTHand(3)itsamplitude中.･Thefourspatialfactors

extractedfrom theinterauralcross-correlationfunction(IACF)are(1)listeninglevel,

(2)magnitudeoftheinterauralcross-correlationIACC,(3)interauraldelaytimeT.Ac｡,

and(4)WidthofthemaximumpeakoftheIACFWIACC.Annoyanceofthetrafficnoise

reproducedinananechoicchamberwasevaluatedbyninesubjectsinapaired-

comparisontest.Eventhoughthelisteninglevelwasconstantforallthestimuli,the

scalevalueofannoyancewasmuchdifferentforeachvehiclenoise.Thescalevalueof

annoyancecouldbewelldescribedbythelinearcombinationofthesefactors.

4.4.11mtroduction

InthissectionIdescribeananalysisoftrafficnoisebyanewlydevelopedmeasurement

system (Sakuraietal,2001)andalaboratoryexperimentdesignedtoexplorethe

relationshipbetweenthephysicalpropertiesofnoisesoundanditsannoyance(Atagiet

alリ2001).

Numerousstudieshavetriedtousethelistenlnglevelofanoisesoundto

predictitsperceivedannoyance･Annoyancedependsdirectoryonlistenlnglevelwhen

soundsareroughlyequlValentinotherattributes,suchastimbreandduration.Inthe

caseofaircraftnoise,anincreaseinSPL(soundpressurelevel)of10dBresultsina

doublingofthesubjectiveannoyance(ISO R/507,1970)Forsoundsourceshaving

widelydifferentacousticalpropertiesordurations,however,thisrelationshipmayno

longerhold.Wemustconsiderotherfactorsinfluenclngtheannoyance.

CermakandCornillon(1976)askedtheirsubjectstocompareawiderangeof

road-trafficsoundstofindsignificantfactorswhichaffectannoyance.Despiteusinga

varietyofsoundshavingdifferenttemporalvarianceandspectrumshapes,theydidnot

findsignificantfactorscontributedtotheannoyanceotherthanSPL VersfeldandVos

(1997)measuredtheannoyancecausedbysoundsofmilitarytrackedvehiclesandcivil

passengercars.Theyfoundthattheannoyancedependedonthevehicletypeand

suggestedthatthedifferencebetweenthehigh-frequencypartandthelow-frequency

partofthespectrum mightplay arolein theannoyance.Forevaluating the

ullpleasantnessorannoyanceofnoise,ZwickerandFastl(1999)proposedparameters

suchassharpness,roughness,tonality,andfluctuationstrength,inadditiontoloudness.

Recently,Ando(2001)saidthatperceivedannoyanceisinfluencedbyprimary
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andspatialsensationsofsoundsourcesandsoundfields･AsprlmarySensations,

loudness,pitch,andtimbreshouldbeconsidered,andasspatialsensationsinasound

field,localization,subjectivediffuseness,andapparentsourcewidth(ASW)shouldbe

considered.Suchfundamentalsubjectiveattributesforsoundfieldshavebeendescribed

il一l･elationtoamodelofanauditory-brainsystem (Ando,1998,2001)Thismodel

includesautocorrelationfunction (ACF)andinter-auralcrosscorrelation function

(IACF)mechanisms.Ithasbeensuggestedthatprimaryandspatialsensationsofnoise

fieldscouldb'edescribedbythetemporalandspatialfactorsextractedfrom theACF

andtheIACFrespectively.

BasedonAndo'stheory,wehaveanalyzedaircraftnoiseintermsoftemporal

andspatialfactorsextractedfromtheACFandIACF･Forexample,perceivedpitchand

itsstrengthofcomplextonesandcomplexnoisesareexpressedbythefirstpeakinthe

ACFoftheslgnal.LoudnessisrelatedtotheACFfactor,Te,notOnlytothelistenlng

level.TheseACFfactorscouldbepossiblemeasuresofnoiseannoyance.Inaddition,

spatialpropertiesareimportantfornoiseevaluation･Noisesourcesareusuallynotfixed･

Wehearadifferentsoundqualitywhenthenoisesourceisapproachingordeparting.

Informationonthelocationordirectionofthesoundsourceisexpressedbythelocation

ofthemaximumpeakoftheIACF.Subjectivediffusenessandapparentsourcewidth

canbeevaluatedbytheheightandwidthofthemaximumpeakoftheIACF.These

temporalandspatialfactorsmaycontributetoannoyanceinacomplexmanner･To

simplifytheproblem,onlytheACFfactorswereinvestigatedinthepresentlaboratory

experiment.ApairedcomparisontestfortensubjectsrevealedthattheACFfactor,て｡,¢1,

andthevarianceofSPLaremosthighlycorrelatedwiththesubjectiveannoyance.

4.4.2PllySicalpropertiesoftrafficnoise

Measurementprocedure

Soundrecordingsweremadeofcivilroadtraffic,suchasapassengercar,abus,atruck,

andamotorbike.Themeasurementpointwas5mfromthecenterofaroad,alongaline

perpendiculartoroad･Soundswerereceivedbytwo1/2-inchcondensermicrophones

setattheearpositionsofasphererepresentingahumanhead･Thisdummyheadwas

madeof20-mm-thickStyrofoamhavinga200-mmdiameter･Theearpositionswereset

at1.5m abovetheground.ReceivedsoundswererecordedonaDATrecorderata

samplingrateof48kHz,andsimultaneouslystoredonaharddiskofananalyzlng

computeratasamplingrateof44･1kHzforthefollowlnganalysIS･
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Analysisofacousticalfactors

Toevaluateatemporallyvarylngnoisesound,weusedtherunnlngShort-timeACFand

lACF.RunnlngShorトーimetemporalandspatialfactorswereusedtodescribethe

primaryandspatialsensationsofasoundfield.

Resultsanddiscussion

BasedontherunningshorttimeSPL[dBA]measuredbythesystem,eightstandard

measureswerecalculated.I(1)meanSPL,(2)varianceG2oftheSPL,(3)maximumSPL,

(4)minimumSPL,(5)-(7)theSPLvaluesexceeded10% ofthetime(Llu),50% of

thetime(L5.,),and90% ofthetime(L.,o),and(8)equivalentsoundlevelLeq･Mostof

theseStandardmeasureswerehighlyinter-correlated(seeTable4.1).Clearly,allof

thesefactorscontaininformationabouttheoverallsoundlevelanditsvariability.

Therefore,onlythemedian(L50)andvariance(02)oftheSPLwereconsideredinthe

subsequentanalysュs.

Table4.1Correlationsamongeightstandardnoisemeasuresforninetrafficnoises.
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TllemeasuredSPLandthreeACFfactorsarerepresentedinFigure4.12asa

timefunction.Thicklinesandthinlinesshowthetwoextremesofmeasuredsounds:

onehasaclearpitchsensation,andtheotherhasaweakpitch.Wecallthesetwosounds

tonalnoiseandun-tonalnoiseasinapreviousstudy(Fujiieta1.,2001).TheSPL

tllrOughoutthemeasurementvariedinthesamemanner,buttheACFfactorswere

extremelydifferentforeachcase.ThevalueofTIVariedbetween1msand10ms,

meanlngthatperceivedpitchvariedbetween1000Hzand100Hzforbothnoises.The

strengthofperceivedpitchincreasesinproportiontothevalueof中1.Foratonalnoise,
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the¢lValuereachesmaximumaround0.6and0.7.Atthistime,astrongtonalsoundis

heardhavingapitchofTl･WhentheT1Valuevarieswithahigh中一value,Wecan

perceivethevariationofthepitch.However,the¢】valueforanun-tonalnoiseremained

constantaround0.2,despitethevariationofていTheperceivedpitchforanun-tonal

llOiseisthereforeveryweak,anditishardtodiscriminatepitchfluctuation.
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Figure4.12TwoextremeexamplesofmeasuredSPLandthreeACFfactorsastimefunctions.Thick

‖¶esshowthefactorsoftonalnoise(motorbike),andthinlineshowsthefactorsofun-tonalnoise

(passengercar)･

Thecalculatedpowerspectrum andACFfortonalandun-tonalnoisesis

sllOWninFigure4.13.Forthetonalnoise,thereareseveralpeaksinthespectrum.

Generally,thespectrum consistsofharmoniccomponents(discretepart)andnoise

component(continuouspart),butitisdi仇culttoid.entifywhichpeakisafundamental

frequencyinthespectrum foracomplexsound.Whenthesamesoundisanalyzedby

theACF,itsharmonicstructllreiseasilyextracted.StrongperiodicalpeaksintheACF

sllOWthataperiodicitycorrespondingtothepitchispresentinthesound.Minorpeaks

withinaperiodoftheACFgiveinformationaboutthehigher-frequencycomponentsor

timbreofthesound(MeddisandHewitt,1991;CarianiandDelgutte,1996).This

informationcanbeusedbythemeasurementsystemtoidentifythesoundsource.For

theun-tonalnoise,thereisnoparticularpeakinthespectrum･Thismeansthatthesound

lュasnOparticularperiodicityperceivedaspitch.Inthiscase,theACFdecreasestozero

withoutstrongperiodicalpeaks.BecausetheenvelopeoftheACFisrelatedtothevalue
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of¢1,thevalueofT｡isagoodmeasureoftheperiodicityofthesoundsignal.
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Figure4.13CalculatedpowerspectrumandtheACFoftonalnoiseandun-tonalnoise.

Theperceiveddirectionofasoundsourceisrepresentedbythemaximum

peakoftheIACF,becauseitcorrespondstoaninterauraltimedifference.Asasound

sourcemovesfromlefttoright,thevalueofTIACCVariesfromaminustoplusvalue,as

illustratedinFigure4･14･ThemeasuredvaluesofTIACCShowthatthevehiclespassed

tllrOughthereceiverfromleft(right)toright(left).
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4.4.3Psychologicalexperiment

Metl10d

Ninerecordingsofnoisesoundswereusedintheexperiment･Eachstimuluswasedited

oncomputersoftwaretohavea41SeCduration,andcontainsonevehicle'spassage.The

maximumlevelwasadjustedtobeequal(73±2dB)andtooccurnearthemiddleofthe

sound.Tomaketheenvelopeofsoundsequal,a0.5-Secriseandfalltimewasaddedto

allstimuli.

ThecumulativefrequencyofmeasuredSPLandthreeACFfactorsareshown

inFigure4.15.Tocharacterizetheacousticalpropertiesofastimulus,Weusedthe

medianandvarianceofeachfactor.Ourassumptionofperceivedannoyanceisas

follows.(1)IthasbeenreportedthatthemedianofSPL(L5(,)isagoodmeasureof

annoyance.Therefore,ahigheトlevelsoundisconsideredtobemoreannoylngthan

lowerlevelsound.(2)Perceivedpitchmayalsoberelatedtoannoyance･Thecalculated

1.Valueofstimulirangedbetween1msand10ms,Correspondingtotheperceived

pitchof1000Hzand100Hz.Generally,asoundhavingalowpitchisnotasannoylng

asasoundhavingahighpitch･Inourexperiment,stimuliwithasmallvalueofTlmight

bemoreannoying.(3)Ithasbeenfoundthattheperceivedloudnessofbandpassnoise

increasesinproportiontothevalueofTe(MerthayasaandAndo,1996;Satoetal･,2001)･
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Annoyancemayalsoberelatedtoloudness,andconsequentlytothevalueofTe･(4)

Valuesof¢1representperceivedpitchstrength･Asoundhavingastrongpitchmightbe

moreannoyingthanonehavingaweakpitch.(5)Ingeneral,anoisewhosesoundlevel

fluctuatesismoreannoylngthanthesameaveragenoisehavingaconstantsoundlevel.

Similarly,anoisewhosepitchandtimbrefluctuatesismoreannoylngthanonehavinga

constantquality(Molino,1979).Toestimatetheeffectsofsuchfluctuationsofsound

levelandsoundquality,weaddedthevarianceofSPLandACFfactorstothevariables

fortheannoyancecalculation.
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Figure4.15CumulativefrequenciesoftheSPLandtheACFfactorsmeasuredforthestimuHusedin

theeXperinlent.

Thetrafficsoundswerereproducedinananechoicroom throughalaptop

computer,aD/Aconverter,apoweramplifier,andaloudspeaker･Asdescribedbefore,

Onlytheeffectsofthetemporalfactorswereexaminedintheexperiment.Asingle

loudspeakerwasusedtokeepthespatialpropertiesofthesoundfieldconstant.The

subjectssat1.0minfrontoftheloudspeaker.

Tensubjects(ninemalesandonefemale)participatedintheexperiment･They

Werebetweentheagesof23and27,ingoodhealth,withnormalauditoryacuity.Except

fortwooftheauthors(FKandAJ),therestofthesubjectswereunawareofthepurpose
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ofthestudy.Subjectiveannoyancewasmeasuredbyapairedcomparisonmethod.All

possiblepairsfrom theninesounds(36pairs)werepresentedtothesubjectsina

randomorderinonesession･Afterthepresentationofpairedstimuli,thesubjectswere

ZlSkedtojudgewhichofthetwosoundsweremoreannoylng.Allsubjectshadfour

seriesofsessions,glVlngatotalof144comparisons.

Resultsanddiscussion

Collecteddatawereprocessedbyapplying"thelawofcomparativejudgment"(caseV;

Thurstone,1927)･Thislaw isusedtoproduceone-dimensionalscalevalues(SV)for

each stimulusfrom thetotalmatrix ofsuperioritiescollected from thepaired

comparisons.Theresultswerereconfirmedbythegoodnessoffit(Mosteller,1951)and

theagreementofallsubjects'judgmentswastestedbythechi-squaretest(p<0.05).

Withtheseanalysesitwasascertainedthatthesubjects'judgmentswerereliableand

thattherewerecertainunderlyingcriteriauponwhichtheyagreed.

Thescalevalues(SV)ofannoyanceforallthesubjectswereaveraged,and

thecorrelationcoefficients,r,Werecalculatedbetweentheannoyanceandthemedian

andvarianceofACFfactors.ThecorrelationmatrixbetweentheACFfactorsandSVis

showninTable4.2.

Table4･2CorrelationsbetweenthemedianandvarianceoftheACFfactorsandannoyance･

SPL T . d). .L VarSPL VarT. Vard). VarT ｡

LP

q

q

S

tJ
血
T

1

-0.66 1

-0.29 0.82** 1

Tc 0.34 033 0.74** 1

VarSPL -0.11 0.02 0.22 0.03 1

Var_T- -0.57 0.46 0.37 0.35 -0.04 1

VaL4)1 -0.09 0.50 0.30 0.78** -0.35 0.12 1

VAT_1C -0.15 0.59* 0.7 7 * * 0.78* * 0.13 0.33 0.58* 1

annoyance 0.11 0.30 0.57* 0.56* 0.64* 0.39 0.20 0.67*

**p<0･01,*p<0･05

Contrarytothepredictions,perceivedannoyancewasnotcorrelatedtotheSPL.Itis

consideredthattherangeoftheSPLamongthestimuliwastoosmall(5dBA)toaffect

annoyance.Instead,thevarianceoftheSPLhadmucheffectonannoyance.Although
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Cel.makandCornillon(1976)didnotfindasignificantcontributionofmeasuresother

thanL 叩 O urresultssuggestthatotheracousticalfactorsaremoredominantthantheL5(,

orLe(lWhenthedifferenceofoverallSPLissmall･

ThevaluesofTeand中1WereSignificantlycorrelatedtoannoyance(r=0.56

al-dO･57,p <0.05).Thisresultshowsthatasoundhavingastrongtonalcomponentwas

perceivedtobemoreannoylngthantheun-tonalnoise.Thesubjects'commentalso

illdicatedthattheyjudgedasoundhavingaclearpitchtobemoreannoylng.Inthe

evaluationoftheperceivednoiselevelforatonalsoundasusedintheexperiment,a

numberoftonecorrectionsareused.Generally,avalueisaddedtothe"PerceivedNoise

Level"(PNL)togivethe"ToneCorrectedPerceivedNoiseLevel"(PNIX),However,

thecalculationforthiscorrectionislengthy,andtheiraccuracylSnotWellestablished

(May,1978).Instead,byusingthevalueofleand¢1,theeffectofthetonalcomponent

onperceivedannoyanceisclearlyexplained.

Consideringtheresultsabove,itisconsideredthattheACFfactorsandthe

varianceoftheSPLindependentlyaffectperceivedannoyance.Tocalculateperceived

annoyancemoreprecisely,weexaminedmulti-regressionanalysisbyuslngalinear

combinationofeightvariables,whichconsistofthemedianandvarianceoftheACF

factorsandtheSPL Toobtainanoptimalmodel,allpossiblecombinationswere

examined.Thecorrelationcoefficientsandsignificancelevelswereusedtodetermine

thegoodnessoffit.ThebestcombinationofvariableswasfoundasthevarianceofSPL,

themedianofTe,andthevarianceofT1.Partialregressioncoefficientsofeachvariable

were0.64,0.50,and0.36.

SV ",,no,"〟ce -0･64Var SPL+0･57e+0･36Var_Tl (7)

Usingthesetentativevaluesforequation7,thetotalcorrelationcoefficient0.91was

obtainedwiththesignificancelevelp<0.05,asshowninFigure4.16.Thisresultshows

thatthecombinationoftheACFfactorswassufficienttocalculateperceivedannoyance.

Il一additiontothefluctuationinSPL,tonalityofthesoundandpitchfluctuation,which

aretheimportantfactorforannoyance,couldbecalculatedbytheproposedACF

analysis.Asfortheotherfactors,whichwedidnotconcerninthisstudy,roughnessand

sharpnessofsoundcouldbeconsideredinthefuturework.
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Figure4.
16Re一ationshipbetweenthemeasuredannoyanceandthecalculatedannoyancebyusing

thelinearcombinationoftheACFfactors.

4.4.4Conclusion

Thepurposeofthisstudywastodescribetheacousticalpropertiesoftrafficnoiseandto

exploretherelationshipbetweenthedescribedpropertiesandperceivedannoyance.

Fromtheresultsweconcludedthat:(1)TheACFanalysisiseffectiveincharacterizing

sounds,suchastheperceivedpitchandtimbre.TheIACFanalysュsiseffectivein

describingthespatialinformationofthenoisesource.(2)Perceivedannoyanceis

greatlyaffectedbythevariationoftheSPLandotherprlmarySensations,whenthe

differenceoftheoverallSPLissmall.(3)ThecombinationoftheACFfactorscan

calculateperceivedannoyancesufficiently.

4.5Summary

lnthischapter,Ipresentedaseriesofstudiesonphysicalpropertiesandpsychological

evaluationsofsound.IusedtheACFinanalyzlngaSOundsignalandtheinteraural

cross-correlationfunction(IACF)tocharacterizethespatialpropertiesofsoundfield.It

wasfoundthattheacousticalpropertiesarewellrepresentedbythefactorsextracted

from theACFandtheIACF,andthatthesubjectiveevaluationsforsoundsignalare

explainedbythecombinationsoftheACFfactors.
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5.Application

5.1introduction

lnthissection,Iwillpresenttwoenglneerlngapplicationsbasedonthecorrelation

modelinhumanvisualandauditorysystem.Oneisamethodofanalyzlngtextural

featuresforimageretrievalandpatternrecognition.Anotherisaboutfeatureextraction

forspeechrecognitiontechnology･ThesetechniquesareuslngOurabilityfordetecting

periodicalstructureinvisualandauditoryslgnals.Also,theyintendtoevaluateour

subjectiveattributesinvisualandauditorysensations.

5.2Analysisoftexturalfeaturesforimageretrieval

Summary

Ipresentanewmethodformeasurlngtexturalpropertiesespeciallycorrespondingto

humanvisualperception･Proposedmethodisabasisoftheimageretrievalsystem,

patternrecognition,andmachinevision.Physicalparametersonperceivedcontrast,

coarseness,andregularityareextractedfromtheautocorrelationfunctiononthegray

scaleimage.

5.2.1Backgroundandpreviouswork

Recently,ahugearchiveofimage,film,andphotographsisdigitizedinvariousfields.

Consequentlyademandofautomatedimageretrievalsystem isincreaslng.Tools

assistingImageSearchwithinalargedatabasehavebroadapplications,suchasmedical

imagequery,Videoediting,andmaterialsforarchitecturaldesign,productdesign,and

soon.Aretrievalsystemservesthepurposeofsavlnghumanusers'timeandeffortof

browsingtheentiredatabase･Therefore,itisexpectedthattheretrievedimages

resemblethevisualpropertiesoftheprototypepatternprovidedbythehumanuser.To

constructsuchasystem,itisimportantthatthefeaturesusedforpatterncomparisons

arefaithfultothoseusedbyhumans(LiuandPicard,1996).Consideringanapplication

forpatternrecognition,wehavetochooseasetoffeaturesformeasurlnghuman

perceptualsimilarity.

Todescribevisualpropertiesofimage,texturemighthaveanimportantrole,
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becauseatexturedreglOnexhibitcertaindegreeofhomogeneityandcanberegardedas

containlngaSameOrnearSameinformationoverneighborhood.However,thereisa

difficultyinevaluationofsubjectivejudgmentOfsimilarityandpreferenceoftexture,

whichareinevitableforimagecomparisonandclassification.Thisdifficultycomes

froinmultidimensionalnatureoftextureperception.Weneedtoknow how many

featuresarerelatedtotextureperception.Ashumantextureperception,RaoandLohse

(1996)have indicated thatthemostsalientperceptualdimensions in texture

dissimilarity judgmentcan be described as "repetitiveness","contrast",and

"coarseness".Hence,itiseffectiveforaretrievalsystemtouseinmodelingtextural

features,whichrelatetotheseperceptualdimensions.Iproposehereasetofimage

featuresbasedonthecorrelationmodeltocapturethepropertiesofhumantexture

perception.

5.2.2Method

AsIpresentedinChapter2,theautocorrelationfunction(ACF)analysisprovidesuseful

lneaSureSforrepresentingthreesalientperceptualpropertiesoftexture,namely,contrast,

coarseness,andregularity.Especially,regularityisthemostimportantpropertyfor

texturediscrimination.OurmethodisbasedonthenatureoftheACFsuchthatthe

periodicalcomponentintheimageisextracted.TheACFgivesthecorrelationbetween

pIXelpal一sforeverydirectionanddistanceintheimage.Iftheimagecontains

periodicity,itsACFalsohasperiodicalstructure.PeriodoftheACF(81)correspondsto

theperiodoftheimage,andamplitudeofthemaximumpeakintheACF(¢1)isrelated

tothedegreeofperiodicity.SuchpropertiesoftheACFarewellcorrespondedtothe

perceptualpropertiesoftextures,coarsenessandregularity.Also,perceivedcontrastof

theimageisrelatedtotherootmeansquare(RMS)ofthegrayscaledistribution.The

valueofRMSiseffectivelycalculatedintheACFanalysisbecausewhenthecorrelation

lagiszero(◎(0)),theautocorTelationistheRMSitself(see2.3.2Autocorrelation

analysisofnaturaltextures).

5.2.3Results

ToexaminetheefficiencyoftheACFanalysts,Weanalyzed16texturesfrom the

"Brodatztexturedatabase"(Brodatz,1966),thatwereusedbyTamuraetal.(1978).

Thistexturesetincludesavarietyofnaturalandman-madeobjects(Figure2.9).The
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Ltllalyzeddataconsistsof256 × 256imageswith8-bit(256)graylevels.TheACF

wascalculatedandthreetexturalpropertieswereextractedfrom eachimage.Resultsare

showninFigure5.1,5.2,and53forcontrast,coarseness,andregularlty.IneachFigure,

texturesarereplacedfrom lefttoright,toptobottom,inrankingorderbycomputation

foreachproperty･

D68 D28 D98 D93

D38 D69 D34 D33

Figure5,1Testsamp一esdisplayedir)rankingorderbycomputationforcontrast.Fromleftloright,

toptobottom,theimagesarefromthehighestcontrasHothelowestcontrast･
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D69 D28

D9 D15 D109

Figure5.2Testsamplesdisp一ayedinrankingorderbycomputationforcoarselleSS.Fronllefttonght,

toptobottom,theimagesarefromcoarsetofine.

100



D109 D33 D9

Figure5.3Testsamplesdisplayedinrankingorderbycomputationforregular】ty.Fromlefttoright,

一oplobottom,theimagesarefromreguJartorandorTl.

5.3Featureextractionforspeechrecognition

Sllmmary

AmethodoffeatureextractionforspeechrecognltlOnSystemintherealenvironmentis

proposed.Byusingaminimumsetofparameterscorrespondingtothehumanauditory

attributes,wecancharacterizespeechsignals･OurmethodisbasedontheACFand

lACF modelofhumanauditorysystem.TheACFanalysュsiseffectivetoextract

subjectiveattributesofsound,suchaspitchandtimbre･Also,theIACFanalysュscould

beusedtocharacterizespatialattributeofsoulldfield･Identificationisbasedonthe

extl.actedparameters.minimum distancebetweenInputSlgnalandsyHablesetinthe

database.

5.3.1Backgroundandpreviouswork

lllthetechnologyofspeechrecognltlOn,thereisawidelyacceptedmethodsuchthat
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analyzlngaglVenSpeechsignalwithinaseriesofshortduration,constructlngthetime

sequencevectorsofextractedfeatures,thencomparingthemwiththevectorofstored

templateslgnals.Themainprobleminthespeechanalystsistofindoutthesufficient

featuresetbywhichwecoulddiscriminateaglVenSlgnalwithothers･Amongavarious

methodproposed,frequencyspectrum estimation,Cepstrum,andlinearpredictive

co°ing(LPC)isgenerallyused･Becausethecharacteristicsofspeechsignalsare

l̀epreSentedinthespectralstructure,estimationofthespectrumshapecouldbeeffective

forspeechidentification.

However,thereremainsomeseriousproblemsinthepresentmethod.Firstly,

Welleedcomplexparametertoapproximateaspectrum shape,becausethespeech

slgnalscontainalargeamountoffrequencyinformation･Itmaycauseapredictionerror.

Theseparametersalsoincludeones,whichdoesnotreflectour-auditorysensation.To

adapttheindividualvoicedifferences,therecognitionsystem mustidentifythe

differenceinspectralshapes.Secondly,thesemethodsdonotworkwellwithnoise.

Spectralshapesofthespeechsignalaremuchaffectedbythepresenceofbackground

llOiseandreverberationintherealenvironment.Thirdly,whenconsideringspeech

recognitionintherealenvironment,itneedstoseparatethepluralsourcesarrivlngfrom

differentdirectionsandlocalizethetargetsource.Thereforeweneedtoconsiderthe

spatialattributesinthesoundfield.Theseproblems,namely,"speakeradaptation",

"noiserobustness",and"sourceseparation",aretheverytopicthatspeechrecognition

technologylSCurrentlyfacing.

Here,Iproposeamethodforimplementationofspeechrecognitionsystemin

tllerealenvironmentbyuslngaminimumsetofparameterscorrespondingtothehuman

auditorycharacteristics.OurmethodisbasedontheACFandIACFmodelofhuman

auditorysystem.AsdescribedinChapter4,theACFanalysisiseffectivetoextract

subjectiveattributesofsound,pitchandtimbre.Also,theIACFanalystsCOuldbeused

tocharacterizespatialattributeofsoundfield.

Thereiseffectivedurationtime一一eACF,asthemostimportantfactor(feature

quantity)intheanalysisofACF･EffectivedurationTeisdefinedasalO%delaytime･

Effectsoftherepetitionandreverberationcomponentsincludedinthesignalare

describedbyTe･Inaddition,thefinestructureofACFincludingpeakanddipcontains

muchinform ationontheperiodicityoftheslgnal.Themosteffectivefactorinthe

allalysISOfspeechsignalisinformationonapitch.Delaytimeandamplitudeofthe

lO2



prlllClpalpeakofACFarethefactors,whichcorrespondstoapitchofthevoiceandits

strength TheprlnClpalpeakisalargestpeakofACFinmostcases,andsuccessive

peaksappearinitsperiod･ThelocalpeakswithinaperiodbetweenprlnCIPalpeaks

showthetimestructureofthehighfrequencyrange.Informationonthetonecoloris

included.Especiallyincaseofthevoiceslgnal,featuresoftheresonantfrequencyof

vocaltractcalledaformantareshown.TheaboveACFfactorsseem tocontainall

featuresnecessaryforthevoicerecognition.

ThevalueofTIACC,intherangebetween-1msand+1msintheIACFisan

importantfactoronthehorizontaldirectionofthesoundsource.Clearsenseofdirection

isperceived,whenIACChaslargevalue.WhenIACC hasthesmallvalue,the

subjectivediffusenessincreases,andsenseofdirectionbecomesunclear.Itispossibleto

obtaintheapparentwidthofsoundsourcebyIACCandW-ACC.

5.3.2Method

Thespecificequlpmentforthismethodisconsistedofbinauralmicrophones,low-pass

filter,A/D converter,andcomputerforcalculatingACFandIACFasitisshownin

Figure5.4.Figure5.4alsoshowsaflowchartofthemethodforidentifyingthesyllable.

CollectedspeechsignalisconvertedintodigitalsignalthroughtheA/Dconverterand

lowpassfilterandstoredinthememory.Storedsignalisreadout,andthefactorsare

deducedbythecalculationofACFandIACF.Finally,itiscomparedwiththedatabase

storlngthetemplateofthesyllables.
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Figure5･4SpecificequlPmentfortheproposedsyHableidentificationmethod･Itisconsistsof

bjllauralmicrophones,low-passfilter,A/Dconverter,andcomputerforcalculatingACFandIACF･

Asfollowlng,theconcretecalculationmethodofACFandIACFisdescribed.Forthe

targetspeechsignal,runnlngACFandrunnlngIACFarecalculatedforshorttime

segment(itiscalledtheframe)Fk (t),aSShowninFigure5.5.Usuallytheintegral

interval2T(lengthoftheframe)issetasbetween20and30ms,overlappedwith

neighboringframes.ShorttimerunningACFwillbecalculatedasfollowlngequation.

ol,(〟 ,-麦',fp･(i)p･(i･T,dt (5･1)

NormalizedACFwillhavethe1maximumvalueatT≡0.Binauralsoundpressurelevel

isglVenbytheaverageoftwomonaurallevels.EffectivedurationtimeTeisdefinedby

delaytimeIasthe10-percentileattenuationoftheACF.SincethatinitialACFlinearly

attenuatesisgenerallyobserved,itispossibletoeasilyrequlreT｡bythelinear

regression.
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Figure5.5ShorttimesegmentofspeechsignalforcalculationofrunnlngACF.

CollCretely,T｡isdecidedusingleastmeansquaremethod(LMS)forthepeakofACF

appearedinsomefixedtimeAt･InFigure5.6,theexampleofnormalizedACFisshown,

Thedelaytimeandamplitudeofthenom alizedACFisdefinedasTk,中k,k=1,2,…,N.

TheintervalinsearchofthepeaksisuptothemaximumpeakofACFappearsfrom

delaytime･t=0.ItiscorrespondenttotheoneperiodoftheACF.Thelargestpeakof

ACFiscorrespondenttoapitchofthesoundsource,andthelocalpeaksw仙inthe

largestpeakarecorrespondenttotheformant.
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Figure5.6TheexampleofnormalizedACFcalculatedforspeechsignal.

Finally,themethodforidentifyingthesyllableisdescribed.Identificationis

basedontheextractedparameters-distancebetweenlnputSignalandsyllablesofthe

template.ThetemplateisasetofACFfactorsonthewholesyllablesetcalculated
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befol.ehand･DistanceD(x)ofthetemplate(shownbysymbolb)andinputdata(shown

bysymbola)iscalculatedlikethefollowingequation(x:◎(0),Te,Tk,4)k,k=1,2,…,N).

〟

D(0(0))-(∑llog(0(0)A)'L-log(0(0)A)bJ)/N (5･2)A+1
Equationllcalculatesthedistanceon(p(0).Nshowsthenumberoftheanalysisframe.

Thedistanceisalsoobtainedonotherindependentfactorsinthesimilarequation.

TotalDofthedistanceisshownbythefollowlngequation.

〟

D-∑w D(x)xl1 (5.3)

Minequation12isanumberofthefactor,andW isaweightingfactor.Itisjudgedthat

thetemplate,inwhichcalculateddistanceDisthesmallest,isasyllableoftheinput

slgnal.Ⅰntheactualsoundfield,therecognitionatthehighaccuracybecomespossible

byaddingtheIACFfactors.

5.3.3Results

Asanexampleoftheimplementationofproposedmethod,Figure5.7Showsthe

predictionofspeechintelligibilityintherealsoundfield.Experimentwascarriedoutas

follows.Targetsyllableandinterferencesound(whitenoiseoranothersyllable)was

presentedfromloudspeakerplacedinfrontorlateraldirectionofthesubject.Subjects

wereaskedtoanswerwhattheyhearastargetsyllable･Intelligibilityisrepresentedbya

percentageofthecorrectanswerontheabscissa.Topredictintelligibility,thedistance

oftheACFandIACFfactorswerecalculatedbetweentarget-Onlyslgnalandmixed

slgnal･Percentageofwhichtheleastdistancewasfoundfortargetsyllableis

representedontheordinateaspredictedintelligibility.AsshowninFigure5.7,theresult

gavehigh correlation (r= 0.86,p < 0.05)between measured and calculated

intelligibility.Wecansaythatthattherecognitionbytheproposedmethodreflects

llumanSensibility.
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Figure 5.7 Measured and ca一culated speech intelligibility for single syllable presented

simultaneouslywithinterferencesoundl

5.4Summary

lnthischapter,Iproposedtwoenglneerlngapplicationsbasedonthecorrelationmodel

inhumanvisualandauditorysystem.Oneisananalyzlngmethodoftexturalfeatures

forimageretrievalandpatternrecognition.Anotherissoundfeatureextractionfor

speechrecognitiontechnology.Thesetechniquesuseourabilityfordetectingperiodical

structureinvisualandauditoryslgnals.
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6.Conclusion

6.1Summaryorresults

As IoutlinedinChapter1,thisdissertationcoverstheresearchareaofperceptionand

psychologicalevaluation in spatialvision,temporalvision,and audition.The

fundamentalresultthatIhavepresentedisademonstrationthatitispossibletoapply

thecorrelationmechanismtotheprocessinvisionandauditorysystem.Theresults

gainedineachstudyaresummarizedasfollows.

InChapter2,Spatialvision,Ipresentedaseriesofstudiesonphysical

propertiesandpsychologicalevaluationsoftwo-dimensionalspatialpattern.Ishowed

thattheautocorrelation function (ACF)analysisprovidesuse血llmeasuresfor

representingthreesalientperceptualpropertiesoftexture,namely,contrast,coarseness,

andregularity.Anotherexperimentshowedthatthedegreeofregularityisasalientcue

fortexturepreferencejudgment･DescribedACFmodelofferedtheadvantageof

extractingperceptualpropertiesandevaluatingsubjectivereactionintextureperception.

InChapter3,Temporalvision,Idiscussedtheunderlyingmechanismforthe

temporalperceptioninvisionTbaddresstheproblem,Ifocusedonthefundamental

propertiesofthetemporalvision mechanism･Psychophysicalexperimentwas

performedonsubjectiveflickerratesforcomplexwaveforms.Resultsshowedthat

humanobserversperceivedarateatthefundamentalfrequency,althoughtheenergyat

thisfrequencywasnotincludedinthesignals.Itimpliestheexistenceofcorrelation

mechanismintemporalvision

InChapter4,Audition,Ipresentedaseriesofstudiesonphysicalproperties

andpsychologicalevaluationsofsound.IusedtheACFinanalyzlngaSOundsignaland

theinterauralcross-co汀elationfunction(IACF)tocharacterizethespatialpropertiesof

soundfield･Itwasfoundthattheacousticalpropertiesarewellrepresentedbythe

factorsextractedfromtheACFandtheIACF,andthatthesubjectiveevaluationsfor

soundsignalareexplainedbythecombinationsoftheACFfactors.

InChapter5,Application,Iproposedtwoenglneerlngapplicationsbasedon

thecorrelationmodelinhumanvisualandauditorysystem･Oneisananalyzlngmethod

()ftexturalfeaturesforimageretrievalandpatternrecognition･Anotherissoundfeature
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extractionforspeechrecognitiontechnology.Thesetechniquesuse()urabilityfor

detectingperiodicalstructureinvisualandauditoryslgnals.

6.2FuturedirectionsI

Oneofthemostimportantfutureresearchistogetintomoresophisticatedmodelfor

visualandauditoryperception･Ⅰnthisdissertation,Ipresentedworkablecorrelation

modelsforevaluatingperceptionandsubjectiveresponseinspatialvision,intemporal

vision,andinaudition.Butwearestillfarfromunderstandingofthemechanismsin

visionandaudition.Especiallyforthehighlevelrecognitionoftherealenvironment,

thereremainsamountofroomforfutureresearch.IbelievethattheapproachItakein

thisdissertationcontributestotheunderstandingofthemecbanismsinperceptionand

recognitionofcomplexphenomena･

Understandingoftheneuralmechanism isalsoimportant.Tbdiscussthe

analogoussubjectiveattributesinvisionandaudition,weneedtoassumethegeneral

neuralstrategyinthebrain･Asoneofsuchmechanism,"neuraltimlngnet"isproposed

(Cariani,2001).Timingnetsconstituteanewandgeneralneuralnetworkstrategyfor

performlngtemporalcomputationsonneuralspiketrains:extractionofcommon

periodicities,detectionofrecumngtemporalpatterns,andfo-ationandseparationof

invariantspikepatterns.Althoughthemainconceminthepaperiswiththeimportance

ofthetimlnginfo-ationinauditoryperception,theanalogousstrategiesinvisual

perceptionarealsosuggested･Thepossibilitiesofextensionofthismodeltovisual

perceptioncouldbeexaminedinthefuture.

Inthisdissertation,Idiscussedthecorrelationmechanism ofspatialand

temporalvisionseparately･Asanextstep,theycouldbeexpandedtothegeneralmodel

()fvisualsystemincludingspatialandtemporalproperties･AdelsonandBergen(1991)

proposedthegeneralizedconceptof"plenopticfunctions",whichcandescribethe

structureoftheinformationinthelightrayscomlngOnanObserver.Plenopticfunctions

characterizelocalchangealongoneormoredimensionsofasinglefunction.Theirbasic

notionaboutvisualperceptionisbasedontheedgedetectionmechanisminearlyvision.

Wecanalsoconsidertheperiodicitydetectionmechanism insomewhatlatevisual

pathwayfordescribingvisualperception.Asforamodelofspatio-temporalvision,

Reichardt'smotiondetectorsandmotionenergymodelshavebeenproposed(Reichardt,

1961;vanSantenandSpe一ling,1984,1985;AdelsonandBergen,1985)･Thesemodels
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referredtospatialandtemporalcorrelationdetectionmechanisms.Thereforetheycould

beappliedtospatiaトonlypatternandtemporaトOnlypatternofvisualinfomati｡m

Anotherinteresting and importantresearch direction related to this

dissertationistheenglneerlngapplicationusinghumanabilitiesandcharacteristicsin

perception.Firstly,wecanconsidertheimplementationofhumanmechanism inthe

environmentrecognitionsystem,suchasimagerecognitionandspeechrecognition.

Secondly,theman-machineinterfacecouldbeaccomplishedwhichreflectshuman

perceptualproperties.Anexampleinthisdirectionistheimageandsoundretrieval

systemuslngSalientcuesinvisualandauditoryperception.
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