
Kobe University Repository : Kernel

PDF issue: 2025-12-04

Listening difficulty as a subjective measure
for evaluation of speech transmission
performance in public spaces

(Citation)
Journal of the Acoustical Society of America,116(3):1607-1613

(Issue Date)
2004-09

(Resource Type)
journal article

(Version)
Version of Record

(URL)
https://hdl.handle.net/20.500.14094/90000852

Morimoto, Masayuki
Sato, Hiroshi
Kobayashi, Masaaki



Listeningdifficultyasasubjectivemeasureforevaluation
ofspeechtransmissionperformanceinpublicspaces
MasayukiMorimotoa)
EnvironTnentblAcousticsLaboratoIT,FacultyofEngineering,KobeUniveTISity,Rokko,Nada,
Kobe657-8501Japan

HiroshiSato

GT･aduateSchoolofEngineering,TohokuUniversio,Aoba,Sendai98018579Japan

MasaakjKobayashi
EnvironmentalAcousticsLaboratory,FacultyofEngineering,KobeUniveTTSity,Nada.Kobe65718501Japan

(Received7January2004;revised24MAy2004;accepted31May2004)

ListeningdifAcultyratings,usingwordswith high wordfamiliarity,areproposedasanew
subjectivemeasurefortheevaluationofspeechtransmissioninpublicspacestoproviderealistic
andobjectiveresultsITwolisteningtestswereperformedtoexaminetheirvalidity,comparedwith
intelligibilityscores.Thetestsincludedareverberantsignalandnoiseasdetrimentalsounds.ne
subjectwasaskedtorepeateachwordandsimultaneouslytoratethehsteningdifRcultyintooneof
fourcategories:(1)notdifGcult,(2)alittledifficult,(3)fairlydifficult,and(4)extremelydifacult.
Afterthetests,thefourcategorieswerereclassifiedinto,notdifAcultlresponse(1)]andsomelevel
ofdifficulty,(theother3responses).Listeningdifacultyisdefinedasthepercentageofthetotal
numberofresponsesindicatingsomelevelofdifficultyli.e.not(I)].Theresultsoftwolistening
testsdemonstratedthatlisteningdifncultyratingscanevaluatespeechtransmissionperformance
moreaccuratelyandsensitivelythan intelligibility scoresforsoundfieldswith higherspeech
tranSmissionperfomance.@2004AcousticalSocietyofAmerica.lDOI:10.1121/1.1775276]
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LlNTRODUCT10N

TheacoustiCaldesignofroomsofteninVolvesoptlmiZ-
1ngspeechtransmissionperfomancesincespeechcommu-
nicationisabasicfunctionofmostpublicspacessuchas
classrooms,meetingrooms,auditoriums,railwaystations,
alrPOrtS,etC.hthepast,manystudieshavetriedtoevaluate
theperformanceofthesespacesusingbothphysicalandsub-
jectivemeasures,

Somephysicalmeasuresarebasedon也euseful-to-
dedmentalratio,whichwasdevelopedbyLoclmerand
Burgerlandusedinasimplifiedform asU50･2clarity3and
Deutlicheit4arecloselyrelatedtouseful-detrimentalratios
butwi血out血ein且uenceofambientnoise･Bradley5showed
thatmeasuredvaluesoftheseindicesandthemorerecent

STI(SpeechTbns血ssionhdex)6arecloselyrelatedand
canbeestimatedfromeachother.Meanwhile,severalstudies

havedevelopedsubjectivemeasures,suchastheRhyme
test,7theSPIN(SpeechPerceptioninNoise)test,8thesRT9
(SpeechRecogmitionThreshold)andsoon.Am ongthem,
SRTisdefinedasthepresentationlevelofspeechnecessary
forlistenerstorecognizethespeech50%Correctly.Because
weareinterestedinthenearperfectscoresrequiredforgood
speechtranSmissionandminimalcommunicationdifLculty,
SRTvaluesarenotrelevanttothisstudy.
Conventionalsubjectivemeasurescan beroughlyclas-
sifiedintotwogroups.Oneisthesyllablearticulationtest
usingmono-Syllables,ortri-syllables,etc.Adefectofsy1-

a)Electronicmail:m-t@kobe-u･acJP

1ableardculationtestsisthatitisdifaculttoimaginespeech

transmissionperformancebecausetestsyllablesusedinlis-
teningtestslacktherealityofrealspeech･Theotherchoice
isintelligibilitytestsusingwordsandsentenceswhichassess

bothphonetiCandlinguisticcomponentsoftheprocessof
speechperceptlOn.Listenersindicate血epercentageofwords
orsentencesthattheyrecognlZe･Inthesetestsitiseasyto

imaginetheactualspeechtranSmissionperformanceLHow-
ever,血eintelligibilityscoredependson血echoiceofwords
andsentencesusedinthelisteningteStS･8Thus,eachofthe
syllablearticulationtestsandintelligibilitytestsusingwords
andsentenceshasbothmeritsanddisadvantages.Further-

more,eveniftheintelligibilityisperfect,thespeechtrans-

missionperformanceisnotalwayssatisfactory･Although a0
dBuseful-to-debimentalsoundratiocorrespondstoabove
90% intelligibility,5thisisnotalwaysadequateforideal
speechcormumicatiOninspaces.hresponsetotheseprob-
lems,subjectiveratingsofthe"easiness"ofspeechrecogni-
tionwerepresentedbySatoetal･lOasan altemativeap-
proach.However,"easiness"ratlngSresultinarelativescale
andonecannotsayhoweasylSgoodenoughorwhenalow

ratlngCOrreSPOndstounacceptablybadacoustiCalconditions･
Inaddition,"easiness"lacksobjectivityandwouldbein且u-
encedbypersonalpreferences.Itshouldprobablybeconsid-
eredasrelatedtospeechquality.
Froman englneenngpoutOfview,itisimportantto
obtainaphysicalmeasure,whichcanevaluatethespeech
transmissionperform ance.Toachievethispurpose,itisnec-
essarytocomparethesubjectivemeasureswith objective
measuresofrealisticsituationsthatcouldbeareferencefor
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FIG.1.Impulseresponseofthetestsoundfield.PdandPrisasound
pressurelevelofadirectsoundandareverberationsignal,respectively.

judgingwhetherornotthephysicalmeasureisusefulfor
evaluatingspeechtransmissionperfomance.
Tosolvetheproblemsmentionedabove,thepresentau-

thorspropose"listeningdifRculty"usingwordswithhigh
Hwordfamiliarity,"asasubjectivemeasure,whichisad-
equatetoimaginethespeechtransmissionperformanceand
doesnotdependonthetestwords."Wordfamiliarity"isa
subjectivevariablewhichindicateshow familiarnative

speakersarewiththeword.Thefami liarityofabouteighty
thousandJapanesewordshasbeenratedfromI.0(minimum)
to7.0(maximum)byAm anoetal.llAnotherreasonwhy
highfamiliaritywordsareusedistominimizetheeffectof

thecognitiveprocessonthedifficultyratingsincethemain
objectofinterestinthisstudyisonlythespeechtransmission
perform anceofspacesandincludingthesewithpublicad-

dresssystems･Moreover,thereasonwhy"difGcdty"isin-
troduced,insteadof"easiness"isthatpeoplemorefre-
quentlyexperiencelistemingdifacultyindailylife.Inother
words,"di托culty"hasreality andobjecdvityandmatches
ournormalfeelingsmoreth an "easiness."
Ourpurposeinthisstudyistoexaminethevalidityof
"listeningdifGculty,"andtocompareitwithintelligibility
Scores.

ll.LlSTENIMiTESTl:USTENINGDtFFICUuYAND
tNTELuGJB]uTYFORSOUNDFIELDSWITH
REVERBERATTON

First,thevdidityoflistemingdifBcultyisexamiLledby
usngasimplesoundfieldthatconsistedofadirectsound
andareverberantsignalasdetrimentalsound.

A.ustenlngtest

1,TestsoundlFeldsarldtestwords

Figure1showsschematiCallytheimpulseresponseof
thetestsound鮎1d.Thesound鮎ldwascomposedofa
directsoundfollowedbyareverberantdecay.Thereverber-
antdecaystartedat50msafterthedirectsound.As Bradley

etaz･12reported,increasedearlyreflectionenergyamvlngat
thelistenerwithinthefirst50msafterthedirectsoundhas

thesameeffectonspeechhteuigibilityscoresasan equal
increaseinthedirectsoundenergy.Inthisstudy,simulated
soundAeldsareusedincludingonlythedirectsoundcom-
ponentasusefulsoundenergyandreverberantsignalsas
detrimentalsoundenergy.Theparameterswerereverberation
timeandthesoundpresstueratiooftheimitialamp止tudeof
thereverberantdecaytothedirectsoundamplitudede-
scribedasPrIPd.Thereverberadontimewassetat0.5,0.9,
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TABLEI.Eightkindsofsoundfieldusedinthe丘指tlisteningtest.

Soundfield

Parameter A ち C D E F G H

Reverberationtime(S) 0.5 0.9 0.9 0.9 2.0 2.0 2.0 6.0
PrJPd 0.5 0.5 0.25 0.1 0.5 0.25 0.1 0.5

2.0and6.0s.TheP〟Pdwassetat0.5,0.25,and0.1..Table

Ishowstheeightkindsofsoundfieldusedinthelistening
test. ～
Twowordlistswithtwodifferentlevelsofwordfami1_

iarityinJapanese11･13Wereusedinthistest･Thewordfamil-
iarity,categorizedfrom1.0to7.0,asmentionedabovewas
dividedintofourlevels.Onewas血ewordlistwi也血elevel

4familiaritycorrespondingtothecategories丘･om7.0to5.5,
whichwasusedforthesubjectivemeasureproposedhere.
Theotherwasthewordlistwiththelevel3fam山aritycor-
respondingtothecategoriesfrom5.5to4.0.取 iswordhst
wasaddedtothetestinordertodeterrninetheeffectofword

familiarityonthedifacultyratings.Inthispaper,thefomer
andthelatterarecalled"highfamiliarity"and"lowfamil-
iarity,"respectively.Eachwordlistincluded50phonetically
balancedwords.Eachwordhasfoursyllables.

2.SubJ'ects

Atotalof122subjectswereusedinthetest.Theyvaried
inagefrom 19to31yearsold.Theydidnotreportany
knownhearinglmPalrment.Thusthesubjectswerenotcare-
fullyselectedlisteners,butweremorerepresentativeofgen-
cralyounglistenerswithnormalhearing.

3.Proeedutle

h血etest,丘vewordsof也e50wordswi也eachfaⅡ山一

iarityWerepresentedtoeachsubjectforeachofeightdiffer-
entsoundfields.Thus,eachsubjectlistenedtoasetof80test
signalsintotal(5wordsX2fami1iaritiesX8soundfields)in
arandomorder.Moreo寸er,eachwordwaspresentedtoa
subjectonlyonce.Adifferentsetof80testsignalswaspre-
sentedto122subjectssothatal1800testsignals(50words
X2血miliaritiesX8sound丘elds)mightbepresentedinthe

wholeofthelisteningtest.Atthebegimi ngofthetest.12
testsignals,everyotherofsixwordswitheachfamiliarity
foreachofthreetestsound丘eldsA,E,andH,respecdvely,
wereaddedasapracticetrial.Theintervalforpresentation
ofeachtestsigQalwas9S.Thetotallengthofthetestwas
about19mbfdreachsubject.
Thetestsignalswerepresentedtotwosubjectsatatine
fromaloudspeakerinananechoicroom.melistemingposi一
也onswerelocatedat3mdistancefromtheloudspeakerand
ati30degreesfromthecentral axisoftheloudspeaker.The

ffequencyresponseofthelolldspeakerwasflattowithin
±5dBfrom100to10kHzatbothlistetrLngPOSitions.The
soundpressurelevelsofthetestsigTlalSweresetat65･O
dBA,fast,peakontheaverageofantestwordsatliStemng
positionswhenonlythedirectsoundwaspresented･The
rangeofthelevelsofthetestwordswaswithin±2.0dBA･
Eachsubjectwasaskedtorepeatbywritingdowneach
wordastheylistenedandsimultaneouslytoratethelistening
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TABLEII.Fourcategoriesforlistenlngdif丘culty.

(1)Notdif丘cult
(2)AlittledlfBcult
(3)Fairydlfacult
(4)ExtremelydifBcult

difficultyIntoOneOfthefourcategoriesshowninTableII.

TheobjectofmeasunnglistenlngdifGcultylSClassifying

conditionsaseitherto"no-difficulty"or"difficulty."How-

ever,itwasdifficultforlistenerstoidentifytheboundary

between"no-difaculty"and"difficulty"andtoanswerin

tensofoneof也etwocategories･Thesolutionemployedin

thelisteningtestWastOasksubjectstoanswerintermsof

oneoffourcategoriesdescribedinTableIIandthentoca1-

culatethedif丘cultyratlngWiththeboundarybetween"no-

difficulty"andHdifBculty"setinanalysiswhichisgolngtO

beexplainedlater.

B.Resultsanddiscussion

1.De伽itionofll'steningdiffI'culty

Figure2indicatestheresultsofthelisteningtestfor
sound丘eldswithreverberation.Panel(a)istheresultforthe

highfamiliaritywordsandthepanel(b)isthatforthelow

familiantywords.Theabscissaindicatesthesoundfieldand

血eordinateindicates血escoreasapercentage,Thenu血ber

of responses was 610 (5 words per sound 丘eld
X122subjects).Opencirclesaretheintelligibilityscores.

OpentrianglesarethelisteningdifficultyratlngS"I."Closed

circlesarethesumofthedifBcultyratings"1"and"2.''

Crossesarethesumofthedif丘cultyratings"1,'‥ 2̀,"and

"3･HBo也oftheseresults｣ndicate血atopencirclesdonot
coincidewithopentriangles,butcoincidewellwithclosed

circles･Thismeansthatevenifthesubjectscanrepeatwords
correctly,也eyfeel血emdif丘culttolistentoinsomecases.

Ino血erwords,eveniftheintelligibilityisloo鞄,也espeech

transmissionperformanceinthesecasescannotalwaysbe

regardedassatisfactory.Thespeechtransmissionperfor-

mancecouldberegardedasperfectwhenthepercentageof

responsesforlisteningdifficultylSZero.

Accordingly,listeningdifficultyisdefinedasasubjec-

tivemeasureofspeechtransmissionperformancethatindi-
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FIG.2･Resultsofthefirstlisteningtest.Leftpanel:highfamiliarity･Right
paneHowfhmiliaritylOpencirclesindicatetheintelligibilityscores1Open
triangles,closedcirclesandcrossesindicatetheresponsesofdifhculty(1),
(1)+(2),and(1)+(2)+(3),respectively.
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FIG･3.ListeningdifBcultyratingsandtheintelligibilltyScores.Leftpanel:
highfamiliarity･Rightpanel:lowfamiliarity.Opencirclesindicatelistening
dif丘cultyratingsandclosedcirclesindicate也eintelligibilityscores.

catesthepercentageofthesum ofthedifBcultyresponses

H2,日日3,‖and"4"(i,e.,except"1日-notdifacult).From
thisdefinitionandtheresultsmentionedabove,itcanbe

consideredthatthelistenlngdifacultycan evaluatethe

speechtransmissionperformancemoreaccuratelythan intel-
1igibilityscores.

2.Relationbetweenlister7I'ngdiuicul叶and
I'ntelI1-gI'bI'lity

Figure3showslisteningdifbcultyratlngSandtheinteト

Iigibilityscoresforeachtestsound丘eld.Closedcirclesin-

dicatethelisteningdifRcultyratingsandopencirclesindi-
catetheintelligibilityscores.Forbothwordfamiliarities,lt

canbeseen也at血ereisanegativeco汀elationbetweenlis-

teningdifAcultyandintelligibility.Figure4showsthecorre-

lationbetweenlisteningdifficulty andintelligibility･Each

pointrepresentsadifferentsoundfield.As indicatedinFig.

4,correlationcoefBcientsindicateastrongnegativecorrela-

tionbetweenthem forboth familiarities.Theregression

equationswereobtainedsuchthat"x"isthelisteningdiffi-

cultyand"y"istheintelligibility.Forthehighfamiliarity,
thecoefAcientofxis0.653thatishalfofthecoefacientof

y.ThismeanSthatthelistenmgdi組cultycan evaluatethe

speechtransmissionperformancemoresensitivelythan the

intelligibility.AIso血esametendencycanbeseenfbr也e

low familiaritywords,althoughthecoefBcientisalittle

largerthan forthehighfami1iaritywords.Insummary,itis

(%) (a)H垣hFamilial托y (b)LowFan"iafity

0
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y=-0.653x+108.0
｢≡-0.940
y=･0.807x+115.6
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Li5teningdifrlcurty (鶴) ListeningdifRculty (%)

FIG･4･TherelationbetweenlisteningdifRcultyandintelligibility･Left
panel:highfaniliarity･Rightpanel:lowfhmi1ianty･Intheresultingregres-
sionequations,"x"isthelistemingdifacultyand"y''istheintelligibility･
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FIG.5.Relationbetweenthehighfami1iarityandthelowfamiliarity･Left
panel:intelligibility.Rightpanel:listeningdifnculty.1ntheresultingregres-
sionequations,"x"isthelowfhmi liarityand…y"isthehighfamiliarity･

concludedthatlisteningdifbcultyratingscan evaluate

speechtransmissionperformancemoreaccuratelyandsensi-
tivelythanintelligibilityscoresinthistestreglOn･

3.E触etsofwordfaml'IiarityonlisteningdI'ul'culty
andintelligJ'bili叶

Figure5showsthecorrelationbetweenresultsforwords
with thehigh andthelow familiaritiesforintelligibility
lpanel(a)]andlisteningdifRculty [panel(b)],Eachpoint
representsadifferentsound丘eld.Itcan beseenthatwhen

thewordfamiliaritybecomeslower,intelhgibilitybecomes
lowerandthelisteningdifficultybecomeshigher･Thecorre-
lationcoefBcientsandtheregressionequationsbetweenre-
sllltsforthehigh fmi liarityandthelowfamiliaritywere
obtained.As showninFig.5,thereisastrongcorrelation
betweenboth theintelligibilityandlistemingdifficultyfor
lowandhighfami1iaritywords.Furthermore,thecoefficients
ofxintheregressionequationsarealmostequal.Thismeans
thattheeffectsofwordfamiliarityonintenigibilityandlis-
teningdifBcultydonotdependonthetestsoundfields.

HI.USTENINGTESTH:LlSTENINGDIFFICULTYAND
INTELLIG旧ILITYFORSOUNDFIELDSWlTH
REVERBERAl'10NANE)NOISE

Inthissecondexperiment,thevalidityoflisteningdifa-
cultyisexaminedbyusingsound丘eldsconsistingofadirect
sound,plusareverberationsignalandnoiseasdetrimental

sound･Bradley5aehonstratedthatanoptimumspeechtranS-
missionperfomancecan beobtainedwhenthesignal-to-
noise(SN)ratioisatleast15dBAforreverbeTationtimes
lessthan0.5S,hthissection,theeffectsofnoiseleveland

reverberationtimeonthelistemingdifGcultyareinvestigated
andcomparedwiththeeffectsonintelligibilityscorestode-
tem血eacceptableSNradosfわrgoodspeechtransmission.

A.ustenjngtest

1.Testsoundlyeldsandtestwords

Theimpulseresponseofthetestsoundfieldis血esame
asshowninFig.1.ThePr仲diskeptconstantat0.1.The
soundpressurelevelsof血etestsignalswerekeptconstantat

55･OdBA,slow,peakfortheaverageofalltestwordsat
listemigpositionswhenonlythedirectsoundwaspresented.
Therangeofthelevelsoftestwordswaswithin±2.0dBA,
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Theparameterswerereverberationtimeandbackground
noiselevel.Thereverberationtimewassetat0.5and2.0s.

Thebackgroundnoiselevelwassetat0(nonoisewaspre-
sentedfromtheloudspeaker),10,25,40,55,and60dBA.
Theambientnoiselevelintheexperimentalroomwas17.8

dBA.Thelevelcorrespondstothespeechsignal (direct
sound)tonoiseratio(SNratio)ofinfinity(noadditional

noise),45,30,15,0,and-5dBA,respectively･Hence.the
totalnumberofsoundfieldsusedinthelistemingtestwas

twelve(2reverberationtimesx6backgroundnois,elevels).
Thepowerspectrumofnoiseusedasabackground'noiseis
thesameasthatfoundbyHoth14foreach1/1octaveband
from125Hzto8kHz.

Sixwordlists(300words)withthehigh familiarityin

Japanesewereusedinthetest.Oneofthelistswasalsoused
in也e丘rsttest.

2･Subjects

Tbirteenuniversitystudentswithnormalhearingacted
asthesubjectsinthetest.Theydidnotserveassubjectsfor
the丘rsttest.

3.Procedurle

Inthetest,25wordsof300wordswerepresentedto
eachsubjectforeachof12differentsoundfields.Thuseach
subjectlistenedtoasetof300testsignalsin･total
(25wordsX12sound丘elds).Moreover,eachwordwaspre-
sentedtoasubjectonlyonce.Threehundredtestsignals
werearrangedinarandomorderanddividedintosixumitsof
50words.Sixunitswerepresentedseparately.Differentsets
consistingof300testsignalswerepresentedto13subjects
sothatal13600testsignals(300wordsX12soundfields)
mightbepresented･duringthewholeofthelisteningtest.The
durationofeachwordwasaround700ms.Thedurationof

eachtestsignaldepende40nreverberationtime.Thedura-
tionofabackgroundnoiseforeachtestsignalwasaround7
sdependingonthedurationofthetestsignal･Theback-
groundnoisewaspresentedinadvanceofthetestsignalby
135msandwasendedaftereachtestsignalended.ne
intervalforpresentationofbackgroundnoisewas6S･During
theintervalnonoisewaspresented･Thetotallengthofeach
unitwasabout10min,

Thetestsignalswerepresentedtotwosubjectsatatime
fromaloudspeakerinan anechoicroomasinthefirsttest･
ThelisteningPOSitionsandtheloudspeakerusedforthetest
werethesameasthoseinthefirsttest.

Eachsubjectwasaskedtorepeatbywritingdowneach
testwordastheylistenedandtoratethelisteningdifbculty
intooneofthefourcategoriesshowninTableII.

a.Resultsanddiscussion

Figure6indicatestheresultsofthelisteningtestsfor
soundfieldswithreverberationandnoise.Theabscissaindi-
catesthenoiselevelandSNratioandtheordinateindicates

血escoreasapercentage･menu血berofresponseswas325
(25wordspersoundfieldX13subjects).Circlesindicatethe

Morimctoetal.:Listeningdifficultylnspeechtransmission
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FIG･6･ListmingdifGcultyra血gsandtheintelligibilityscoresasafunction
ofnoiselevelandspeechsignaltonoiseratio.0penandfilledsymbols
indicatescoresforthereverberationtimeofOL5and2･Os,respectively.
Circlesrepresenttheintelligibilityandtrianglesindicatethelistemingdif丘-
culty.A0dBAnoiselevelmeansnoadditionalnoisewaspresentedfrom
theloudspeaker･Theambientnoiselevelintheexpedmentalroomwas17.8
dBA.

intelligibilityandtrianglesindicatethelistenlngdifaculty.
Openandfilledsymbolsrepresentscoresforthereverbera-
tiontimeof0.5and2.0s,respectively.
First,letusdiscussbothtypesofscoresforthesound
丘eldswithnoiseoflessthan40dBA(SNratio>15dBA).

Theintelligibilityisclosetoloo鞄,regardlessoftherever-
berationtime.Onthe6therもand,thelisteningdifficultyfor
thereverberationtimeof0.5sisbetterthan血atfb∫2.05.

nedifferenceisabout20%fornoiseof40dBA(SNratio
=15dBA)and40% forlessthan25dBA (SNratio

>30dBA).Furthermore,thelisteningdifRcultyapproaches
afixedvaluefornoisel0flessthan 25dBA (SNratio
>30dBA).Thevalueisabout20%forthereverberation

timeof0.5Sandabout60%for2.0s.nLelisteningdifficulty
neverreachesO%wi血reverberationpresent,but血eintelli一
gibilityincreasestolO0%asthenoiseleveldecreases.
Next,letusdiscussbo血Scoresfor仙esound鮎ldswim

noiseofmorethan55dBA(SNratio<OdBA),Listeming
difacultyisaffectedbyneitherthenoiselevelnortherever-
berationtime.ListemingdifacultyreacheslO0%fornoiseof
morethan 55dBA(SNratio<OdBA).Ontheotherhand,

intelligibilityisclearlyaffectedbythenoiselevel,butnotby
diereverberationtime.Theintelligibilityisabout80%and
50%fornoiselevelsof55dBA(SNratiO-0dBA)and60

dBA(SNratio--5dBA),respectively･
Theseresultssuggestthatlisteningdifbcultyisnotal-
wayshighwhenbackgroundnoiseispresent.Listemingdif-
ficultyratingscanevaluatespeechtransmissionperformance
moresensitivelyandaccuratelythan intelligibility scores
when thebackground noise islowerthan 40､dBA
(SNratio>15dBA).Conversely,intelligibilityscorescan
evaluatespeechtransmissionperfom ancemoresensitively
than listeningdifficultyratingswhenbackgroundnoiseis
higherthan40dBA(SNratio<15dBA).Namely,listening

J.Acoust.Soc.Am.,Vol.116,No.3,September2004

difacultyratingscanevaluatespeechtransmissionperfor-
mancemoresensitively血an血eintelligibilitywhen也eper-
fomanceishigh,andviceverso.
FinallyletusdiscussanecessarySNratioforgood
speechtransmissionwhen血espeechlevelis55dBA.
Bradley2reportedthatthedesiredratioisatleast15dBAfor
areverberationtimeof0.5S.meresultsofthislistenlngtest
alsodemonstrated血attheintelligibilityisalmostloo鞄un-
derthesameconditionasthatmentionedabove.However,

thereisadifferenceof20%inthelisteningdifficultybe-
tweenSNratiosof15and30dBAfofrthesamereverbera-

tiontime.Inotherwords,liste血i血gdifacultyevaluatesthe
speechperformancemorestrictlythandoesintelligibility.As

aresult,forthemimimumlisteningdifficulty,thenecessary
SNratioishigherthan15dBA,whenthespeechlevelis55
dBA.

Additionally,也ereisprobablyaninversecorrelationbe-
tweenuseful-to-detrimentalenergyandlistemingdifAculty
butfurtherstudyinvariousSノN andacousticalconditionsis
req血edto丘ndaclearrelationbetween血em.

lV.FUFtTHERDISCUSS10NONSU臥IECTIVE
MEASURESOFSPEECHTRANSMISSl0N

Therelationbetweensubjectivemeasuresofspeech
tranSmissionandtheperformanceofspeechtransmissionof
soundfieldsisdiscussedbasedontheresultsobtainedinthe

presentpaper･
Figure7illustratesdifferentrelationsbetweenthem.
Panel(a)presents血eidealrelationbetween也em.Thesub-
jectivevaluemonotonicallyincreasesastheperformanceis
advanced.Thesubjectivevaluereachesthelowestwhenthe

pe血manceisminimumanditreachesthehighestwhen血e
performanceismaximum .
Atpresent,however,nosubjectivemeasuredemon-

stratessucharelationshipasshowninp.anel(a)I
Atpresent,血emostcom onlistemngtestmaterialfb∫
thesubjectiveevaluationofspeechtransmissionisan intel-
1igibilitytestsuchasme血ymetest･Mostprevious2,13･15pa-
pershavedemonstratedrelationsasillustratedinpanel(b).
Namely,thatintelligibilityscorescan differemiatebetween
theperformanceofsound丘eldswheretheperformanceis
relativelylow.Ontheotherhand,itcannotclearlyidentify
differenceshtheperfomanceofsoundfieldswheretheper-
formanceisrelatively high,becausetheintelligibility

reachesaplateauneartolO0%.
Meanwbile,in也epresentpaperweproposelistening
difficultyratingsasahbjectivemeasureforanevaluationof
thespeechtransmissionperformanceanddemonstratethat
(1)ListemingdifGcultyandintelligibilityscoresshow a
highlynegativecorrelationandliStenlngdifficultyratings
can evaluatespeechtransmissionperformancemoresensi-
tivelythan intelligibilityscoreswhentheperformanceis
high,andintelligibilityscorescan evaluatespeechtransmis-

sionperformancemoresensitivelythan difBcultyratings

whentheperformanceislow.(2)Inteuigibilityishigheyen
whenthelisteningdifAcultyisclosetoloo鞄.(3)Listenlng
difacultychangessigni丘cantlyanddoesnotreachO%even

iftheintelligibilityisloo鞄.Theseresultsyieldtherelation

MorimotoetaJ.こListenlngdifficultylnspeechtransmission 1611
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FIG･7･Schemadcreladonsbetweensubjec丘vemeasuresofspeechtrans-
missionandtheperformanceofspeechtransmission.Panel(a)presentsthe
idealreladomPanel(b)illustratesthereladonbetweentheperfomanceand
theintelhgibility･Panel(C)showstherelationbetweentheperformanceand
thelisteningdi氏C111ty.I

betweenlisteningdifAcultyandspeechtransmissionperfor-
manceasshowninpanel(C).

hsummary,therelationbetweenintelligibilityandlis-
teningdifRcultycanbeex.plainedreasonablybydividingthe
speechtransmissionperformanceintofourrangesfrom(I)to
(Ⅳ)asshowninFig.7.In血erange(Ⅰ)where也espeech
tranSmissionperformanceistheworst,theperfomancecan

beevaluatedsensitivelybyusingtheintenigibility.Onthe
otherhand,thelistemingdifBcultylSaroundloo鞄inthis
rangeanditcannotdescribeclearlythedifferencesinperfor-

mance･nisconditioncorrespondstothetestsoundfields
withnoiselevelsof55and60dBAusedinthesecondtest.

Intherange(Ⅱ),theperformanceisalittlehigher,andlis-
teningdifacultyandintelligibilityshowahighlynegative

correlation･Furthermore,listeningdifacultycanevaluatethe
speechtransmissionperformancemoreaccuratelyandsensi-
tivelythandoesintelligibility.neeighttestsound丘elds

1612 JIAcoust.Soc.Am"Vol.116,No.3.September2004

usedinthefirsttestareinthisrange.Intherange(Ill),where
theperformanceishigher,theintelligibilityreacheslOO%
andcannotdifferemiateamongtheconditions.Ontheother

hand,listeningdifficultycan evaluatetheperformancesen-
sitively･Thisconditioncorrespondstothetestsoundfields
withnoiselevelsoflessthan40dBAusedinthesecondtest.

Actually,itisusuallynotrequiredtoevaluatetheper-
formanceofsound丘eldsbelongingtotherange(Ⅰ),since
actual soundfieldstobeevaluated,suchascla占srooms,

meetlngrooms,railwaystations,auditoriums,airportsetC･,
havehigherspeechtransmissionperfomancethan thisrange
(I)･Therefore,itcanbeconcludedthatlisteningdif丘cultyis
moresuitabletoevaluatespeechtransmissionperformance

inpublicspacesthanintelligibilityscores,becausedif丘culty
canevaluatetheperformancemoresensitivelyandaccu-
ratelythan intelligibilityscoresintheranges(II)and(III).
Soundfieldsintherange(IV),inwhichnobodyfeels
listeningdifaculty(0%difnculty)andofcourseinwhichthe

intelligibilityisloo鞄,mustbeev山atedbyuslngO血er
measuressuchasthespeechqualitywhichmayhavehigher
sensitivitythan 1isteningdifficultyratingsinthisrange.

V.CONCLUS10NS

lnthepresentpaperwehaveproposedlisteningdifA-
cultyratingsusingwordswiththemaximumfamiliarityasa
subjectivemeasurethatcan evaluatespeechtransmission
performancerealisticallyandobjectively.Twokindsoflis-
temingtestswerecarriedouttovalidatelistemingdifaculty
ratingscomparedwith inteuigibilityscores.Soundfields
withreverberationandotherswithreverberationandnoise
wereusedastestsoundfieldsinthe丘rstandthesecond

listeningtests,respectively･neresultsofthetwolistemng
testsclari丘edthat(1)Listeningdifficultyratingscan evalu-
atespeechtransmissionperfomancemoreaccuratelyand
sensitivelythan ,inteni岳ibilityscoresforsoundfieldswitha

higherspeechtransmissionperform ance.(2)Conversely,in-
telligibilityscorescan evaluatetheperformancemoresensi-
tivelythan 1isteningdifacultyratingsforthesound鮎lds
withlowerperformance.(3)Itispossibletoestinatethe

listeningdifficultyforwordsofonewordfamiliarityfrom
thoseofanotherwordfamiliarityinthesetestregions.(4)A
necessaryspeechsignaltonoiseratioforgoodspeechtrans-
missionisatleast15dBAintermsofinteuigibility,whileit
isathigherthan 15dBAintermsoflistemingdifaculty.In
conclusion,1istemingdifacultyratingsaremoresuitableto
evaluateactualsoundfields,suchasclassrooms,meeting

rooms,railwaystations,auditorium s,alrPOrtSetC･,thanintel-
1igibilityscores.
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