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The use of listening difficulty ratings of speech communication in rooms is explored because, in
common situations, word recognition scores do not discriminate well among conditions that are near
to acceptable. In particular, the benefits of early reflections of speech sounds on listening difficulty
were investigated and compared to the known benefits to word intelligibility scores. Listening tests
were used to assess word intelligibility and perceived listening difficulty of speech in simulated
sound fields. The experiments were conducted in three types of sound fields with constant levels of
ambient noise: only direct sound, direct sound with early reflections, and direct sound with early
reflections and reverberation. The results demonstrate (tatistening difficulty can better
discriminate among these conditions than can word recognition sd@eacded early reflections
increase the effective signal-to-noise ratio equivalent to the added energy in the conditions without
reverberation(3) the benefit of early reflections on difficulty scores is greater than expected from
the simple increase in early arriving speech energy with reverberatipmord intelligibility tests

are most appropriate for conditions with signal-to-n@gB&N) ratios less than 0 dBA, and where S/N

is between 0 and 15-dBA S/N, listening difficulty is a more appropriate evaluation to&0@
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I. INTRODUCTION ditions above 0-dB S/N than could speech intelligibility
scores. Several other approaches have been used previously
There are many situations in rooms where the results ofp assess speech communication performance instead of
speech intelligibility tests would suggest that conditions arespeech recognition scores. For example, subjective ratings of
I’easonably acceptable, with Intelllglblllty scores of 90% Orthe “easiness” of Speech recognition or “ease of |istening"
greater and signal-to-noise ratiéS/N) above 0 dBA. Such were consideret:®> Because “ease” ratings were measured
conditions are actually very common. For example,ysing paired comparison tests and category scaling methods,
Pearsonsfound speech-to-noise ratios in public spaces Varythey result in a relative scale, and one cannot say how easy is
ing from O dBA in an aircraft cabin to 15 dBA in a class- good enough, or when a low rating corresponds to unaccept-
room. It is easy to appreciate that conditions of 0-dBA S/Napy had acoustical conditions. Apdsated “ease of listen-
are quite different than those with a 10- or 15-dBA S/N, evenng» ith reaction time for consonants and other studies have
though word intelligibility scores for both conditions are ,a5sured “listening effort” such as those by Downand
similar and quite close to 100%. Such results disguise th?—ncks and Tharpeusing a dual-task paradigm. In these stud-
fact f[hat "? these conditions, speech intelligibility is only ies, the probe reaction time was measured after the word
p035|_ble_ W'th.a great amount of extra effort by th_e listener. Irlrecognition task. The reaction time was treated as listening
fact, it is q_u_|te d'ff'cu_lt to undgrstand speech in many Ofeffort. This is suitable as a clinical technique to assess the
these conditions andi '.t seems incorrect to sug.ges_t that thee}{‘fectiveness of hearing-aid devices and/or the application of
represent good conditions for speech communication.

. signal-processing techniques to such devices. However, it is
The authors have previously developed the use of sub- ghal-p g g

L . . ! e L difficult to measure reaction time for groups of typical lis-
jective ratings of listening difficulty as a better indicator of teners in real rooms. the focus of this studv. This tvoe of
the quality of acoustical conditions in rooms for speech ' Y- yp

communicatiod using speech tests in Japanese. Listenin@leasure also has the problem that there is no reaction time

difficulty ratings were better able to discriminate among con- alue t-hat can b? ,Sa'd to be good enough or that corresponds
to no listening difficulty.

5 In rooms, early-arriving reflections have been shown to
Presently at Institute for Human Science & Biomedical Engineering, Na—be articularly important for good speech communication
tional Institute of Advanced Industrial Science and Technology, 1-1-1 Hi'LocEner and éurg%rand otherg have F[))rovided a solid basis.

gashi,  Tsukuba, Ibaraki305-8566, Japan. Electronic  mail: : -
sato.hiro@aist.go.jp for the importance of such early reflections. However, con-
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ventional room acoustics design is still usually based only onl. LISTENING TESTS WITH AMBIENT NOISE AND

consideration of appropriate reverberation tiffes. recent  VARIED EARLY REFLECTIONS

study by the authors demonstrated the expected improves \iathod

ments to speech intelligibility scores due to early reflections ] ) )

and indicated that in realistic situations early reflection en-1- Sound-field simulation procedures

ergy in real rooms is equivalent to increasing the level of the  All simulated sound fields were produced using a seven-

direct sound by up to 9 dB- That is, the effective useful channel electro-acoustic system with loudspeakers arranged

speech level could be as much as 9 dB greater than the diregtound the listener in an anechoic room at the Institute for

sound due to the beneficial effects of early reflections ofResearch in Construction, National Research Council

speech sounds. Of course, later-arriving speech sounds a@nada. The seven loudspeakers were located at a distance

usually found to be detrimental to the intelligibility of of 1.7 m from the listener and at varied angular locations

speech. relative to the listener to simulate early reflections from vari-
The present study examines the use of listening diffi-0us angles. Each of the seven channels of electronics in-

culty ratings to rate speech transmission performance as déluded programmable digital equalizers with time delays that

tails of the sound-field components were varied. This in-could all be changed under computer control via a MIDI

cluded examining whether the benefits of early-arriving'”terface- The loudspeaker responses were corrected to be

reflections to listening difficulty ratings are similar to their flat 3 dB from 80 Hz to 12 kHz. _

effect on speech intelligibility scores. This was done using The loudspeaker located directly in front of the listener

two different types of tests to assess word intelligibility andProduced the simulated direct souffitst arriving soundl
perceived difficulty of listening to speech in simulated sound! "® Other six loudspeakers each produced one early reflec-

fields that were similar to those used in a previous stédy. tion. The early reflections arrived at the listener within the

Although sound fields can be described by the complete qdirst 50 ms after the direct sound. Two conditions of the early

tails of impulse responses, the perceptually important aspecfgflectlons were used: one in which the early reflections in-
. o reased the long-term averaged speech level by 3 dB, and the
can be more simply understood by considering the speec

qther by 6 dB. Some sound fields included only a direct

levels associated with three basic components: the direc : :
. . ound component{ case§ others included a direct sound
sound, the early reflections, and the later-arriving reverberan . .

. ' : and early reflectionsd+E cases The overall amplitudes
speech sound. In this new work, sound fields were varied b

: >0 O¥¢ each of the two component groufse., direct sound or
varying each of thgse components as a group and WIthOLétarly reflectionswere varied, but the arrival times and rela-
chan_glng _thg _deta|led make‘“P of each group such as ﬂ}ﬁ/e amplitudes of individual early reflections were not
details of individual early reflections. It was intended that thechanged and such details are not considered in these experi-
effects of changes to each of these three component groupsapis.

would be indicative of the effects of similar changes in a Each loudspeaker also reproduced simulated ambient

wide range of rooms. noise with a spectrum shape corresponding to that of an
The first experiment used sound fields that included eincB40 contout? The combined level of the noise signals
ther, only direct sound[§), or direct sound with early re- from all seven loudspeakers was measured at the listener to
flections O +E), and combined with two different levels of pe 48.4 dBA. A second noise signal with the same spectrum
steady ambient noise. The second experiment used thre@ape but with an overall level of 45.0 dBA was also used in
types of sound fields: direct sound onlfp), direct sound the experiment.
with reverberation D +Rev.), and direct sound with early In the first experiment, subjects were exposed to only
reflections and reverberatio® - E+ Rev.), all with a con-  one noise level during each of two experimental sessions.
stant level of ambient noise. Additionally, paired comparisonThe noise signals to each loudspeaker included varied time
tests were used to confirm the significance of the differencegelays so that they were not exactly coherent. The speech
among some of the sound fields in the second experiment.and noise levels used in the first experiment are summarized
The main goal of the new work reported in this paperin Table I. All speech and noise levels were obtained with an
was to confirm and extend previous restilisat indicated —omnidirectional measurement microphone located at the cen-
listening difficulty is a better rating of the quality of condi- ter of the listener’s head positiofbut without the listener
tions for speech communication than word recognition tespresenkt This procedure was used because it can be related
scores in the range of S/N that occurs most frequently irio typical measurements in rooms.
actual rooms. This new work extends the previous work by
using native and non-native speakers with a range of lan2. Subjects, speech material, and procedure for the
guage skills and used speech tests in English rather thdf$tening test
Japanese. It also explored the effects of systematic variations Subjects varied from 22 to 58 years of age, with nine
in the sound fields representative of conditions commonlymales and five females, and they reported no hearing dis-
found in real rooms including varied levels of early-arriving abilities. Although they all spoke English everyday, for seven
reflections. The new work focuses on conditions with S/N ofof the subjects English was their first language, but for the
0 dBA or greater, whereas our previous Wdrkonsidered other seven subjects English was not their first language.
the benefits of early reflections on intelligibility scores in The speech material used in the experiments was from
more adverse conditions with S/N of 5 dBA and less. the Fairbanks rhyme test as modified by Lathfmnd as
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TABLE |. Summary of measured acoustical quantities fbr(direct only cases and +E (directt early
reflectiong cases.

Direct Direct
speech  Early Noise Total speech  Early Noise Total
level, speech level, speech Total S/N, level, speech level, speech Total S/N,
dBA level, dBA dBA level, dBA dB dBA level, dBA dBA level, dBA dB
D cases D cases

42.0 45.0 42.0 -3.0 42.0 48.4 42.0 -6.4
47.2 45.0 47.2 22 47.2 48.4 47.2 -1.2
51.2 45.0 51.2 6.2 51.2 48.4 51.2 2.8
53.9 45.0 53.9 8.9 53.9 48.4 53.9 55
57.1 45.0 57.1 12.1 57.1 48.4 57.1 8.7
62.1 45.0 62.1 17.1 62.1 48.4 62.1 13.7

D +E cases D +E cases
42.0 42.4 45.0 45.2 0.2 42.0 42.4 48.4 452 3.2
42.0 47.3 45.0 48.4 34 42.0 47.3 48.4 48.4 0.0
47.2 47.2 45.0 50.2 5.2 47.2 47.2 48.4 50.2 1.8
47.2 52.3 45.0 53.5 8.5 47.2 52.3 48.4 53.5 51
51.2 51.2 45.0 54.2 9.2 51.2 51.2 48.4 54.2 5.8
51.2 55.9 45.0 57.2 12.2 51.2 55.9 48.4 57.2 8.8

used in previous test3.The test words were embedded in B. Results of listening test to speech

the sentence “Word numberis _, write that down” and

were spoken by a male talker. The original test lists consisted. The relation between listening difficulty and word
of 5 lists of 50 words, phonetically balanced within each list. intelligibility

In this test, each of the 250 words was used separately. Each

subject listened to a total of 288 words for the combmanongn which subjects performed speech intelligibility tests and

of 12 reflection conditions, by 2 noise levels and 12 repeaty : o, . ' . .
L . stening difficulty ratings for sound fields with varied speech
of each of these combinations. For each subject, 38 word ing AIMCLTLy rating Hna with vart P

. . §gnal—to—noise ratigS/N) and for two types of reflection
were used twice and the repeated words were p'Cked.rarE'onditions. In one series of tests the sound fields consisted of
domly from the 250 words._ Each word was pres_e_nted In 6bnly a direct sound and varied S/N was obtained by varying
random order for each subject, and the test conditions Welthe amplitude of the direct speech sound in combination with
Blther 45.0 or 48.4 dBA of constant noise. In the other series
. 5(} tests, three levels of direct speech sound were used and the
the SUbJ?Ct' . . S/N was varied by adding early reflections to increase the

. .SUb]eCtS flrst_performed a speech recognition test b3f0tal speech levels by 3 or 6 dBA relative to the direct speech
writing down the first letter of each test word and then theylevels. These were all presented in combination with the

rated the listening difficulty of each test sentence, includingSame two constant noise levels. Figure 1 and Fig. 2 show the
the target word, using the following four categories: ' '

The first comparisons were based on the results of tests

24 words. Each sentence was presented in a 3-s interval

(0) Not difficult: no effort required, completely relaxed lis-

100

tening condition
(1) Slightly difficult: slight attention required 95 -
(2) Moderately difficult: moderate attention required Q\o
(3) Very difficult: considerable attention required E 90 1
The authors used these same categories for listening diffi- }go
culty rating in a previous study for Japanese spéech. 5 85 1

Listening difficulty was judged immediately after the E
speech recognition test component so that listening difficulty "g 80
included the effect of the cognitive process of word recogni- =3 ® D+Noise(48dB)
tion on this subjective rating. 75 @ D 1K Nolu(hon)

Word recognition scores were obtained for each subject R ot e
as the average score of the repeated tests for each condition. 70 \ \ , - \
Listening difficulty was obtained for each subject as the per- 10 5 0 5 10 15 20
centage of responses that indicated some level of difficulty Speech-to-noise ratio, dBA

(i.e., not a “0” responsgfor each condition. This makes it
possible to identify desirable conditions as those in whichF!G. 1. Mean intelligibility scores for each sound field condition for all

listeners have no difficulty in listening to the test speech!Steners forD (direct only cases(iilled symbols and D +E (direct
) ht f ted +early .reflec.uon)scases(ope'n symbol)s.m 48-dBA nmse(cwcles) and 45-
material” Both types of scores are presented as mean SCOrgga noise (triangles. Logistic regression curve for all data is also pre-

over all subjects. sented.
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D+Noise(48dB) 100

°
O D+E+Noise(48dBA)
A D+Noise(45dBA)
A D+E+Noise(45dBA)
----- Logistic regression for 48dBA noise 95
—— Logistic regression for 45dBA noise °
100 = -
o ;E‘ 90 -
. 80 Y % 85
X - +©
5 701 e g
2 60 i A "g 80 o] A Native listeners
& % = O Non-native listeners
Zg 50 Y —— Logistics regression of
o0 \ 75 A native listeners
g 40 - éz —— Logistics regression of
g © non-native listeners
& 30 70 ‘ , . ; :
= g TS 0 -5 0 5 10 15 20
10 - o\ Speech-to-noise ratio, dBA
0 ‘ ‘ ' ‘ T FIG. 3. Mean intelligibility scores of native English speak@my triangle
10 -5 0 5 10 15 20 and non-native English speakédopen circle for all sound-field conditions.
Speech-to-noise ratio, dBA Logistic regression curves are included for the native English speakers

(solid line) and for the non-native English speakédashed ling
FIG. 2. Mean listening difficulty ratings of each sound-field conditionDor

(direct only cases(filled symbols and D+E (direct+early reflections . . .
cases(open symbolsin 48-dBA noise (circles and 45-dBA noisetri- reflections and both having almost the same speech-to-noise

angles. Logistic regression curves for all data with 45-dBA noiselid ratio, which had difficulty ratings different by 23.4% or
line) and of 48-dBA noisddashed lingare also presented. more. This indicates that, for listening difficulty ratings, add-

_ N o _ing early reflections is equivalent to increasing the energy of
resulting plots of word recognition scores and listening dif-the direct sound to the same total speech level. In other

ficulty ratings versus S/N, respectively. Both ratings showmyords, early reflections are equivalent to increased direct

strong relationships with S/N. speech energy in these conditions without reverberant speech
Although word recognition scores exceed 90% for S/Ngound.

greater than 0 dBA, listening difficulty is about 90% at a S/N
of 0 dBA and shows the greatest variation for S/N above 0 . , .
dBA. Listening difficulty decreases monotonically as S/N 2 /ndividual differences among subjects
varies from—2.5 to 15 dBA. In other words, listening diffi- Because significant differences among individuals were
culty varies over a range of 97%e., from 2% to 99%for  found, ANOVA was employed to test for differences between
the experimental conditions. However, word recognitionthe subject groups of native and non-native English speakers,
scores varied over a range of only 21%e., from 78% to  all of whom used English every day. Each group had seven
99%) and are seen to be a less sensitive rating of these acousdbjects. The experimental conditions and subject groups
tical conditions. were the two factors included in the ANOVA analysis. The
Analysis of variancANOVA) was employed to com- interaction between conditions and subject groups was not
pare the sensitivity of word recognition and listening diffi- significant either for word recognition score or for listening
culty scores. The experimental conditions and individual dif-difficulty.
ferences were the two factors tested by the repeated The result of the ANOVA for word recognition scores
measures ANOVA. The result of ANOVA for word recogni- indicated that there was a significant difference between the
tion scores indicated that there was a significant effect ofwo subject groups<0.0001). Figure 3 shows that there
conditions £<0.0001) and there was also a significant ef-are clearly different trends with respect to S/N for the word
fect of individual subject differencegp&0.0001). Tukey's intelligibility scores for each subject group. The regression
honestly significant differencg HSD) test for multiple  curves in Fig. 3 indicate that the difference in S/N between
comparison¥ was employed, and it indicated that differ- the two subject groups was 5.7 dB for a 90% word intelligi-
ences between conditions of more than 9.12% would be sigaility score. This means that non-native English speakers had
nificant. A difference of 9.12% is 42.6% of the complete a 5.7-dB disadvantage relative to native English speakers in
range of the speech recognition scores. terms of speech recognition scores. This is comparable to
The ANOVA results for the listening difficulty ratings results by Buuset al,'® who found non-native listeners to
indicate that there are significant effects of varied conditiorrequire between 3- and 12-dB better conditions depending on
(p<<0.0001) and also of the differences among subjepts ( their amount of experience with the language of the test.
<0.0001). HSD is 22.8%p1<0.05), which is 23.4% of the Somewhat similar results were reported by Nabelek and
complete range of listening difficulty ratings, and this is Donahué® for varied reverberation time and by van Wijn-
about half of that for word intelligibility. This HSD shows gaarderet all’ for Dutch subjects listening to both English
that the listening difficulty ratings have approximately and German speech material.
double the sensitivity of the word intelligibility scores. On the other hand, for listening difficulty ratings, the
There was no pair of conditions, with and without early ANOVA analysis indicated that there was not a significant

1160 J. Acoust. Soc. Am., Vol. 117, No. 3, Pt. 1, March 2005 Sato et al.: Using listening difficulty ratings in rooms



difference between the two subject groups>0.05). DMES3?2) that could be changed under computer control via a
One can conclude that although word intelligibility and MIDI interface. The loudspeaker responses were corrected to
listening difficulty ratings vary among subjects, listening dif- be flat=1 dB from 80 Hz to 12 kHz.
ficulty is not affected by the mother tongue of the subjects.  The loudspeaker located directly in front of the listener
Thus, listeners of varied language skills can be used to prgsroduced the simulated direct sound and the other six loud-
vide similar listening difficulty ratings of conditions for speakers each produced one early reflection of the speech
speech. However, these ratings would not reflect the exsounds. The early reflections arrived at the listener with var-
pected lower intelligibility scores from listeners less familiar ied delays to distribute them in a realistic manner over the

with the language of the test. first 50 ms after the direct sound. The details of individual
reflections were not varied; only the overall amplitude of the
3. Effect of noise level on listening difficulty six early reflections was varied as a group. Two levels of the

. - .__early reflections were used in the experiment, one of which
The difference between the two logistic regressIoNiy creased the long-term averaged speech level relative to that
curves(where difficulty is 50% in Fig. 2 indicates that the g g P

effective S/N difference between the two sets of results Wagfe;{gﬁtilri?cio\lfvgg b)rloiuiza?/?g ;mesgf/heir |t(?)?./,l des dgészgi\:i-th
only 1.7 dBA. This 1.7-dB difference is only half of the P P P

actual difference of noise levels and would correspond to aSIIghtIy different levels and delay times for each speaker to

20%-30% difference in listening difficulty ratings. This dif- C:)en"’gﬁta diffuse impression for the reverberant speech com-
ference is approximately the same as the H$3<0.05) P )

. S S . . Each loudspeaker also reproduced simulated ambient
required to indicate a significant difference between apalrol‘,]oise with a spectrum shape corresponding to that of an
conditions for listening difficulty. It is likely that this differ- P P ponding

ence is due to context effects in the experiment. Although i{\ICBA'O contour and with a measured overall level at the

was hoped that subjects would judge listening difficulty ab-pos';'?n gf thekllstener of t48'6 de 'ghe ntolse sf|g.nallls t.o
solutely, they may have tended to rate conditions relative t ach loudspeaker were not exactly conerent o minimize in-
the complete range of conditions to which they were expose&e rfergnce effects a'F the I|stener.and 0 create' the Impression
in each part of the experiment. In particular, the cases fon a_ﬁ']ﬁuse sounctjhfleld for.the s;mula(';gtq amblekr:.t rr]10|se. d
each noise level were presented as two subgroups in which ere were three series ol conditions, which are de-

only one ambient noise level was experienced in each Subs_cribed in Table Il. In one series the sound fields consisted of
group. This led to a slightly different range of S/N for the only a (_1|rect soundl_f() cases and yarled SIN was obtameql

two parts of the experiment, and is probably the cause of thBy varying the amplitude of the direct speech sound relative
1.7-dB shift between the two sets of listening difficulty rat- to the constant level of ambient noise. In the second series,
iﬁg results the sound fields consisted of a direct sound and two levels of

ANOVA was employed to test the significance of the '€verberation D+RevA or D+RevB cases The rever-

difference between the results for ambient noise of 48.4 dgA¢€ration time was 1.1 s for both reverberant cases, but the

and those of 45.0 dBA. Noise level, speech level, and th&atio Of early to late arriving speech soufids0 varied as

interaction between noise level and speech level were indescribed in Table Il. The reverberant speech level was 51.6

cluded as factors in the ANOVA. The result of the ANOVA dBA for the more reverberant case called “Revand 45.8

was that there was only a marginally significant differencedBA for the less reverberant case called “Rev. There
between the two ambient noise conditioms<(0.1). were four levels of direct sound for each reverberant case,

Even though the difference was not statistically Signiﬁ_increasing in 3-dBA steps from 49 dBA. In the third series

cant atp<0.05, Fig. 2 suggested that possible context effecté D + E+RevA or D+E+RevB caseg two levels of early
should be minimized in subsequent experiments. Accordteflections, which increased the effective signal level by 3
ingly, the second experiment, discussed in the next sectio"d 6 dBA, were added to the 49-dBA direct sound level

included a wider range of conditions and they were all precondition with each of “Re\A” and “Rev.B” late-arriving
sented in a single experimental listening session. energy and were compared with cases which had the same

effective signal level. The overall amplitudes of each of the
three component grougslirect sound, early reflections, and

lll. LISTENING TESTS FOR SPEECH IN AMBIENT reverberant soundvere varied but the arrival times and rela-

NOISE AND REVERBERATION TO CONFIRM

THE BENEEIT OF EARLY REFLECTIONS tive amplitudes of individual early reflections were not
changed.
A. Method The measured levels of each component group are sum-

marized in Table Il for each of the test conditions. The levels
of the direct, early, and reverberant speech sounds are listed
All simulated sound fields were produced using a sevenwhere appropriate. This table also lists the effective speech
channel electro-acoustic system with loudspeakers arrangéevels consisting of the sum of the direct sound and the early
around the listener in an anechoic room similar to that dereflection energy arriving within 50 ms after the direct sound,
scribed for the first experiments. The seven loudspeakeralong with the corresponding effective signal-to-noise ratios
were located at a distance of 1.6 m from the listener. ThéE-S/N).
delayed early reflections and reverberation were created us- To avoid context effects for a limited series of condi-
ing programmable digital signal processor&amaha tions, as discussed in the previous section, subjects experi-

1. Sound-field simulation procedures
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TABLE Il. Summary of measured acoustical quantities Br(direct only cases,D+ Rev (direct-reverberant soundcases and +E+ Rev. (direct
+ early reflections-reverberant sound) cases. The ambient noise level was fixed at 48.6 dBA for all cases listed in this table.

Direct Early Reverb Effective Total
speech speech speech speech speech Effective  Total S/N, STir RT (0.5-1
level, dBA  level, dBA level, dBA level, dBA level, dBA S/N, dB dB C50, dBA U50, dBA (male kHz), s
D cases
42.7 42.7 42.7 -59 -59 -5.9 0.29
45.7 45.7 45.7 —-2.9 —-2.9 —-2.9 0.39
48.7 48.7 48.7 0.1 0.1 0.1 0.49
51.7 51.7 51.7 3.1 3.1 31 0.59
54.7 54.7 54.7 6.1 6.1 6.1 0.68
57.7 57.7 57.7 9.1 9.1 9.1 0.78
60.7 60.7 60.7 12.1 12.1 12.1 0.88
63.7 63.7 63.7 15.1 15.1 15.1 0.94
D +Rev. cases
49.4 51.6 49.4 53.6 0.8 5.0 -21 —3.8 0.38 11
52.4 51.6 524 55.0 3.8 6.4 0.8 -0.9 0.45 11
55.3 51.6 55.3 56.9 6.7 8.3 3.8 2.1 0.54 11
58.3 51.6 58.3 59.2 9.7 10.6 6.8 5.1 0.64 11
49.3 45.8 49.3 50.9 0.7 2.3 3.7 -0.2 0.43 11
52.3 45.8 52.3 53.2 3.7 4.6 6.7 2.7 0.53 11
55.3 45.8 55.3 55.8 6.7 7.2 9.7 5.7 0.62 11
58.3 45.8 58.3 58.6 9.7 10.0 12.7 8.7 0.72 11
D +E+Rev. cases
49.3 49.4 51.6 52.4 55.0 3.8 6.4 0.8 -0.9 0.44 11
49.3 54.0 51.6 55.3 56.8 6.7 8.2 3.7 1.8 0.51 1.1
49.3 49.4 45.8 52.4 53.2 3.8 4.6 6.7 2.7 0.50 11
49.3 53.9 45.8 55.2 55.7 6.6 7.1 9.6 54 0.58 11

enced a full range of experimental conditions in one singldn this practice session, subjects listened to more than the full
test. That is, cases varied from near-zero listening difficultyrange of experimental condition&/N was systematically
(S/N of 15 dBA to nearly complet€100% listening diffi-  varied in 3-dB steps from- 18 to —9 dB and then in reverse
culty (S/N of —6 dBA). order from—9 to + 18 dB varying only the direct sound and
ambient noisp They responded to the word recognition test
and gave a listening difficulty rating to get them used to the
idea of listening difficulty and to the complete range of con-

) ) ditions. All of the subjects switched their responses from
Eleven male subjects and two female subjects were usehot-difficult” to “difficult” and vice versa in the middle of

for the experiment. Subjects varied from 21 to 58 years ofhe range of S/N in this training session.
age and they didn’t report any hearing disabilities. Two non-
nat?ve English speakers.werg .u_s.ed in this exper_iment but Results of the listening tests
their scores on the word intelligibility test were not included
in the results. 1. ANOVA for comparing sensitivity of word
The speech material used in this experiment was théde/ligibility and listening difficulty
same as in the previous experiment. Each subject listened to The result of the ANOVA for word recognition scores
10 sentences for each of 20 conditions and they heard eagthe two non-native English speakers were remowsbwed
test sentence only once. Test words and test conditions wethat there was a significant effect of varied conditign (
presented in random order to each subject. Subjects coukd0.0001) but there was not a significant effect of individual
have a small break every 25 words. Each sentence was prsubject differencesp(>>0.05). Tukey’s honestly significant
sented after the subject responded to the former sentencdifference (HSD) test was employed for multiple compari-
Hence, the rate of presentation depended on the subject. sons. HSD was calculated to be 6.88%<(0.05), which is
The experimental procedure was almost the same as #2.0% of total range of the scores.
the previous experiment except a small laptop PC with a 6  The result of the ANOVA for listening difficulty indi-
in. screen and a full-sized keyboard, positioned on the kneesated that there was a significant effect of varied condition
of the subject, was used instead of pen and paper. Subjeatp<<0.0001). There was also a significant effect of differ-
were asked to use the keyboard to give the missing first lettegnces among individual subjectg<0.0001). HSD for lis-
of each test word in the speech recognition part of the testening difficulty was 24.8%§<0.05), which is 25.1% of the
After listening to each sentence, they also rated the listeningomplete range of listening difficulty.
difficulty by typing the number for the category of difficulty. Although there is a significant effect of the differences
To minimize individual differences in the results, sub- among individual subjects, the HSD is a smaller portion of
jects were informed about the procedure of the experimernthe complete range of listening difficulty scores than is the
and the definition of listening difficulty in a training session. HSD for the word intelligibility scores. This is true even

2. Subjects, speech material, and procedure for the
listening test
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® D o D+Rev.A A D+Rev.B RevA cases created more difficult listening conditions than
& D+E+Rev. A ---A---D+E+Rev. B

Regression curve of the previous experiment the less reverberant R8vcases at the same E-S/N.
100 withag.cBAnolse The lowest S/N(0.7 dB) case for Re® without early
reflections(filled triangleg deviates from the overall trend of
90 these results and showed lower difficulty for this S/N value
80 | than expected. The difference between the lowest case and
= 70 1 the second lowest case is smaller than the HSD and is not
ﬁ: statistically significanty>0.05). In a separate test, five sub-
& 60 7 jects compared these two conditions ten times and 90% of
B 50 their responses were the opposite of the result in the main
%" 40 experiment as was expected. All of the subjects who partici-
§ pated in this trial reported that there was a subtle difference
e =0 between the two conditions and it might relate to a difference
20 in loudness. In all other cases, adding early reflections in-
10 creased the effective S/N and decreased the resulting listen-
. ing difficulty rating. This one unusual point was thought to

be due to the large scatter in listening difficulty scores; this
was verified in a paired comparison test described in next
section.

FIG. 4. Relation between effective speech-to-noise ratio and mean difficulty ~ From Fig. 4, it is seen, that for sound fields including
rating of D (direct sound cases(filled circle), D+Rev. (direct sound  RevA with the direct soundfilled diamonds, the listening

reverberant sounctases(gray symbol andD + B+ Rev. (direct sound i1ty ratings are about the same as those for the direct
+ early reflections- reverberant soundcases(open symbols The logistic

regression curve for the 48.4-dBA-noise case of the previous experiment §0UNd only cases having a 5-dB lower S/N. Adding the re-
also presented. verberant speech level from Table(81.6 dB for Re\A) to

the noise level(48.6 dB increases the total detrimental

though there is not a significant effect on word recognitionSound level by about 5 dB relative to the noise alone. This

scores of individual differences among subjects when th&@-dB increase in detrimental sound level would relate to a
mother tongue effect was removed. 5-dB decrease in useful-to-detrimental sound ratios between

This again shows that listening difficulty can better dis-the direct-sound-only cases and the direct-plu;—reverberaﬁt
criminate among these experimental conditions than caf@ses, and supports the use of useful-to-detrimental ratio

-10 -5 0 5 10 15 20
Effective speech-to-noise ratio, dBA

word recognition scores. concept(U50) (Refs. 18, 19to explain the effects of added
reverberant speech sound on listening difficulty for these
cases.

2. Comparison of listening difficulty results with Listening difficulty ratings for cases with early reflec-

those in the previous experiment tions are much lower than those for cases without early re-

Figure 4 presents the relation between listening diffi-flections at the same E-S/N. Early reflections decrease listen-
culty ratings and the effective speech-to-noise réfes/N),  ing difficulty by 10% for RevA [which is less than the HSD
in which the energy of direct sound and the early reflectiond HSD=24.8% p<0.05)] and by 40% for ReB. (which is
within 50 ms of direct sound are summed as the effectivegreater than HSpcompared to other cases with the same
speech energy. Figure 4 also includes the regression cunkeS/N. This may be due to early reflections effectively in-
obtained from the results of conditions with 48.4-dBA noisecreasing the time window for integrated useful early energy
in the previous experiment. and thus including the early part of late-arriving sountbre
The cases with only a direct sound componéilted  than 50 ms after the direct sounuh the integrated useful
circles in Fig. 4 are close to the regression curve from theenergy.
former experiment. Additionally, listing difficulty ranged Figure 5 presents the relation between listening diffi-
over almost the full scale from 1.5% to 100% as intended tcculty ratings and U5@\) values (A-weighted useful-to-
avoid context effects. This result demonstrates the repeatabiletrimental ratio with 50-ms early time interyalAs ex-
ity of the listening difficulty measure, at least for the equiva-pected, similar trends versus U3Q are seen for the only-
lent conditions in the previous experiment. direct-sound cases and the direct-sound-plus-reverberation
cases. The cases with early reflections deviate from the main
] ] ] ) trend and show lower difficulty for a particular U0 value
3. Benefit of early reflections in noise and than for the cases without early reflections. $Viale),
reverberation for listening difficuity which is a new version of the Speech Transmission Index for
The series of conditions in this experiment were creatednale voices’ shows almost the same relation with listening
to confirm that the effect of early reflections also exists indifficulty as found for USQA) in Fig. 5. These results may
more realistic cases that also included later-arriving speecimdicate that these measures could be adjusted to better re-
sounds(reverberatioh flect the benefits of early reflections on the listening diffi-
The results in Fig. 4 show that the reverberant levelculty scores. Although the previous stdtydiscussed the
influences listening difficulty ratings. The more reverberantbenefit of early reflections on speech recognition scores rang-
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@D ¢ DiRev.A A D+Rev. B A. Method
——D+E+Rev. A --A--D+E+Rev. B

= ‘l}vtietgﬁ'is;i:g;:r;/:isi the previous experiment 1. Sound fields
100 Seven of the conditions used in the previous experiment
90 were used for the paired comparison tests. The electro-
80 - acoustic system and the anechoic chamber used in this ex-
X periment were the same as in the previous listening test. Two
B 70 direct-sound-only-plus-noise casd3)( three cases with di-
g 60 | rect sound plus ReB. (D +RevB), and two cases with di-
% 50 rect sound, reverberant sound (R&y. and early reflections
2y (D+E+RevB) were used. All conditions are summarized
£ %0 in Table III.
Z 30
= 20 | 2. Subjects and procedure
10 Eleven of the subjects who participated in the former
0 experiment were used. Subjects were asked to rate the dif-

10 -5 0 5 10 15 20 ferences for each pair in one of five categories. They did this

by typing a number on the keyboard with the following de-
U50, dBA o . .

scriptions presented on the screen of the tiny PC, located in

FIG. 5. Relation between A-weighted useful-to-detrimental rftis0(A)]  front of subjects, and after listening to each pair of sentences:

and mean difficulty rating ofD (direct soungl cases(filled circle), D . .

+ Reuv. (direct sound-reverberant sounccases(gray symbolg andD +E (1) Former !S much mqre difficult than latter.

+Rev. (direct sound-early reflections-reverberant soundcases(open  (2) Former is more difficult than latter.

symbolg. The logistic regression curve of the 48.4-dBA-noise case of the(3) Former is as difficult as latter.

former experiment is also presented. (4) Latter is more difficult than former.

(5) Latter is much more difficult than former.
ing from 85% to 100% for normal-hearing listeners, listening

difficulty better discriminates among conditions in rooms to ~ The categories were assigned scores-&, —1, 0, 1,

illustrate the effect of early reflections, as this study shows.and 2 corresponding to the first to the fifth responses in the
Because the scatter in the listening difficulty ratings, dudist above, respectively. A total of 42 different pairs of speech

to individual differences among subjects, is large, it is diffi- conditions was presented twice to each subj@gcause this

cult to precisely relate listening difficulty ratings with physi- psychological scale is a relative scale, it could have used the

cal indices. More precise ratings for some of the cases useslord “easy” instead of “difficult.”)

in this experiment were obtained using a paired comparison

test presented in the next section. B. Results

1. Confirmation of significant benefit of early
IV. SCHEFFE'S PAIRED COMPARISON TEST TO reflections to listening difficulty
CONFIRM THE BENEFIT OF EARLY REFLECTIONS ON The result of the ANOVA of the results from the psy-

LISTENING DIFFICULTY TO SPEECH . . . oo
chological scale of listening difficulty showed that there was
In order to show the significant benefit of early reflec-a significant effect of test conditionp& 0.0001) and there
tions to listening difficulty, and to discuss the relation of was not a significant effect of the differences among indi-
listening difficulty scores with physical numbers, Scheffe’svidual subjects |¢>0.05). The Yardstick (same concept as
method of paired comparison t&stvas used. HSD) was calculated to be 0.13%€0.05).

TABLE Ill. Summary of measured acoustical quantities for Scheffe’s paired comparison test selected from some of cases in the former experiment in Tab
II. The ambient noise level was fixed at 48.6 dBA for all cases listed in this table.

Direct Early Reverb Effective Total
speech speech speech speech speech  Effective Total S/N, STIr  RT(0.5-1
Condition level, dBA level, dBA level, dBA level, dBA level, dBA S/N, dB dB C50, dBA U50, dBA (male kHz), s
D cases
() 48.7 48.7 48.7 0.1 0.1 0.1 0.49
(i) 57.7 57.7 57.7 9.1 9.1 9.1 0.78
D+ Re\B cases
(iii) 49.3 45.8 49.3 50.9 0.7 2.3 3.7 -0.2 0.43 1.1
(iv) 52.3 45.8 52.3 53.2 3.7 4.6 6.7 2.7 0.53 11
(v) 55.3 45.8 55.3 55.8 6.7 7.2 9.7 5.7 0.62 11
D+E+Re\B cases

(vi) 49.3 494 45.8 52.4 53.2 3.8 4.6 6.7 2.7 0.50 11
(vii) 49.3 53.9 45.8 55.2 55.7 6.6 7.1 9.6 54 0.58 1.1
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FIG. 7. Relation between A-weighted useful-to-detrimental rftI60(A)]

FIG. 6. Relation between effective speech-to-noise ratio and psychologica@nd psychological scale values of listening difficulty @r(direct sound

scale value of listening difficulty ob (direct soundl cases(filled circle), cases(filled circle), D+RevB (direct soune-reverberant sound Ré)

D+ RevB (direct sound-reverberant sound Ré) cases(gray triangle, cases(filled triangle, and D+E+ RevB (direct sound-early reflections

and D+E+RevB (direct sound-early reflections reverberant sound  +reverberant sound R&) casesopen diamony

RevB) casegopen diamony The data points are numbered fréimto (vii)

as defined in Table IIl. 2. Relation between listening difficulty and physical
measures

As Fig. 6 shows, listening difficulty ratings are well re-
o _ . ) e d to E-S/N for theD cases and thB + E+ RevB cases.
ywth direct sound plus reyerberatmn, Ils.,tenllng difficulty WaSTha D+ RevB cases are expected to differ from the main
increased by reverberation as shown in Fig. 6. When early.ony a5 E-S/N increases. This is because E-S/N does not
reflections were added, listening difficulty was reduced relatgye into account the detrimental effect of reverberation as
tive to cases without early reflections at the same E-S/Nihe small differences in listening difficulty show.
COﬂditiOﬂS(i)—(Vii) are described in Table IlI. If the differ- Figure 7 shows the relation between the psycho|ogica|
ence between two conditions is greater than the Yardstick, &écale of listening difficulty and US@). These results sug-
indicates that these two conditions are significantly differentgest that U50A) overestimates the detrimental effects of re-
The difference between conditidiv) (without early reflec- verberant sound in these results. If the time interval for use-
tions) and condition(vi) (with early reflections is greater ful energy is increased to 170 ms for+ RevB cased(iii),
than the Yardstick, and the difference between condition ~ (iv), and(v) in Table IIT]}, and to 240 ms foD +E+RevB
(without early reflectionsand condition(vii) (with early re- casgs[(VI) and (Y")]1 the variation O_f ratings ‘_’V'th useful-to-
flectiong is also greater than the Yardstick. These resultdl€trimental ratios would agree with the direct-sound-only
suggest that the listening difficulty of the conditions with cases (i) gnd(u)] as |IIu§trated in Fig. 8. This suggests that
early reflectionqvi) is less than the condition without early the effective early time interval may vary due to differences

. . ; . in the addition of early reflection components, and that a
reflections(iv), which has the same effective speech energy.. o ) L
. . . . 2’simple energy addition over a fixed 50-ms early time interval
as condition(vi). The same could be said for the relation

. . L may not always be appropriate.
between(v) and (vii). This result significantly demonstrates STIr values show the same trend as do the (850e-

that early reflections increase the effectiveness of the speeglyts and similarly overestimate the detrimental effects of
sounds more than expected due to the summation of the dizyerberant sound seen in Fig. 9.
rect and early reflection energy in cases with noise and re-
verberation. V. DISCUSSION

The key finding from Fig. 5 is the result that the condi- ) . , N
tions with early reflections and reverberation were rated as Figure 10 shows the variation of word intelligibility

. N~ i . cores of native English speakers and listening difficulty rat-
:;a_sss”(\jllfﬂcult than the direct-sound-only case having the Sam%gs with U5QA), for all of the conditions in this study. The

) listening difficulty ratings do exhibit a reasonable amount of
, Adding reverberant speechD{- RevB casg$ t(,) thg scatter.gThis mail/ be pagrtially due to systematic errors in U50
direct-sound-only casesD) caused increases in listening \iyes that were based on a fixed 50-ms early time interval
difficulty that increased with increasing E-S/N. This result 55 pointed out in the results of this study. Further efforts are
suggests that the reason for the lowest E-8IN dB) case  required to find a more appropriate procedure for determin-
for RevB without early reflections in the previous experi- ing the boundary for the early time interval and to better
ment deviating from the overall trend of results was due taunderstand the process by which early reflection energy is
the scatter of listening difficulty ratings. integrated into the useful speech energy in complete room

Comparing the conditions with direct sound and those1ate
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FIG. 8. Relation between A-weighted useful-to-detrimental ratia(A)]

and psychological scale value of listening difficulty fOr (direct soung 2Ll lt v 0 &8 1030

cases(filled circle), D+ RevB (direct sound-reverberant sound Re) U50, dBA

cases (filled triangle, x=170 ms), and D+E+RevB (direct sound

+early reflections-reverberant sound Rd&) cases(open diamond,x FIG. 10. Relation of word intelligibility(filled triangle and listening diffi-
=240 ms). culty (open circlg for all conditions in this study with the A-weighted

useful-to-detrimental ratipU50(A)]. Also shown is the regression curve to
earlier results for word recognition scores in rooms.
impulse responses. Several previous stideg*give some

clues as to how one might improve the method of evaluating

the effect of room acoustics on speech communication. The experimental conditions in this study ranged from

This study clearly shows, that early reflections at least_g g +15 dBA in terms of S/N, and this range covered
have an effect equivalent to amplifying the direct sound byaimost all conditions we might find in normal public spaces
as much as the energy |n'creas'e.they provide, a_md they_ln?;s identified by Pearsors al! The new results showed that
prove the E-S/N for listening difficulty under noisy condi- jistening difficulty ranged from 0% to 100% in this range of
tions. The results of experiments in noisy and reverberant,ngitions. Values of 5% and 95% of listening difficulty cor-
sound fields suggest that early reflections tend to expand tr}%spond to SIN values of 4.5 and 14.5 dBA, respectively.
time window of the useful early speech energy. This findingg, the other hand, for this same range of S/N values, word
suggests that some late-arriving sound., greater than 50 e ligibility scores only varied from 90% to 100%. This
ms after the direct sounds helpful, and that this would 5" ange of word recognition scores makes it more diffi-
mflue_nce the determmauon- of.opt!mum. reverberation UMEyit to consider the influence of early reflections on speech
criteria for speech communication in noise. communication using word intelligibility scores.

In a previous stud$,the authors discussed the range of

2 1.2 sound-field conditions that would be most suitably evaluated
g 1.0 e D using intelligibility scores, difficulty ratings, or sound quality
% 0.8 ° é BiEiEEV.B and easiness ratings. Each rating is most appropriate for a
% 0.6 A particular range of conditions. Figure 10 also presents the
2 o4 regression line of intelligibility scores of old studies using
- the same rhyme test and measured in actual sound fields
= 02 o . (classroom, gym, auditorium, eté>?° The curve is slightly
; 0.0 lower than the new data presented in this study, but still
§ 0.2 A indicates 90% intelligibility at a U50 of 0 dBAIn the older
= 04 o studies U50 values were probably a few dB too high, be-
& -0.6 cause speech levels were estimated from the known output of
< -0.8 the source using simple diffuse field thegfhe new results
’§ -1.0 ° in the current paper clearly illustrate the range of S/N or U50
& -1.2 for which word intelligibility scores are more appropridtg

0.4 0.5 0.6 0.7 0.8 to 0 dBA) and the range for which listening difficulty ratings

STIr are more appropriate<(4.5 to 14.5 dBA.

One problem with listening difficulty ratings is the scat-
FIG. 9. Relation between revised STI for mdgTIr) and psychological  {ar among the results of the different subjects, even though

scale values of listening difficulty fob (direct sound casedfilled circle), . . . . .
D +RevB (direct sound-reverberant sound R&) cases(filled triangle, they had received a training session. One solution to this

and D+E+RevB (direct sound- early reflections reverberant sound Problem is to use paired comparison tests, but for large sets
RevB) casesopen diamony of conditions, paired comparison tests can be very time con-
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