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Relationship between listening difficulty rating and objective
measures in reverberant and noisy sound fields for young adults

and elderly persons

Hayato Sato,® Masayuki Morimoto, and Megumi Wada
Environmental Acoustics Laboratory, Graduate School of Engineering, Kobe University, Rokko, Nada,
Kobe 657-8501, Japan

(Received 2 September 2011; revised 24 April 2012; accepted 25 April 2012)

Listening difficulty ratings [Morimoto et al., J. Acoust. Soc. Am. 116, 1607-1613 (2004)] were
obtained for 20 young adult listeners and 34 elderly listeners in reverberant and noisy sound fields
simulated in an anechoic room. The listening difficulty ratings were compared with acoustical
objective measures. The results and analyses showed the following: (i) The correlation between lis-
tening difficulty ratings and the revised speech transmission index (STI,), and that for the useful-
detrimental ratio (Usg) were high, regardless of the age of the listeners. (ii) STI, and Us, need to be
increased by 0.12 and 4.2 dB, respectively, to equalize the listening difficulty ratings for the elderly
listeners with those for the young listeners. (iii) The estimation accuracies for STI, and Us, can be
improved by calculating them with the L., of background noise linearly increased by 4 to 10 dB,
which depends on the age of the listeners and the objective measures. However, the improvement

was not statistically significant for the elderly listeners. © 2012 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4714790]
PACS number(s): 43.55.Hy, 43.71.Lz [NX]

. INTRODUCTION

The evaluation of speech transmission performance is
essential for the acoustical design of public spaces such as
classrooms, meeting rooms, auditoriums, railway stations,
and airports. Thus, the ideal goal of speech transmission is
that listeners can understand speech information accurately
and effortlessly. This indicates that the performance of the
speech transmission system, which includes everything
between a speaker and a listener, should be determined by
subjective evaluation prior to objective evaluation.

It is thought that reproducibility and practicality are im-
portant for the subjective evaluation of speech transmission
performance. Considering both reproducibility and practical-
ity, Morimoto ez al.' proposed listening difficulty as a subjec-
tive measure for evaluating speech transmission performance.
Note that listening difficulty is a proposal of entire procedure
in listening tests, which includes test materials, method of
stimulus presentation, categories for listener’s response, and
method of data reduction.

To improve reproducibility, control of test materials is
required. Considering practicality, it is desirable that speech
materials frequently used in our daily life, which are not
nonsense syllables but words or sentences, be used as test
materials. In this case, the predictability of words or senten-
ces should also be controlled to decrease the variety of
results due to the cognitive process. Familiarity-controlled
word lists 2003 (FWOS’)2 are the only test materials in Japan
that have been successfully used to control predictability.
Amano et al.? reported that word intelligibility score
increases with increasing word familiarity. In listening
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difficulty tests, the lists with the highest word familiarity
from FWO03 are used because they consist of words that are
often used in our daily life. Furthermore, reference signals
that are expected to have the lowest and highest ratings are
used in listening difficulty tests to improve reproducibility.
Sato et al.? reported that the reproducibility of listening dif-
ficulty ratings improves when a reverberation-free and quiet
sound field and an extremely reverberant and noisy sound
field are used as reference signals.

Listening difficulty ratings are the percentage of responses
that indicate some level of difficulty. This definition indicates
that speech transmission performance is optimized when no
listener experiences listening difficulty. Morimoto ef al.' sug-
gested that the definition applies to reality and matches our
normal feelings because people more frequently experience
“difficulty” rather than positive feelings such as “easiness” in
listening to speeches in their daily life. Sato er al.* conducted
listening difficulty tests using the speech material from the
Fairbanks rhyme test modified by Latham,5 and their result
clearly showed the practical advantage of using listening
difficulty ratings against using word intelligibility scores. The
advantage is that listening difficulty ratings have a range of
90% for conditions with speech-to-noise ratios between —35
and +15 dB, which are commonly found in daily life, while
word intelligibility scores could not distinguish between condi-
tions because the scores are constantly close to 100%. Lee and
Jeon® also demonstrated that the advantage of listening diffi-
culty ratings was limited in conditions with lower speech-to-
noise ratios between —10 and 45 dB.

In public spaces, reverberation sound and background
noise are main factors that spoil speech transmission perform-
ance. To convert listening difficulty ratings into objective
measures that can be used in the acoustical design of public
spaces, the relationships between listening difficulty ratings

© 2012 Acoustical Society of America



and objective measures from those detrimental sounds have to
be clarified. Sato er al.” reported that speech transmission
index (STD).® Cso,” and Ds,' are useful objective measures
for estimating listening difficulty ratings in reverberant and
quiet sound fields. Meanwhile, Sato et al* and Kobayashi
et al.'" used both reverberation sound and background noise
as detrimental sounds in their listening tests. However, in their
listening tests, only one of the two detrimental sounds was
used as a test parameter, and the other was fixed. Therefore,
there is as yet no study using both of them as test parameters.

The effect of aging on listening difficulty is also an
important topic for the acoustical design of public spaces.
Sato et al.'* reported that listening difficulty ratings for
elderly listeners in reverberant and quiet sound fields increase
with increasing hearing level. Prodi ef al.'? used listening dif-
ficulty to evaluate classroom acoustics for pupils and reported
that listening difficulty for adults was higher than that for
pupils. However, the studies did not consider the reproduci-
bility of the listening difficulty tests, or use both reverbera-
tion sound and background noise as test parameters.

The purpose of the present study is to clarify the relation-
ship among listening difficulty, objective measures, and age
of listeners from the listening tests using both reverberation
sound and background noise as test parameters. Listening
tests were performed to obtain listening difficulty ratings for
young-adult and elderly listeners in simulated sound fields.
Then, the revised speech transmission index (STI,) based on
IEC60268-16 ed. 3.0'* and the useful-detrimental ratio (Usp)
proposed by Bradley,'” which can evaluate the effects of
both reverberation sound and background noise on speech
transmission performance, were compared with the ratings.

Il. METHODS
A. Participants

Two groups of participants, namely, the young and the el-
derly, took part in the listening test. The young group con-
sisted of 20 young adults (9 males and 11 females, between 19
and 24 years old). They were university students. The elderly
group consisted of 34 elderly persons (21 males and 13
females, between 66 and 79 years old). They were employed
for the present study without any screening. There were no
elderly participants wearing hearing aids in their daily life.

The hearing levels for both ears of each participant were
measured in 5 dB steps using an audiometer in a sound-
treated room. Figure 1 shows the mean hearing levels and
standard deviations for each group and frequency. The open
and closed circles indicate the results for the young and
elderly groups, respectively. The mean hearing levels for the
young group were less than 15 dB at all frequencies and
were within normal hearing. The mean hearing levels for the
elderly group showed a rapid increase above 2 kHz, which is
a typical tendency of hearing loss due to aging.

B. Stimuli

One hundred Japanese words were used as test words. The
test words were the same as those used in the previous study.’
The test words were selected from familiarity-controlled word
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FIG. 1. Hearing levels for each group of participants. The open and closed
circles represent the mean hearing levels for the young and elderly groups,
respectively. The error bars represent the standard deviations between
participants.

lists 2003 (FW03)? for maximum familiarity to both the young
and elderly people. The length of the test words was constant
at four moras.'® The test words were pronounced by female
narrators.

The test words were convolved with 13 impulse
responses to generate reverberant speech. The impulse
responses were selected from 96 impulse responses used in
the previous study.” The impulse responses were measured
in various types of rooms in Japan.'” STI, obtained from the
impulse responses widely varied from 0.30 to 0.92. The
intervals between a STI, and the nearest one were approxi-
mately 0.05. The intervals are close to the just noticeable
difference of STI (= 0.03) reported by Bradley et al.'® Addi-
tionally, the test words with no reverberation sound were
also used. A total of 1400 reverberant speeches (100 test
words x 14 reverberation conditions) were prepared. The
presentation levels of each reverberant speech were aligned
to 65 £ 0.3 dB in terms of L,gmax at the position correspond-
ing to the center of participant’s head.

A steady-state random noise with a Hoth spectrum'® was
used as the additional noise. The presentation level of the
additional noise was set from 35 to 60 dB at 5 dB intervals,
in terms of the median level (A-weighted, slow response), at
the same position as that for the speech stimuli. No additional
noise condition was used in the listening test. The ambient
noise level (Laeq) at the listening point was 15 dB.

A reverberant speech and an additional noise were
mixed down to a mono track to generate stimuli. The dura-
tion of the additional noise was 5 s with a 50 ms rise/fall
time. The reverberant speech started 100 ms after the onset
of the additional noise. The duration of the reverberant
speech varied from 0.8 to 4.0 s depending on the impulse
response. A total of 9800 stimuli (1400 reverberant
speech x 7 noise conditions) were prepared.

Figure 2 shows the frequency distribution of STI, calcu-
lated for 98 sound fields, which are combinations of 14
reverberation conditions and seven noise conditions. It can
be said that the values of STI,. cover the existent range of
sound fields in daily life. Detailed calculation procedures for
objective measures are described in Sec. II D.

Sato et al.: Listening difficulty in reverberation and noise 4597
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FIG. 2. Frequency distribution of the revised speech transmission index
(Ref. 14) for test sound fields. Numerical labels for the abscissa axis are the
median of each bin.

C. Procedure

The listening tests were performed in an anechoic room.
The stimuli were presented from a loudspeaker (Fujitsu Ten,
TD512 Kobe, Japan) at a distance of 1.5 m in front of each
participant. The frequency response of the loudspeaker was
flat within =5 dB from 100 to 10 kHz at the listening posi-
tion. The stimuli were divided into 100 different sets consist-
ing of 98 stimuli. Furthermore, two test words without both
reverberation and noise were added to each set as reference
signals to improve reproducibility. Each set consisted of 100
different test words, and simultaneously included two refer-
ence signals and 98 different sound fields.

The participants listened to five different sets of stimuli.
The listening test was divided into 10 sessions to listen to
half of the set of stimuli with a break between sessions. The
presentation order of stimuli was random in each session,
except that the first and the second stimuli were the reference
signal and the stimuli with the lowest STI, in each session,
respectively. The interval between the stimuli was 5 s.

Each participant was asked to write down each test
word as they heard it in Japanese and simultaneously rate the
listening difficulty into one of four categories as shown in
Table I, according to Morimoto er al.' Before the listening
test, each participant listened to 20 stimuli as an exercise.
The exercises were repeated until each participant could
complete the task within the interval.

Word intelligibility and listening difficulty were obtained
from the participants’ responses. The word intelligibility
score is the percentage of the test words written down cor-
rectly. The listening difficulty rating is the percentage of the
sum of listening difficulty ratings evaluated from “2” to “4”
in Table I. The sample numbers for each sound field were
100 for the young group (20 participants x 5 sets of stimuli)
and 170 for the elderly group (34 participants x 5 sets of
stimuli).

TABLE I. Categories of listening difficulty (Ref. 1).

1 Not Difficult
2 A little Difficult
3 Fairly Difficult
4 Extremely Difficult

4598  J. Acoust. Soc. Am., Vol. 131, No. 6, June 2012

D. Objective measures

STI, and Uso"> were calculated for 98 sound fields for
comparison with listening difficulty ratings. STI, was calcu-
lated according to IEC60268-16 ed. 3.0.'* The weighting
factors for female speech were used. The L¢y’s in each 1/1
octave band for the speech stimuli and additional noise are
necessary to calculate STI,. The L. of the speech stimuli
for each reverberation condition was measured as follows—
considering utility for estimating listening difficulty ratings
from the results of the present study and in sifu measure-
ments in other spaces. First, the digitized sound files of the
test words, which were calibrated to equalize the presenta-
tion level described in Sec. I B, were merged into a long
sound file without intervals. Second, the long sound file was
convolved with the impulse response for each sound field.
Finally, the L., in each 1/1 octave band was measured using
a sound level meter at the listening point, while the output
was repeatedly radiated from the loudspeaker three times.
The L.q measured using this method would be overestimated
relative to the speech stimuli that the participants listened to
because the reverberation sound of each test word overlaps
to the next test word. To quantitatively clarify the overesti-
mation of the Ly, the speech stimuli with STIL,. of 0.3, that is
the lowest STI, used in the present study, were trimmed to
remove terminal reverberation, then the trimmed speech
stimuli were merged into a long sound file without intervals.
The L.y’s in each 1/1 octave band measured using in the
present study were larger than the L.,’s for the trimmed
speech stimuli. However, the differences between them were
less than 1.3 dB, and the difference in STI, was only 0.007
when the additional noise level was 60 dB. Therefore, the
overestimation can be ignored. The L.q of the additional
noise was measured at the listening point, while repeatedly
radiating the additional noise without a rise/fall time.

Us, was calculated for 1/1 octave bands from 250 Hz to
8 kHz using

C50,i
1—|—(1—|—C50,,')10_SNRi/10 ’

US()"[ == 10 loglo (1)

where csg; is the linear and not the logarithmic early-to-late
sound ratio for band / and SNR; is the speech-to-noise ratio
for band i. c¢sp; was obtained from the impulse response
passed through the 1/1 octave band-pass filter for band i.
SNR; was obtained from the L.,’s in each octave band of the
speech stimuli and additional noise described above.

lll. RESULTS AND DISCUSSION

A. Word intelligibility scores and listening difficulty
ratings

Figure 3 represents the relationship between word intel-
ligibility scores and listening difficulty ratings. The open and
closed circles represent the results for the young and elderly
groups, respectively.

For the young group, the listening difficulty rating var-
ied from 0 to 60% in the sound fields where the word intelli-
gibility score was close to 100%. Furthermore, the listening
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FIG. 3. Relationship between word intelligibility score and listening diffi-
culty rating. The open and closed circles represent the results for the young
and elderly groups, respectively.

difficulty rating widely varied from O to 100% whereas the
word intelligibility score varied from 40% to 100%. This
result is clearly consistent with that of previous studies, that
is, the listening difficulty rating can be used to evaluate the
differences between sound fields where the word intelligibil-
ity score cannot be used.

For the elderly group, in contrast, the word intelligibility
score was not constant at 100% and varied from 80% to
100%, in the range of the listening difficulty rating for the
elderly group from O to 60%. However, similarly to that for
the young group, the listening difficulty rating widely ranged
from 0 to 100%. This means that the listening difficulty
rating for the elderly group can also be used to discriminate
among a wide range of sound fields.

The relationships between the word intelligibility score
and the listening difficulty rating for the young and elderly
groups were quantitatively different from each other. More
specifically, the listening difficulty ratings for the young
group were higher than those for the elderly group when
they were compared under the same intelligibility condi-
tions. In other words, young people tend to evaluate listening
difficulty more sensitively than elderly people. This result
might be related to the difference between young and elderly
people in the framework for evaluating listening difficulty. It
is possible that, for example, elderly people selected “not
difficult” once they thought they caught the test words
regardless of the difficulty they experienced, whereas young
people selected “not difficult” considering factors other than
intelligibility like annoyance of reverberation sound or that
of background noise. A similar tendency is also found in the
relationship between listening difficulty and intelligibility
for pupils reported by Prodi ef al.,'* and that for non-native
listeners reported by Sato e al.* This topic is also discussed
in Sec. IV A.

It is concluded that the advantage of the listening diffi-
culty rating in evaluating speech transmission performance
still holds in reverberant and noisy sound fields, regardless
of the age of the listeners. However, note that equal listening
difficulty ratings do not always mean equal word intelligibil-
ity scores, if speech transmission performances for young
and elderly people are compared with each other. The
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listening difficulty ratings should not be used alone, and the
relationship between the rating and the word intelligibility
score, as shown in Fig. 3, should be considered at the same
time.

B. Estimation of listening difficulty from objective
measures

The listening difficulty ratings for both groups were
converted into z-scores to analyze the relationship between
the ratings and objective measures using a linear regression
analysis, as in our previous study.” Ratings that were less
than 5% and more than 95% were omitted to prevent their
excessive effect on the results of linear regression analyses.
Furthermore, ratings for the sound fields with no reverbera-
tion were also omitted because no csq could be obtained for
such sound fields. As a result, for both the young and elderly
groups, ratings for 80 of the 98 sound fields were used for
the analyses.

1. Estimation from STI,

Figure 4 represents the z-score of the listening difficulty
rating as a function of STI, for each group. Panels (a) and (b)
represent the results for the young and elderly groups,
respectively. Different symbols represent different additional
noise levels (Ly). The solid and dashed lines in each panel
represent a linear regression line and the 95% prediction
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FIG. 4. z-score of listening difficulty rating as function of the revised speech
transmission index (Ref. 14). Panels (a) and (b) represent the results for
the young and elderly groups, respectively. Different symbols represent
different additional noise levels (Ly). The solid and dashed lines in each
panel represent a linear regression line and the 95% prediction intervals,
respectively.
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intervals, respectively. The z-scores for both groups strongly
correlated with STI, (r=-0.92 for the young group,
r=—0.94 for the elderly group). The correlation for the
elderly group was stronger than that for the young group.

A multiple regression analysis was performed to statisti-
cally confirm that the regression equations for the young
and elderly group were different from each other, and were
parallel to each other. Equation (2) is a multiple regression
model tested below:

ZLD =ag + a,STI, + a,Group

+ a3(STL x Group), @
where ZLD is the z-score of listening difficulty ratings and
“Group” is a dummy variable; the values of 0 and 1 indicate
the young and elderly groups, respectively. If the regression
coefficient of a, is significant, the difference between the
groups would be statistically significant. In a similar way, a
statistical significance of @3 means that the interaction
between STI, and Group is significant and the regression
lines are not parallel to each other. The result of a multiple
regression analysis showed that the regression coefficients of
a; (—4.67) and a, (0.554) were statistically significant
(p <0.01). Meanwhile, the regression coefficient of a3
(—0.058) was not statistically significant (p = 0.844). There-
fore, it is statistically confirmed that the regression equations
for the young and elderly group are different from each
other, and are parallel to each other. The regression coeffi-
cients for both the young and elderly groups were close to
—4.7, while the y-intercept for the young group was 0.56
less than that for the elderly group. This result indicates that
STI, needs to be increased by 0.12 to equalize the listening
difficulty ratings for the elderly group with those for the
young group.

The widths of the 95% prediction interval were approxi-
mately *£0.7 and *=0.6 in the z-scores for the young and
elderly groups, respectively. The widths correspond to
*+26% and *=22% differences in the listening difficulty rat-
ing, where the estimated rating is 50%. The widths seem too
large for accurate estimation. However, there is a possibility
that the estimation errors can be reduced by applying a cor-
rection to Ly. Because the errors depend on Ly, in particular,
the errors were positive for higher noise levels and negative
for lower noise levels, regardless of the group. The reduction
in the error is discussed in Sec. IV A.

2. Estimation from Usy

As described in Sec. II D, the values of Usg in the 1/1
octave bands from 250 Hz to 8 kHz were obtained. Linear
regression analyses between the z-scores of the listening dif-

ficulty ratings and various types of Us, were performed. The
values of Usq for each octave band, the arithmetical means
of several bands, and the weighting sum of the bands from
250 Hz to 8 kHz with the weighting factor of the speech
intelligibility index (SIT)*° were used in the analyses.

Table II shows the correlation coefficients between the
z-score and the various types of Usy. The correlations for
250 and 500 Hz were rather lower than those for the other
bands or types, while the correlation coefficients for bands
other than 250 and 500 Hz were approximately —0.9, regard-
less of the group of participants. That is, Usq also strongly
correlated with the listening difficulty rating, and the degree
of correlation was not clearly affected by the difference in
frequency band or calculation method. Therefore, in this pa-
per, the arithmetical mean of the bands from 500 Hz to 4
kHz [Uso(s00-41)] are shown as an example, considering that
the grades of hearing impairment suggested by the World
Health Organization®'** are based on the mean of hearing
levels from 500 Hz to 4 kHz.

Figure 5 represents the z-score of the listening difficulty
rating as a function of the Usysoo-ax) for each group. The
results were almost the same as those for STI,. Specifically,
the results showed high correlations between the z-score and
Usocs00-ar) for both groups; the correlation for the elderly
group was higher than that for the young group; the estima-
tion error depended on Ly. However, the correlation between
the z-scores and Usgsoo-4x) Was lower, and the 95% predic-
tion intervals were wider than those for STTI,..

A multiple regression analysis using the same model
shown in Eq. (2), except STI, is replaced with Usgso0-4x),
was performed. The result showed that the regression coeffi-
cients of a; (—0.123) and a, (0.509) were statistically signifi-
cant (p <0.01). Meanwhile, the regression coefficient of as
(0.003) was not statistically significant (p =0.733). There-
fore, it is statistically confirmed that the regression equations
for the young and elderly group are different from each
other, and are parallel to each other. The regression coeffi-
cients were approximately 0.12 for both the young and el-
derly groups, and the difference between the y-intercepts for
both groups was approximately 0.51. This means that an
increase in Usgysooar) by 4.2 dB is required to equalize the
listening difficulty rating for the elderly group with that for
the young group.

IV. FURTHER CONSIDERATION

A. Attempt to correct the difference between the
effects of noise and reverberation sound

Figures 4 and 5 clearly show that the estimation error
depends on Ly. For a higher Ly, the listening difficulty rat-
ings were higher than those without additional noise. In other

TABLE II. Correlation coefficients between the z-score of listening difficulty rating and various types of the useful-detrimental ratios [see Eq. (1)].

Center frequency (Hz)

Arithmetical mean Weighting sum

Group of participants 250 500 1k 2k 4k 8k 250-8k 2504k 500-8k 250-2k 5004k 1k-8k SII
Young -0.77 -0.84 -087 -089 —0.87 —0.88 —0.87 —0.87 —0.89 —0.86 —-0.88 —0.89 —0.88
Elderly -0.83 -0.87 —-0.89 -092 -090 -—-0.89 —091 —-0.90 —-0.91 —0.90 -091 -0.91 —-0.91
4600  J. Acoust. Soc. Am., Vol. 131, No. 6, June 2012 Sato et al.: Listening difficulty in reverberation and noise
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FIG. 5. Same as Fig. 4, but for the arithmetical mean of the useful-
detrimental ratios [see Eq. (1)] in the 1/1 octave bands from 500 Hz to 4
kHz.

words, the error should decrease when plots for sound fields
with a higher Ly are shifted toward the left direction. When
L.y of the additional noise for each octave band linearly
increased by X dB are used for calculating the objective
measures, each objective measure decreases with increasing
X. Note that the decrease in the objective measure is larger
for sound fields with a higher Ly than for sound fields with-
out the additional noise because the energy of the additional
noise is dominant relative to that of the reverberation sound
for sound fields with a higher Ly. In the rest of the paper, the
X described above is defined as the increase in noise level
(Iy). If Iy was optimized, the plots should be closer to a
linear regression line than to those in Figs. 4 and 5. To clar-
ify the optimum values of Iy for STI,. and Usgsoo-44), €ach
objective measure was calculated while increasing /y by 1
dB step, and the correlation coefficients between the z-score
of the listening difficulty rating and the objective measures
were also calculated.

Figure 6 represents the correlation coefficient between
the z-score of listening difficulty rating and the objective
measure as a function of Iy for each group of participants
and objective measure. Every relationship represented a
quadratic function and had a local minimum.

For the young group, the coefficients were minimized
when the /)y values were 7 and 10 dB for STI, and Usqsoo-4x),
respectively. Figure 7 represents the z-scores of the listening
difficulty ratings for the young group as a function of
STL(Iy=7), that is, the STI, obtained using the Iy of 7 dB.
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arly increased by /y dB. The circles and triangles represent the results for
the young and elderly groups, respectively. The open and filled symbols rep-
resent the results for the revised speech transmission index (STI,) (Ref. 14)
and the arithmetical mean of the useful-detrimental ratios [see Eq. (1)] in
the 1/1 octave bands from 500 Hz to 4 kHz [Usosoo-ax], respectively.

The correlation coefficient (r=—0.97) improved relative to
that for STI,. A y-test (p < 0.05) showed that the correlation
coefficient for STI(I[y=7) was statistically different from
that for STI,. The width of the 95% prediction interval was
*18%, which is £8% narrower than that for STI,. Figure 8
represents the z-score as a function of Usysoo-ar)(ly = 10),
that is, the Usgspo.4k) Obtained using the Iy of 10 dB. The
correlation coefficient (r=—0.96) also statistically improved
(p < 005) relative to that for U50(500-4k)‘

For the elderly group, the correlation coefficients
between the z-score of listening difficulty rating and the
objective measure were minimized when the Iy values were
4 and 7 dB for STI, and Usgsoo-4x), Tespectively. The opti-
mum values of I, were 3 dB lower than those for the young
group. Figures 9 and 10 represent the z-score for the elderly
group as a function of the objective measures calculated
using the optimum Iy for each measure. The correlation
coefficients improved relative to those for the objective
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FIG. 7. z-score of listening difficulty rating for young group as function of
the revised speech transmission index (Ref. 14) with the increase in noise
level (Iy) of 7 dB (see Fig. 6). Different symbols represent different addi-
tional noise levels (Ly). The solid and dashed lines in each panel represent a
linear regression line and the 95% prediction intervals, respectively.
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FIG. 8. Same as Fig. 7, but for the arithmetical mean of the useful-
detrimental ratios [see Eq. (1)] in the 1/1 octave bands from 500 Hz to 4
kHz with the increase in noise level (/) of 10 dB (see Fig. 6).

measures without applying /. However, there was no statis-
tically significant difference between the correlation coeffi-
cients for the objective measures with Iy application and for
those without 7/ application [p=0.23 for STI,, p=0.15 for
Usocs00-ar]-

Roughly speaking, STI, and Us, assume that the degrees
of interruption from the reverberation sound and noise are
equal if their energies are equal. However, the result show-
ing that the optimum values of I in all cases were positive
indicates that the effect of noise on the listening difficulty
ratings was larger than that of reverberation sound, regard-
less of the age of the listeners. Iy is a useful variable for cor-
recting the difference between the effects of reverberation
sound and noise on the subjective measures of speech trans-
mission performance. Note that the optimum /y is a charac-
teristic value for the listening difficulty rating obtained here
and depends on many factors such as the subjective measure
to be estimated, the presentation method of stimuli, the
familiarity of speech materials, and the duration of speech
materials. For example, the effects of reverberation sound on
intelligibility are different between speeches with/without a

carrier phrase.”
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FIG. 9. Same as Fig. 7, but for the elderly group. The increase in noise level

(Iy) is 4 dB (see Fig. 6).
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FIG. 10. Same as Fig. 8, but for elderly group. The increase in noise level
(Iy) is 7 dB (see Fig. 6).

Meanwhile, the age of the listeners also affected the
optimum /. The optimum values of Iy for the elderly
group were 3 dB lower than those for the young groups.
Furthermore, the correlation coefficients for the elderly
group did not statistically improve with [y application.
These results indicate that the effect of the reverberation
sound relative to that of the additional noise on the listen-
ing difficulty rating is larger for the elderly group than for
the young group.

It can be thought that it is not energetic masking but
informational masking®* that causes the difference between
the effects of reverberation sound and noise on the subjective
measures of speech transmission performance. Reverbera-
tion sound resembles speech signals more closely than
random noise. Therefore, listeners would have a larger diffi-
culty in the cognitive process to focus attention on speech
signals and suppress maskers in reverberant sound fields
than noisy sound fields, if the amounts of energetic masking
of reverberation sound and random noise are equal. How-
ever, studies of the relationship between aging or hearing
impairment and informational masking® 2’ suggested that
the amount of informational masking does not increase with
aging. In other words, the difference in optimum [y is not
related to informational masking.

As described in Sec. III A, an alternative possibility is
that the young group is more sensitive to annoyance or fac-
tors other than the intelligibility in rating listening difficulty
than the elderly group. Although annoyance due to noise
depends on noise sources, listening conditions, listeners’
tasks, and other factors, Gjestland and Oftedal®® and Fields
and Walker®® show that annoyance increases with increasing
noise level where the LAquS or Leng of noise exceeds
approximately 40 dB. This means that the listeners in the
present study could feel annoyance due to noise in the sound
fields with an Ly of more than 40 dB, at least for the young
group. For the elderly group, an increase in listening diffi-
culty rating related to the annoyance caused by noise disap-
peared because of the lack of attention to the annoyance
of noise or a decrease in the loudness of noise caused by
hearing loss. Accordingly, the optimum [y of this group
decreased relative to that of the young group.
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B. Effect of hearing level on listening difficulty rating

Sato er al.'? reported that listening difficulty ratings

increased with increasing hearing level. To study how hear-
ing level affects the results obtained in the present study, the
grades of hearing impairment®'*? for each elderly listener
were obtained on the basis of the mean of hearing levels at
0.5, 1, 2, and 4 kHz for the better ear. The elderly listeners
(N =34) were classified into “normal” (N=19) or “mild”
(N = 15) grades. No listener was classified into grades above
“mild.” The mean hearing levels for the normal and mild
groups were 17.0 and 33.0 dB, respectively.

In the following analyses, the effect of hearing level was
studied using the listening difficulty rating for the young
group as a reference. Figure 11 shows the relationship
between the z-score of listening difficulty rating for the
young group and those for the elderly group. The ordinates
in panels (a) to (c) represent the z-scores of the listening dif-
ficulty ratings for all the elderly listeners, and the normal
and mild groups, respectively. Ratings that were less than
5% and more than 95% were omitted from the analyses.
Almost all the symbols were plotted above the dashed lines
for each panel. This means that the z-scores for the elderly
group were higher than those for the young group, even for
the normal group. This result is consistent with that of Sato
etal?

Multiple regression analyses using a model shown
in Eq. (3) were performed to statistically test the effect of
hearing level on listening difficulty ratings for the elderly
listeners.

ZLDE = ay + a,ZLDY + a,Group + a3(ZLDY X Group),
3)

where ZLDY and ZLDE are the z-scores of listening diffi-
culty ratings for the young and elderly groups, respectively,
and “Group” is a dummy variable. In the rest of paper, three
groups of listeners, which are all elderly listeners, the normal
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FIG. 11. Relationships between z-score of listening difficulty rating (LDR)
for the elderly groups and that for the young group. Panels (a) to (c) show
the results for all the elderly listeners (N =34), elderly listeners with normal
hearing level (N =19), and elderly listeners with mild hearing loss (N = 15),
respectively. The dashed line indicates that the z-scores for the young and
elderly groups are equal.
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group, and the mild group, are abbreviated as ALL, NORM,
and MILD. The differences among the three groups were
tested independently. Table III represents the summary of
multiple regression analyses. The regression coefficients of
a; and a, were statistically significant (p < 0.01) for all anal-
yses. This means that the differences in listening difficulty
ratings among ALL, NORM and MILD are statistically
significant. The regression coefficient of a, indicates the
difference in the z-score between them. For the difference
between NORM and MILD, an increase in the z-score by
0.384 corresponds to an increase in the listening difficultly
rating by around 15% when the listening difficulty rating for
NORM is 50%. In a similar way, when the listening diffi-
culty rating for ALL is 50%, the ratings for NORM and
MILD are estimated to be 44.3% and 59.5%, respectively.
The differences are less than 10%. This means that the
results for all the elderly listeners are practically acceptable
for estimating the listening difficulty ratings for elderly lis-
teners with “normal” or “mild” grades of hearing impairment
from the objective measures.

C. Application to public spaces

Temporal, spectral, and spatial characteristics of rever-
beration sound and background noise in public spaces were
more complex than those in the present study. In this subsec-
tion, the effects of the three physical characteristics on lis-
tening difficulty ratings are discussed to clarify applicability
of the results of the present study in public spaces.

Temporal characteristics of the reverberation sound var-
ied widely while the additional noise was limited to steady-
state in the present study. Festen and Plomp® reported that
the speech reception threshold for steady-state noise was
higher by around 5 dB than that for noise with the envelope
of speech. Lee and Jeon® reported that listening difficulty rat-
ings showed a wider variance than intelligibility scores when
background noise was impulsive. These studies indicate that
listening difficulty ratings will be affected by temporal char-
acteristics of background noise. However, there is no objec-
tive measure of speech transmission performance which can
consider time-varying noises. The results of the present
study are applicable only for sound fields with steady-state
noise, primarily because both STI. and Us, assume that
background noise is steady-state.

TABLE III. Intercepts and regression coefficients of multiple regression
equations based on a regression model shown in Eq. 3. “Group” is a dummy
variable, and the values of 0 and 1 are respectively assigned to each two of
three groups of elderly listeners: all the elderly listener (ALL), the elderly
listeners with normal hearing (NORM), and the elderly listeners with mild
hearing loss (MILD) as shown in the first column. The asterisk represents
statistical significance (p < 0.01).

Group Regression coefficient
0 1 Intercept (ap) a, ar as
NORM MILD 0.417" 1.04" 0.384" 0.067
ALL NORM 0.560" 1.03" —0.143" 0.009
ALL MILD 0.560" 1.03" 0.241" 0.076
“p<0.01.
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Spectral characteristics of the reverberation sound also
varied widely in the present study because the impulse
responses measured in various sound fields were used to add
reverberation sound to the test words. Meanwhile, only Hoth
spectrum was used for the additional noise. Some
studies® ™ showed that long-term frequency spectra of
background noise in public spaces is broad and decreases
with increasing frequency. Therefore, Hoth spectrum can be
a representative frequency spectrum of background noise in
public spaces. If frequency spectrum of background noise
were extremely different from Hoth spectrum, the relation-
ship between listening difficulty ratings and objective meas-
ures would be different from that obtained here because of
factors other than intelligibility, such as annoyance.

Spatial characteristics of the additional noise and the
reverberation sound in the present study were also different
from those in public spaces. For example, Soeta and Simo-
kura® reported that interaural cross-correlation coefficients
of environmental sound in railway stations were less than
0.35, while the interaural cross-correlation coefficients of the
additional noise and the reverberation sound were close to 1.
Sato et al>*3> reported that interaural cross-correlations of
speech and noise made a significant difference in listening
difficulty ratings only for a speech-to-noise ratio of —10 dB,
and did not for higher speech-to-noise ratios such as +10
dB. A speech-to-noise ratio of —10 dB is approximately cor-
responding to STI, of 0.17. Therefore, in sound fields that of-
ten appear in public spaces, interaural cross-correlations
would not affect the relationship between listening difficulty
ratings and objective measures.

V. CONCLUSIONS

The listening tests were performed to clarify the rela-
tionship among listening difficulty rating, objective meas-
ures, and age of listeners. The results and the analyses lead
to conclusions as follows:

(1) Listening difficulty ratings can be used to evaluate
speech transmission performance sensitively in reverber-
ant and noisy sound fields regardless of the age of the lis-
teners. However, note that equal listening difficulty
ratings do not always mean equal word intelligibility
scores if speech transmission performances for young
and elderly listeners were compared with each other.

(2) The correlation between listening difficulty ratings and
STI,, and that for Uso were high, regardless of the age of
the listeners. The correlation coefficients were within the
range from —0.88 to —0.94.

(3) The difference in listening difficulty ratings between the
young and elderly listeners was statistically significant.
STI, and Usg need to be increased by 0.12 and 4.2 dB,
respectively, to equalize the listening difficulty ratings
for the elderly listeners with those for the young
listeners.

As a further consideration, the correction of the differ-
ence between the effects of noise and reverberation sound
on listening difficulty ratings was attempted. The effect of
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hearing level on listening difficulty rating was also analyzed.
A summary of this consideration is as follows:

() The estimation accuracies for STI,. and Usq can be
improved by calculating them with the L.q of back-
ground noise linearly increased by 4 to 10 dB, which
depends on the age of the listeners and the objective
measures. However, the improvement was not statisti-
cally significant for the elderly listeners.

(ii))  The effect of hearing level on the estimation of the
listening difficulty rating for the elderly listeners can
be practically ignored when the grades of hearing
impairment for the elderly listeners are normal or
mild.
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