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The massive earthquake that occurred on 11 March 2011 in Japan demonstrated that the intelligibility of
speech presented over mass notification sound systems is often significantly degraded by long-path
echoes. This study examines the effect of word familiarity on speech intelligibility in the presence of
long-path echoes, in order to increase speech intelligibility in such systems. We performed two experi-
ments using sets of four sequentially connected words (quadruplets), in place of an actual sentence. In
Experiment 1, we investigated word intelligibility in the presence of simulated long-path echoes for
quadruplets consisting of words with the same word familiarity rank. The results indicated that the intel-
ligibility of high-familiarity words is higher than that of low-familiarity words, irrespective of the number
of simulated long-path echoes. In Experiment 2, quadruplets with mixed word familiarity were used to
investigate intelligibility under more realistic conditions. The results of Experiment 2 demonstrate that
the intelligibility of high-familiarity words is higher than that of low-familiarity words under long-
path echo conditions, even when high- and low-familiarity words coexist in one quadruplet. These facts
show that high-familiarity words are more robust against the influence of long-path echoes than low-
familiarity words, strongly suggesting that announcements presented from mass notification sound sys-
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tems should consist of high familiarity words as much as possible.
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1. Introduction

The massive earthquake and high tidal wave that struck Japan
on 11 March 2011 reinforced the importance of mass notification
systems. Among various systems, the governmental mass notifica-
tion sound system that covers wide coastal areas of Japan has a sig-
nificant advantage: it can effectively convey emergency
announcements over wide areas and does not require message
recipients to use any special equipment. This system broadcasts
messages from local governments to citizens via radio communica-
tions and public address systems installed on towers. This system,
however, confronted us with a serious problem: direct messages to
citizens in emergency evacuations are often insufficiently intelligi-
ble. In fact, a large governmental questionnaire indicated that 20%
of the citizens judged the messages to be unintelligible [1].

Long-path echoes are the most significant cause of reduced
speech intelligibility in messages conveyed by mass notification
sound systems [1]. That is, in open-air public address systems,
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echoes with delay times that are much longer than those observed
in rooms are generated by reflections from hilly terrain, buildings,
and other obstructions. Moreover, neighboring public address tow-
ers presenting the same message may cause long-path echoes,
with delay times corresponding to the differences in the sound
propagation paths between the towers and the listening point.
Nonetheless, the manner in which long-path echoes interfere
with speech understanding has not been well investigated. Before
the earthquake, Toida investigated the effect of long-path echoes
on outdoor speech intelligibility [2-4] and proposed a method to
predict the speech intelligibility of Japanese mono-syllables, but
not the intelligibility of words and sentences that are suitable for
practical use [4]. After the earthquake, Sato et al. measured word
intelligibility in several open-air environments and in various sim-
ulated long-path echo conditions in a laboratory, and found that
the speech transmission index (STI) has potential as an objective
measure to estimate speech intelligibility, even in the presence
of long-path echoes [5]. However, to the best of our knowledge,
no studies have proposed methods to increase the robustness of
open-air public address systems in terms of speech intelligibility
in the presence of long-path echoes. To cope with this problem,
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the authors focus on the familiarity of words used to compose mes-
sages presented from open-air public address systems.

This study considers the familiarity of words that compose
announcements presented from loudspeakers as a measure to
decrease interference by long-path echoes. “Word familiarity” is
a subjective variable that indicates how familiar native speakers
are with the word. We used the familiarity values measured by
Amano et al. [6] for about eighty thousand Japanese words, i.e.,
all the entry words in a popular Japanese dictionary [6]. Familiarity
was rated from 1.0 (minimum) to 7.0 (maximum). Sakamoto et al.
[7] showed that word intelligibility increases as the familiarity
increases in both quiet and noisy environments. Sato et al. [8]
demonstrated that word intelligibility increases as word familiar-
ity increases in noisy and reverberant environments. Morimoto
et al. [9] indicated that listening difficulty decreases and word
intelligibility increases when word familiarity increases in rever-
berant environments. These results clearly indicate that high-
familiarity words are robustly intelligible under various severe lis-
tening conditions. We can expect, therefore, that high-familiarity
words presented with long-path echoes will be more robust, in
terms of intelligibility, than low-familiarity words.

The purpose of this study is to clarify the effect of word famil-
iarity on speech intelligibility in the presence of long-path echoes.
In this study, we performed two experiments using sets of four
sequentially connected words, in place of an actual sentence. Here-
after, a series of four continuous words is called a quadruplet. In
the first and second experiments, respectively, we used quadru-
plets containing words with equal familiarity ranks and quadru-
plets containing words with mixed fmiliarity ranks.

2. Experiment 1: Intelligibility of four - continuous words with
the same word familiarity

2.1. Apparatus

The experiment was conducted in a soundproof room at the
Research Institute of Electrical Communications, Tohoku Univer-
sity. Acoustic stimuli were presented diotically to both ears using
headphones (Sennheiser HDA-200) through an audio interface
(Cakewalk UA-25EX) connected to a notebook computer.

2.2. Test words and test sound fields

The test words were selected from a familiarity-controlled word
list called FW07 [10]. The word list consists of four word familiar-
ity ranks as follows: highest (7.0-5.5), second-highest (5.5-4.0),
second-lowest (4.0-2.5), and lowest (2.5-1.0). Each rank consists
of 20 lists, and each list contains 20 words, i.e., each rank includes
400 words. All the words have four morae.! The words were spoken
by a trained female speaker, and recorded in a studio. The quadru-
plets used in this experiment were composed of either (1) words
with the highest familiarity ranks (7.0-5.5) or (2) words with the
second-highest familiarity ranks (5.5-4.0). All the words in the data-
base are scored over a range of 7.0-1.0 in familiarity, grouped into
four ranks: 7.0-5.5, 5.5-4.0, 4.0-2.5, and 2.5-1.0. However, most
words presented via actual mass-notification systems are in the
familiarity range between 7.0 and 4.0 [11]. Consequently, only the
words within the familiarity ranges of 7.0-5.5 and 5.5-4.0 were
selected in the present study. Hereafter in this paper, the former is
called high-familiarity stimuli and the latter low-familiarity stimuli.

! Unit to count syllable-like structures of the Japanese language [7]. For example,
the Japanese word “pan” (bread) consists of two morae of “pa” and “n” although this
is a mono-syllabic word.

Fig. 1 diagrams the time patterns of presented words for
seven types of simulated sound fields with different echo pat-
terns used in the experiment. Fig. 2 depicts the examples of
the time waveform and spectrogram in conditions A and C. Here,
a preceding sound means the quadruplet presented at first to
simulate the speech sound arriving at a listening point via the
shortest path, and a following sound means the quadruplet
presented with a lag time from the preceding sound to simulate
a long path echo.

Sound field A consists of only a preceding sound with no follow-
ing speech sound (simulated speech sound without any long-path
echo), B, C, and D consist of a preceding sound and a single follow-
ing sound (speech sound with a single simulated long-path echo),
and E, F, and G consist of a preceding sound and following sounds
(speech sound with two simulated long-path echoes). A cluster of
symbols (circles, squares, triangles, or rhomboids) represents an
individual word and one symbol represents each mora of each
word. The delay time between the preceding sound and the follow-
ing sound was set to multiples of 375.0 ms. This length was
decided on the basis of the average word length of the 4-mora-
words used in the experiment. The average and standard devia-
tions of word lengths for all words used in the experiments were
773 ms and 53 ms, respectively, and the calculated word length
was rounded to 750 ms. That is, 375.0 ms corresponds to half the
average word length, and this value was used as the basic unit
for the delay times of the following sounds in all experimental con-
ditions. For example, in condition E, a preceding sound, a following
sound with a time delay of 375 ms and another with a time delay
of 750 ms were presented to listeners. The preceding sound and
following sound(s) ended at the same time, as shown in Fig. 1.

All Japanese words consist of units called “mora.” Mora is the
basic unit of the Japanese language rather than syllable and is
similar to rhythm beat in music as explained previously.
Therefore, the lengths of moras distribute in a narrow range if
the speech rate is constant. As written in the manuscript, all the
words in the database, and thus those used in this study, consist
of four moras. As a consequence, the standard deviation of the
word lengths is only 53 ms while the mean is 773 ms. Moreover,
since the words consist of four moras, the standard deviation of
the mora lengths in the words becomes 26.5 ms, corresponding
to around one-eighth of the mean of the mora length, resulting
in very consistent lengths of the quadruplet used. Therefore, the
stimuli can be regarded as having enough similar lengths so that
their time pattern can be represented by the time pattern model
shown in Fig. 1.

The sound pressure levels of the words were measured by 1/2
inch microphones (B&K 4192) attached to an artificial ear (B&K
4153). The A-weighted sound pressure level was set to 60 dB
(Laeq)- In this study, the sound pressure levels of the sounds were
identical. For this experiment, we assumed the situation that the
same sounds are presented with certain delay from different loud-
speakers located at the same distance from the listening point. In
this situation, two sounds arrive at the listening point with the
same sound pressure level. This can be considered as the worst
case; once there is a difference between the sound pressure levels
of preceding and following sounds, listeners can easily hear the
sound with the larger sound pressure level [12]. Therefore, in this
study, the sound pressure level of the following sound was set at
the same level as that of the preceding sound.

2.3. Listeners
Six male listeners and one female listener (ranging from 20-

24 years old) with normal hearing sensitivity participated in the
experiment.
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Delay time from a

Sound field .
preceding sound
A
Preceding sound OOCOOOOOOAAAASOSSE
B
Preceding sound QOOOOOOOAAAASSOS
Following sound OOOOOOOO0AAAALSS 3750 ms
C
Preceding sound QOOQOOOOOAAAASSSS
Fallowing sound OOOOOO00OAAAA 750.0 ms
D
Preceding sound QQOOOOOOAAAASSOO
Following sound OOOCO000AA 11260 ms
E
Preceding sound QOOQOUOOOOAAAASSSS
; OQOOOOOOOAAAASS 3750 ms
rolowing sound OOOOOO0OAAAA  7500ms
F
Preceding sound QOQOOOOOOAAAASOOS
: OOOOOOOOAAAASS 3750 ms
Following sound OOOOO000AA 1125 0 rris
G
Preceding sound QOOOOOOOAAAASOOS
. QOOOO0O0O0OAAAA 7800 ms
Following sound 00000000 1500.0 ms

Fig. 1. Pattern diagram of seven sound fields used in Experiment 1. A cluster of the same four symbols (circles, squares, triangles, or rhomboids) represents an individual four-
mora word and one symbol represents each mora of each word.
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Fig. 2. Examples of time waveforms and spectrograms of the stimuli in conditions A and C.
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2.4. Procedure

Two twenty word lists associated with either the high or the
low rank familiarity were used. Twenty words were included in
each list as mentioned above.

For each of the high and low word familiarity ranks, 20 word
lists were divided into five sets of four lists. To produce a quadru-
plet, the four lists in one set were, respectively, assigned to the
positions (the first to the fourth) of the quadruplet. Then, one word
was selected randomly from each of the four word lists and the
four words were connected sequentially to produce a quadruplet.
The used words were omitted and this process was repeated 20
times to obtain a speech unit consisting of 20 quadruplets. This
procedure was applied to the five sets. As a result, five speech units
in total, consisting of 20 quadruplets each, were obtained. Because
only five sets were available to test seven types of sound fields (A
to G), we assigned the seven listeners to each experimental condi-
tion as shown in Table 1, which shows the assignment of the
speech unit/sound field combinations for listeners, in this manner,
a word appears only once for a specific listener. “L” in the table
indicates each listener. Each listener participated in only five of
the seven types of sound fields and listened to a different speech
unit in each sound field. As a result, a listener did not listen to
the same word more than once. The number of quadruplets used
to test each sound field was 100 (20 quadruplets x 5 listeners).
The experiment with the high and low word familiarity ranks
was conducted separately. All listeners participated in both
experiments.

The experiment with the high word familiarity was performed
first for all listeners. In one session, stimuli with the same sound
field were presented. Here, the 20 quadruplets were presented ran-
domly. The inter-stimulus interval for presentation of the quadru-
plets was set to 15s. Listeners were asked to write down each
quadruplet exactly as they listened to during the 15 s interval.
The order of the speech units was not randomized but presented
from unit 1-5 for all listeners. The total test duration for each lis-
tener was approximately two hours, including short breaks
between sessions.

2.5. Results and discussion

In total, 80 test words included in 20 quadruplets were pre-
sented for each listener for each sound field. The percentage of test
words answered correctly was calculated as a word intelligibility
score for each listener, for each sound field. Fig. 3 shows the word
intelligibility scores averaged over the five listeners. Error bars
denote the standard deviations. For any word familiarity rank,
the word intelligibility score decreased by adding a following
sound. Moreover, adding another following sound further
decreased the word intelligibility score. Nevertheless, for all
sounds fields, word intelligibility scores for high-familiarity words
were higher than those for low-familiarity words.

Two-way ANOVA was carried out using sound field and word
familiarity as factors. The result revealed the significant effects of
both sound field (F(6,28)=41.08, p <.001) and word familiarity
(F(1,28)=57.09, p <.001). Multiple comparisons (Ryan’s method,
p <.05) on the main effect of sound fields revealed that the word
intelligibility of the condition with a preceding sound only (sound
field A) is significantly higher than the word intelligibilities of all of
other sound fields (B-G), and that word intelligibility scores for
sound fields composed of a preceding sound and a single following
sound (sound fields B-D) were significantly higher than those for
sound fields composed of a preceding sound and two following
sounds (sound fields E-G).

Fig. 4 shows word intelligibility scores for each word position in
a quadruplet for each sound field, in order to show the effect of

word familiarity on word intelligibility for each word position in
a quadruplet. For all sound fields and all word positions, the intel-
ligibility of high-familiarity words is higher than that of low-
familiarity words, except for the first position of sound field D
and the fourth position of sound field F. Three-way ANOVA was
carried out using sound field, word familiarity, and word position
as factors. The result reveals significant main effects for all factors:
sound field (F(6,28)=41.08, p<.001), word familiarity (F(1,28)
=57.09, p<.001), and word position (F(3,84)=348.70, p <.001).
This result clearly indicates that the intelligibility of high-
familiarity words is higher than that of low-familiarity words.

In summary, the results of Experiment 1 demonstrate that long-
path echoes degrade word intelligibility, and that intelligibility
decreases with an increase in the number of echoes. Nevertheless,
under long-path echo conditions, the intelligibility of high-
familiarity words is higher than that of low-familiarity words,
regardless of their position in a quadruplet. These facts suggest
that high-familiarity words are more robust against the influence
of long-pass echoes than those low-familiarity words in open-air
environments.

3. Experiment 2: Intelligibility of four continuous words with
mixed word familiarity

The results of Experiment 1 suggest that high-familiarity words
are robust against the influence of long-pass echoes in comparison
with low-familiarity words. However, the familiarity ranks of
words used for the preceding sound and for the following sounds
were identical in Experiment 1. The overlapping of words with dif-
ferent familiarities may affect the words intelligibility, and these
effects should be analyzed. Moreover, in actual situations, it is
impossible to compose announcements that use only high-
familiarity words. In Experiment 2, the word intelligibility of
quadruplets with mixed word familiarity was measured to investi-
gate the influence of long-path echoes under more realistic condi-
tions than in Experiment 1.

3.1. Apparatus, test words, and sound fields

The apparatus was identical to that used in Experiment 1.
Quadruplets used in the experiment were composed of high-
familiarity and low-familiarity words appearing alternately. The
words appeared in either high-low order (HLHL) or low-high order
(LHLH). As in Experiment 1, high familiarity refers to the highest
familiarity rank (7.0-5.5) and low familiarity refers to the
second-highest (5.5-4.0).

Fig. 5 diagrams the time patterns of presented words for simu-
lated sound fields A, C, and G. Because the results of Experiment 1
indicated no significant differences among sound fields B, C, and D
(conditions with a single echo), and among sound fields E, F, and G
(conditions with two echoes), only three long-path echo conditions
(A, C, G) were selected. From the figure, it can be seen that a high-
familiarity word overlaps completely with a low-familiarity word
and vice versa at the same word position.

In the same manner as in Experiment 1, the sound pressure
level of words was measured by 1/2 in. microphones (B&K 4192)
attached to an artificial ear (B&K 4153). The A-weighted sound
pressure level was set to 60 dB (Laeq)-

3.2. Listeners

Five male listeners and one female listener (ranging from 20-
24 years old) with normal hearing sensitivity participated in the
experiment. None of them had participated in Experiment 1.



34 Z. Cui et al. / Applied Acoustics 124 (2017) 30-37

Table 1
Assignment of listeners to the speech unit/sound field combinations in Experiment 1.
Speech unit Sound field
A B C D E F G
I L1 L2 L3 L4 L5 L6 L7
1l L7 L1 12 L3 14 L5 L6
)| L6 L7 L1 L2 L3 L4 L5
v L5 L6 L7 L1 L2 L3 L4
\Y 14 L5 L6 L7 L1 L2 L3
Word familiarity the ten sets. As a result, ten speech units consisting of 20 quadru-
O High @ Low plets in HLHL order were obtained. Using a similar procedure, ten
1 speech units consisting of 20 quadruplets each in low-high-low-
b & high (LHLH) order were obtained.
§ osl Table 2 shows the assignment of participants to the speech
@ L o) unit/sound field combinations. “L” in the table indicates each lis-
;2 Y ) & tener. L1 to L3 participated in the experiment that used HLHL
g 06 ° quadruplets and L4 to L6 participated in the experiment that used
'ﬁ L] 5 LHLH quadruplets. As shown in the table, each listener participated
;g 04r o 1 in ten conditions to listen to a different speech unit in each condi-
5 ° e tion. As a result, a specific listener did not listen to the same word
=4 02F more than once. For each order (high-low, low-high) the number of
quadruplets used to test each sound field was 60 (20 quadru-
0 plets x 3 listeners).

A B C D E F G
Sound field

Fig. 3. Word intelligibility scores averaged over seven participants.

3.3. Procedure

Quadruplets used in Experiment 2 were generated using a
method similar to that used in Experiment 1. For each of the high
and low word familiarity ranks, 20 word lists were divided into ten
sets of two lists. To produce a quadruplet with an appearance order
of HLHL (high-low), four word lists (i.e., one set of two high-
familiarity word lists and one set of two low-familiarity word lists)
were assigned to the positions (the first to the fourth) of the
quadruplet in high-low-high-low (HLHL) order. Then, one word
was selected randomly from each of the four word lists and the
four words were connected sequentially. The used words were
omitted and this process was repeated 20 times to obtain a speech
unit consisting of 20 quadruplets. This procedure was applied to

In one session, stimuli with the same sound field were pre-
sented. Moreover, the 20 quadruplets presented in one session
were presented randomly. The interval between presented quadru-
plets was 15 s. Listeners were asked to write down each quadruplet
exactly as they listened to during the 15 s interval. The total test
duration for each participant was approximately two hours,
including short breaks between sessions.

3.4. Results and discussion

Fig. 6 shows the word intelligibility scores for each sound field
with quadruplets having HLHL and LHLH orders, by pooling the
familiarity and word position. The figure shows word intelligibility
scores averaged over three listeners. The word intelligibility of
sound field A, which consists of only a preceding sound, is higher
than those for sound fields C and G, which consist of a preceding
sound and one following sound (C) or two following sounds (G).
Moreover, as in Experiment 1, adding another following sound
decreased the word intelligibility score. However, the effect of
appearance order was not significant for any sound field.

Word familiarity
O High @ Low

]
"]
S N
DR
5 06f * i Jo 4 i L : 1
2 I IEIRD ;
S 04l L @ i S 4 L
L= Te 2
o * 5 °
§0.2— L g e 08t o + 0
L4 ® 5
. %e ¢ M
Posionnumber1 2 3 4 1 2 34123 41 2341234123412 34
A B c D E F G
Sound field

Fig. 4. Word intelligibility scores for each word position in a quadruplet for each sound field. A symbol shows a score averaged over seven listeners.
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Sound field

Delay time from a
preceding sound

Preceding sound COCONERRRAANANAG GG $

Preceding sound OOCORBRRAANAN GGG

Following sound glelele] | | | ViViViViN 7500 ms

Preceding sound COCCHEBRBAAANGSGS

Following sound COOONENEALAL 750.0 ms
? OOOONNEN 1500.0 ms

Fig. 5. Pattern diagram of the three sound fields used in Experiment 2. A cluster of the same four symbols (circles, squares, triangles, or rhomboids) represents an individual
four-mora word, one symbol represents each mora of a word. Open and filled symbols respectively represent high- and low-familiarity words.

Table 2
Assignment of listeners to speech unit/sound field combinations.
Speech unit (high-low order) Sound field Speech unit (low-high order) Sound field
A B C A B C
I L1 L2 L3 I L4 L5 L6
1 L3 L1 L2 g L6 L4 L5
i L2 L3 L1 mnr L5 L6 L4
\Y% L1 L2 L3 I\ L4 L5 L6
\% L3 L1 L2 \%4 L6 L4 L5
VI L2 L3 L1 A4 L5 L6 L4
VIl L1 L2 L3 vIr L4 L5 L6
VI L3 L1 L2 VIIr L6 L4 L5
IX L2 L3 L1 X' L5 L6 L4
X L1 L2 L3 X L4 L5 L6

Word familiarity
O HLHL order @ LHLH order

0.8 9
0.6+ ®
0.4+

02+

Word intelligibility scores

A [ G
Sound field

Fig. 6. Word intelligibility of sound fields of HLHL order and LHLH order.

Two-way ANOVA was carried out with appearance order and
sound field as factors. The result reveals the significant effect of
sound fields (F(2,20) = 101.15, p <.001). Multiple comparisons on
the main effect of sound fields reveal that the word intelligibility
of the condition with a preceding sound only (sound field A) is sig-
nificantly higher than that of the sound fields with following
sounds (sound fields C and G), and that the word intelligibility
scores of sound field C (one following sound) was higher than that
of sound field G (two following sounds). The effect of appearance
order was not significant.

It is considered whether or not word familiarity affects word
intelligibility when high- and low-familiarity words coexist in
one sentence. Fig. 7 shows the word intelligibility of preceding
sounds obtained for each word position, and for each of the famil-
iarities of the preceding sound (high or low), by pooling the
appearance order. In Fig. 7, the color of the circle indicates the
familiarity of the target four-mora word at the target position of

the quadruplet. Because different familiarity words appeared alter-
natively in the experiment, the quadruplet used to calculate the
intelligibility scores of the first and the third words was different
from that used to calculate the intelligibility scores of the second
and the fourth words under the same experimental conditions.
For almost all word positions except for the second and fourth
word in sound field A, where no following sound was presented,
the intelligibility of high-familiarity words is higher than that of
low-familiarity words. Three-way ANOVA was carried out using
word familiarity, sound field, and word position as factors. The
result reveals the significant effects of word familiarity (F(1,10)
=9.96, p <.05) while the other two factors were not statistically
significant. This means that the intelligibility of high-familiarity
words is higher than that of low-familiarity words under long-
path echo conditions, and when high- and low-familiarity words
coexist in one sentence.

4. General discussion: Effects of overlapping high- and low-
familiarity words on word intelligibility

In the previous two sections, the effect of the preceding sound’s
word familiarity on word intelligibility was discussed, but the
effects of overlapping high- and low-familiarity words were
ignored. The results showed that the intelligibility of high-
familiarity words is higher than that of low-familiarity words.
However, it is impractical to compose announcements that contain
only high-familiarity words. In actual situations, high-familiarity
words are occasionally overlapped by low-familiarity words that
follow, and vice versa. The intelligibility of high-familiarity words
(target) might depend on the familiarity of the word that overlaps
the target word. If the intelligibility score of high-familiarity words
would decrease more when overlapped by other high-familiarity
words than when overlapped by low-famility words, the role of
word familiarity might be less important when optimizing speech
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Familiarity of preceding sound

O High e Low
8 1
o) 8 ®
gos * 85 % i
oy o
3 06/ * . % o .
<)
T 04 . . L
= °
T 02 e + 6 o
() [ ] p
= 0
Position number 1 2 3 4 2 3 4 1 2 3 4
A C G
Sound field

Fig. 7. Word intelligibility of preceding sound obtained for each word position of each sound field in Experiment 2.

intelligibility in the presence of long-path echoes. Here, we discuss
the effects that overlapping high- and low familiarity words have
on word intelligibility, based on the results for sound field C (which
represents a simple condition common to the two experiments).

For each word position, Fig. 8 shows the word intelligibility of
the target words in the four overlap conditions (H/H, H/L, L/H
and L/L), in sound field C in Experiment 1 and Experiment 2. For
example, H/L indicates the condition in which a preceding high-
familiarity sound is overlapped by a following low-familiarity
sound. In this figure, H of H/L and L of L/H represent the target
words, while L of H/L and H of L/H represent the overlapped words.
Scores for position 1 are not shown because it was not overlapped
by a following sound in sound field C. It is clearly shown that, for
all word positions, the intelligibility of high-familiarity words is
high even when they are overlapped by other high-familiarity
words.

Two-way ANOVA was carried out using overlap condition and
word position as factors. The result revealed the significant effects
of both overlap condition (F(3,54) = 4.31, p<.01) and word posi-
tion (F(2,54)=11.25, p <.001). Multiple comparisons on the main
effect of the overlap condition showed no significant difference
between H/H and H/L conditions, but the scores in H/H were signif-
icantly higher (#? = 0.24, =0.03) than those in L/H and L/L.

The fact that no significant difference was shown between the
H/H and H/L conditions means that the intelligibility of high-
familiarity words is not significantly affected by the familiarity of
the overlapping word. Moreover, intelligibility in the H/H condi-
tion is significantly higher than that in the L/H condition. This
means that intelligibility decreases to a greater extent when a pre-
ceding word with low familiarity is followed by a high-familiarity
word than when both the preceding and following words have
high familiarity. This shows the importance of using high-
familiarity words. In other words, announcements presented from
mass notification sound systems should be composed of high-
familiarity words as much as possible.

We now consider in more detail the effect of long-path echoes
on speech understanding. In the presence of a long-path echo, peo-
ple listen to not only the direct sound but also the long-path echo
sound. This means that people have two opportunities to hear the
target sound, although some parts of the sound are overlapped.
Such listening conditions are completely different from the situa-
tions in which people listen to target sounds degraded by various
noises. Unlike such noisy conditions, it is important to segregate
the target sound stream from other streams when people hear a
sound in the presence of long-path echoes. Numerous studies have

Word familiarity
OH/H AH/L @L/H AL/L

08" |
06 i |
04 ‘
02

Word intelligibility scores

2 3 4
Word position humber

Fig. 8. For each word position, the word intelligibility in the four overlap conditions
(H/H, H/L, L/H and L/L), in sound field C in Experiment 1 and Experiment 2. H of H/L
and L of L/H represent the target words, while L of H/L and H of L/H represent the
overlapped words.

pointed out that high-familiarity words can be robustly heard
under various noisy conditions [13]. Considering this knowledge
and our experimental results, the intelligibility scores of high-
familiarity target words may have decreased more when overlap-
ping another high-familiarity word than when overlapping a
low-familiarity word. However, the results of this study clearly
indicate that high-familiarity words are easily understood even
when overlapping other high-familiarity words. This may be the
case because high-familiarity words are easily segregated from
other acoustic distractors (including other high-familiarity words),
resulting in high intelligibility even when they overlap other high-
familiarity words.

We consider the results obtained in the present study to be use-
ful in improving speech intelligibility of the messages presented
via mass-notification sound systems, and we did not investigate
the effect of very low familiarity words. This is because the present
study clearly shows the positive effect of the use of high-familiarity
words in the presence of long-path echoes. However, very low
familiarity words might be presented, very rarely though, such as
place names for strangers or specific technical words to explain
emergency. It may be necessary to confirm whether the tendencies
found in the present study are also valid for low familiarity words.
We are considering this as a future study.

While only female speaker’s voices were used as the stimuli in
these experiments, the absolute value of the intelligibility score
might be affected by gender. However, Amano et al. clearly indi-
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cated that listeners can hear the high-familiarity words robustly
under various signal-to-noise ratio (SNR) conditions regardless of
the difference of the talkers including gender [13]. Therefore, the
tendency of the intelligibility scores obtained using a female
speaker’s voice would be identical to those obtained when a male
speaker’s voice was used as the stimulus.

5. Conclusions

This research investigated the effects of word familiarity on the
word intelligibility of four continuous words under long-path echo
conditions. The results of Experiment 1 clearly indicate that the
intelligibility of high-familiarity words is higher than that of low-
familiarity words under long-path echo conditions, regardless of
the word position. The results of Experiment 2 demonstrated that
the intelligibility of high-familiarity words is higher than that of
low-familiarity words under long-path echo conditions, even when
high- and low-familiarity words coexist in one sentence. These
facts suggest that high-familiarity words are more robust against
the influence of long-path echoes than low-familiarity words.
Therefore, announcements presented from mass notification sound
systems should consist of high-familiarity words as much as
possible.
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