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Abstract

In extra-large spaces, the varying distances between distributed loudspeakers and listeners
lead to sound delays in the loudspeakers’ concentrated projection areas. When combined
with the inherent long-delay reflected sounds in those spaces, this dual effect exacerbates
the echo problems and poses challenges to maintaining speech intelligibility. To explore
the influence mechanism of echo interference on speech intelligibility in extra-large spaces,
a questionnaire survey was carried out in two representative extra-large buildings, and
then listening experiments were conducted in the laboratory under different echo condi-
tions and impulse characteristics. The results highlighted that (1) apparent echo problems
existed in extra-large spaces and severely affected speech intelligibility; (2) the echo phe-
nomenon can be classified into three groups—no echo (0 ms), short delay (100 or 200 ms),
and long delay (>300 ms)—with the detrimental effect on intelligibility increasing across
the groups; and (3) a curve was established to describe the relationship between speech in-
telligibility and ST in extra-large spaces, and compared with the standard curve, the STI
thresholds require further adjustment. These findings indicate that echoes in extra-large
spaces significantly impair speech intelligibility and reduce the accuracy of its prediction,
and therefore should not be neglected.

Keywords: echo; speech intelligibility; extra-large space

1. Introduction

Sound reinforcement systems are widely used in extra-large spaces, particularly in
transportation buildings. Their performance determines whether users can accurately and
clearly receive broadcast information, directly affecting their satisfaction and comfort [1].
Moreover, such systems play a vital role in providing guidance and facilitating safe evacu-
ation during emergencies [2,3]. Therefore, maintaining clear speech intelligibility in these
spaces is crucial [4].

Echo, apart from room acoustics [5,6] and the signal-to-noise ratio (SNR) [7], is also
an important factor affecting speech intelligibility [8]. Haas [9] developed an apparatus
for artificially generating echoes and conducted measurements with numerous observers
under controlled conditions, demonstrating that both echo delay time and echo intensity
affect the audibility of speech. In ordinary spaces (i.e., spaces other than the extra-large
ones, which are defined in this study as having a volume smaller than 125,000 m?3 [10]),
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late reflections generally reduce intelligibility, whereas reflections arriving shortly after
the direct sound can be beneficial. This general trend has been consistently demonstrated
in the literature. For instance, Lochner et al. [11] reported that a 30 ms delay can improve
intelligibility equivalently to a 3 dB increase in the direct sound level, with the benefit
diminishing and disappearing at around 95 ms. Similarly, Warzybok et al. [12] found that
intelligibility remains stable for single early reflections up to approximately 25 ms, declines
gradually at longer delays, and deteriorates substantially at 200 ms.

Most existing studies on reflections have focused on delays within 200 ms [13]. Un-
like ordinary spaces, extra-large spaces are prone to long-path echoes due to their immense
volumes [14]. In addition, commonly adopted multi-source sound reinforcement systems
can introduce supplementary “echo-like” effects, as sound from neighboring loudspeak-
ers may reach certain listening positions with delays of several hundred milliseconds [13].
Such delays require particular consideration in the acoustic design aimed at optimizing
speech intelligibility in extra-large spaces.

Recognizing the detrimental impact of long-path echoes, Cui et al. examined the ef-
fects of word familiarity [15] and inter-word pauses [13] on intelligibility under echo delays
exceeding several hundred milliseconds. However, these studies did not account for room
acoustics, which may compromise the validity of the Speech Transmission Index (STI) as a
predictor of speech intelligibility. The STI, introduced by Houtgast and Steeneken [16-18],
is the predominant objective measure used in ordinary spaces, but its applicability in large
or complex spaces remains uncertain. Kang [19] found that, for a given STI value, intel-
ligibility scores were lower in ordinary spaces than in long spaces (i.e., spaces where the
length is greater than six times the width and the height [20]). Zhu [21] reported significant
differences in the STI-intelligibility relationship across spaces with varying volumes and
shapes. Liu et al. [22] further noted that STI values in large spaces should not be interpreted
in the same way as in ordinary spaces, revising the STI-speech intelligibility relationship
and proposing new rating thresholds.

Given the complex acoustic conditions in extra-large spaces, it is therefore necessary
to examine the correspondence between STI and speech intelligibility under echo interfer-
ence, and to consider the effects of long-delay echoes. The present study aims to: (1) Eval-
uate the impact of echoes on speech intelligibility from the listener’s perspective; (2) In-
vestigates the mechanisms through which echo interference influences intelligibility in
extra-large spaces, and (3) explores the STI-intelligibility relationship under echo inter-
ference conditions.

2. Methods
2.1. Survey Site and Questionnaire

To assess the current status of the speech intelligibility in extra-large spaces, question-
naire surveys were conducted in Tianjin Railway Station and Tianjin Binhai International
Airport. Both buildings serve as major transportation hubs in northern China and are rep-
resentative of extra-large transportation buildings. The study focused on the second-floor
waiting hall of Tianjin Railway Station and Terminal 2 at Tianjin Binhai International Air-
port (Figure 1), which are high-volume, high-traffic areas with dense loudspeaker coverage
and are key to improving speech intelligibility.

A questionnaire (Figure 2) was designed to identify users’ subjective evaluations of
loudspeaker clarity and speech intelligibility in the target spaces. Two sections are con-
tained in it: The first section examined respondents’ perceptions of the acoustic environ-
ment. Q1-Q4 assessed their perceptions of the importance, satisfaction, clarity, and loud-
ness of sound reinforcement systems using a 5-point Likert scale. Q5 investigated their
perceptions of echoes or delayed sounds, and Q6 asked them to select and rank the factors
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considered most influential to speech intelligibility. In the second section, respondents’
demographic information, including gender, hearing condition, age, and the duration of
stay in the space were collected.

e = S — ') C |

(c) (d)

Figure 1. Site of the Questionnaire Survey. (a) The second-floor waiting hall of Tianjin Railway
Station (26,700 m?; maximum height approximately 19.9 m); (b) Terminal 2 of Tianjin Binhai Interna-
tional Airport (248,000 m?; maximum height approximately 27.2 m); (c) floor plan of the second-floor
waiting hall of Tianjin Railway Station with measurement points (R1-R9); and (d) floor plan of Ter-
minal 2 at Tianjin Binhai International Airport with measurement points (R1-R7).

For Q2-Q4, responses rated above moderate were regarded as positive feedback,
while those rated moderate or below were regarded as negative feedback. For Q6, the
four selected factors were weighted with scores of 4 to 1, corresponding to the first through
fourth choices.

Questionnaires were randomly administered to respondents at various locations
within the survey area to capture their assessments of the building’s overall acoustic envi-
ronment. A total of 193 questionnaires were issued, and 189 valid responses were collected
after excluding those from participants with hearing impairments. The demographic char-
acteristics of the respondents are summarized in Table 1.
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Subjective Assessment

Q1. Do you think the clarity of the sound reinforcement system is important?

[J Not at all [J Not important [] Moderately [J Important ] Very important
Q2. Are you satisfied with the current clarity of the sound reinforcement system?

[J Not at all [J Not satisfy L] Moderately L] Satisfy U Very satisfy
Q3. Do you find the current sound reinforcement system clear?

[ Not at all U] Not clear 1 Moderately [0 Clear O Very clear

Q4. Do you find the current sound reinforcement system loud enough?

[J Not at all [J Not loud ] Moderately [J Loud ] Very loud

Q5. Do you notice any echo or delayed sound from different loudspeakers in the sound reinforcement
system?

[LINo [ Uncertainly LYes

Q6. According to your actual experience, please select in order the four factors that most affect the

clarity of the sound reinforcement system:

a. People talking b. Echoes within the space c. Low sound level of the system
d. Interference from multiple sound sources e. Noise from air conditioning

f. Noise from airplanes/trains g. Noise from shop advertisements

h. Noise from elevators 1. Others:

Demographic Information and Length of Stay
Q7. Gender
L] Male [] Female
Q8. Is your hearing normal?
Ll Yes ] No
Q9. Age:
[ <20 (] 2040 [ 40-60 ] >60
Q10. Length of stay
[J <15 min [J 15-60 min [J >60 min

Figure 2. The questionnaire used in the survey.

Table 1. Statistics of Respondents” Gender, Age, and Length of Stay.

Gender Age Length of Stay (min)
Male Female <20 20-40  40-60 >60 <15 15-60 >60

Tianjin Railway Station 55.5%  44.5% 38.8% 55.7% 4.4% 1.1%  123%  57.7%  30.0%
Binhai International Airport  52.9%  47.1% 254%  58.8% 13.8%  2.0%  10.0% 36.1%  53.9%
Total 545%  455% 31.6%  56.9% 10.0%  1.5%  10.8%  462%  43.0%

Survey Locations

In addition, multiple measurement points were selected in two buildings. At each
point, measurements were conducted both with and without broadcast sound. The results
showed that the background noise levels ranged from 59.6 to 68.5 dB (A), and the SNR
ranged from 0.6 to 11.3 dB. The measurement results and the distribution of points are
presented in Table 2.
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Table 2. Field measurement results and distribution of measurement points.
SPL
Measurements Locations with Without SNR
Broadcast Sound  Broadcast Sound

R1 67.2 75 7.0

R2 68.2 71.8 1.1

R3 68 72.8 3.1

R4 68.5 76.3 7.0

Tianjin Railway Station R5 67.3 71.2 1.6
R6 67 78.6 11.3

R7 61.2 70.5 8.8

R8 59.6 64.6 3.3

R9 60.2 69.3 8.5

R1 66.2 70.7 2.6

R2 68.2 71.8 1.1

Binhai R3 66.2 69.5 0.6
International Airport R4 61.6 67.8 >0
R5 60.1 68.7 8.0

R6 59.7 68.6 8.3

R7 63.1 69.2 49

2.2. Experiment Design

To further examine the impact of echoes on speech intelligibility in extra-large spaces,
a listening experiment was designed in which participants performed tasks under various
conditions. The following sections describe the speech materials, experimental conditions,
and detailed procedures.

2.2.1. Speech Materials

In this experiment, sentence lists were selected as the speech material, as they better re-
flect real listening conditions in extra-large spaces where public address systems typically
deliver information in sentences rather than isolated words. The sentences were derived
from the Chinese Word Matrix (Table 3) [23], with each sentence following the fixed syn-
tactic structure ‘name + verb + numeral + adjective + noun’. Based on this matrix, a total
of 120 semantically unpredictable target sentences were randomly generated. Participants’
accuracy in repeating the target sentences was recorded as a measure of speech intelligibil-
ity. Furthermore, to make the speech materials more representative of real conditions in
public spaces, each target sentence was randomly preceded by different lead-in sentences
(Figure 3), which consisted of phrases such as ‘Next, you will hear...".

Table 3. Base matrix of the CMN sentence test. The 120 target sentences used in the experiment were
randomly generated accordingly.

Name Verb Numeral Adjective Noun
0 R ik —4 R W
Guoyi took away one colourful stool
1 &S fiok P K5 K
Lirui borrowed two large-sized cup
2 L a0 =4 RIFH ST
Shengyue looked three very old lantern
3 ELVe) M pgA fEE W
Wangshi kept four cheap Iunch-box
4 TR el hA Esad e

Xumin bought five beautiful vase
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Table 3. Cont.
Name Verb Numeral Adjective Noun
5 LZL00 i A I A
Yangshuo picked up six ordinary ring
6 S48 F*E A4 A k]
. alarm-
Zhangwei lost seven strange clocks
7 Bt e A ST REe)
Zhengxian put away eight brand-new  school-bag
8 Ji B i A R Y YA
Zhouming needed nine special kettle
9 N3 i 4 I ST
Zhuting found ten used toy

lead-in sentence

random
pick one

The combined sentences were evenly divided into six groups, with one group used for
familiarization and the remaining five for the formal experiment. The five formal groups
were arranged in six different random orders, yielding 30 lists with varied content or sen-
tence sequences. For each experimental condition, one list was randomly selected and
convolved with the corresponding impulse response to generate the stimuli.

for familiarization

»one sentence list*

e e e m—,————————— e m - ——————

’ N 1 \
T AY
~»{one senctence list |- RO**—3 five
' ' sentence lists
i '
1 1
1 1
> one sentence list [-—— RO five
! . sentence lists
! X
b' 1 : 1
combine ' .
3| one sentence list [H—— RO five
‘ ' sentence lists
' '
1 1
! :
T
'
1
1
1
i
1
1
.
1
1

120

target sentences

v

evenly
divide

120
combined sentences

»| one sentence list |+—— RO five

' sentence lists
>{ one sentence list [—— RO five

! sentence lists

_ for formal experiment,
4

~

™ i

Figure 3. Generation of speech materials for the experiment. * One sentence list consisting of 20 sen-
tences; ** Random Order, with the sentences in the list presented in a randomized sequence.

2.2.2. Experimental Conditions

A total of 160 experimental conditions (8 x 4 x 5) were tested by manipulating
three variables: echo delay time (8 levels), echo strength (4 levels) and impulse responses
(5 receiver positions).

On-site measurements revealed echo delays of up to approximately 1000 ms, leading
us to test eight delay times (0, 100, 200, 300, 400, 500, 800, and 1000 ms) to fully capture this
range. Echo strength was set to four levels (—10, —5, 0, and +5 dB) to account for potential
sound-focusing effects caused by curved surfaces or domes in extra-large spaces [24], in-
cluding cases where the echo was stronger than the direct sound. Impulse responses from
five receiver positions in the two buildings (Figure 4) were used to reproduce realistic lis-



Buildings 2025, 15, 3690

7 of 18

tening experiences in these spaces, while balancing the influence of architectural design

differences among the positions.

Figure 4. Impulse responses generated using Odeon 14, based on (a) the Tuanbo Lake Velodrome
(R1, R2) and (b) Terminal 2 of Tianjin Binhai International Airport (R3-R5), both representative large-
scale public buildings with spatial volumes exceeding 125,000 m®.

Impulse responses were obtained using ODEON 14 with its built-in hybrid calculation
method, and the acoustic characteristics of the building model were validated against in
situ measurements, with deviations below one just noticeable difference (Appendix B). For
each position, two nearby sound sources were selected, and their delays and overall gains
were adjusted to generate room impulse responses that satisfied the acoustic requirements
for the experimental stimuli. It should be noted that the impulse responses were employed
solely to ensure that the sound stimuli more closely reflected realistic listening conditions.
Subsequent analyses focused exclusively on echo delay time and echo strength.

All signals were presented at a sound pressure level of 65 dB (A), with a fixed signal-
to-noise ratio (SNR) of 0 dB to avoid ceiling effects [13,15], which is consistent with our
measurement results. The background noise was created by filtering and modulating pink
noise according to field-measured noise in an extra-large space.

2.2.3. Subjects

The experimental participants were graduate students from Tianjin University, aged
between 18 and 30 years. All were native Mandarin speakers with normal listening and
speaking abilities, and they passed a pure-tone audiometric test. A total of 20 participants
(9 males and 11 females) took part in the experiment.

The 160 experimental conditions were evenly divided into two groups, and each par-
ticipant completed only one group. To ensure group homogeneity, 10 conditions were
repeated across groups, resulting in 85 listening conditions per participant.
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Hearing test

familiar

2.2.4. Experimental Procedure

Before the formal experiment, participants completed a hearing test and a familiariza-
tion session. During the formal experiment, 20 sentences (one sentence list) were presented
under each condition. For each sentence, participants repeated the words they heard, and
the experimenter recorded their responses. Speech intelligibility scores for each condition
were derived from the proportion of correctly reproduced words. Upon completion of each
condition, participants rated the listening difficulty on a 0-3 scale. The overall process is
shown in Figure 5.

__________________ | Familiarization Session |______________________

Test ends

1
1
sentence list Repeated 20 times to complete the familiar sentence list 1
1
1
4 4 ) N !
JOne sentence were Participants repeat Experimenter Participants rate !
'l delivered sentence records listening difficulty :
1
---------------------- FormalExperimentSession F------------------------

Repeated 85 times to complete the formal experiment

Participants rate Experimenter Participants repeat One sentence wereL \ 4

J

]
1
1
1
1
1
listening difficulty | records sentence delivered J‘ A A 1
1
1
1
1
1
1

, , random one of 85
Repeated 20 times to complete the formal sentence list Esiinal seirtenice lists

Figure 5. Overall experimental process.

The 85 sound stimuli were tested across three days. Each session lasted about 2.5 h
and included 25-30 conditions, with breaks every 20-30 min to reduce fatigue. In total, the
entire experiment took about 7 h per participant.

3. Results
3.1. Subjective Perceptions of the Acoustic Environment in Extra-Large Spaces

Figure 6 summarizes the responses to questionnaire. More than 90% of respondents
rated the clarity of sound reinforcement systems as important or very important. How-
ever, dissatisfaction with the acoustic environment in the surveyed areas was prevalent:
47.7% of the respondents were not satisfied with the clarity of sound reinforcement sys-
tems, 40.8% indicated that announcements were not clear, and 49.6% considered the an-
nouncements insufficiently loud. These findings indicate a substantial gap between the
perceived importance of announcement clarity and its actual performance, underscoring
the need for targeted acoustic improvements in extra-large spaces.

According to responses of Q5, more respondents reported being affected by echo in-
terference (35.2%) than those who did not (23.8%). Correlation analysis further revealed
significant negative relationships between echo perception and the subjective ratings of
announcement clarity (r = —0.414, p < 0.01) and satisfaction (r = —0.374, p < 0.01). Simi-
larly, comparison of the Q6 scores (4-1 points assigned to the first through fourth choices)
showed that inherent spatial reflections and multi-source loudspeaker interference were
the most frequently perceived factors affecting announcement clarity, along with crowd
conversations and low loudness. These results suggest that echo phenomena are indeed
present in extra-large spaces and have a noticeable impact on speech intelligibility. More
detailed data are presented in Appendix A.
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Figure 6. Statistics of the questions in the first part of the survey. (a) Respondents’ perception of the
importance of the sound reinforcement system (Q1); (b) Respondents’ satisfaction with the clarity
of the sound reinforcement system, as well as their evaluation of its clarity and loudness (Q2-Q4);
(c) Respondents’ perception of echo and delayed sounds (Q5); (d) Respondents’ selection and ranking
of factors affecting clarity (Q6).

3.2. Effects of Echo Interference on Speech Intelligibility

The variation in speech intelligibility across echo delay conditions is shown in
Figure 7. A generalized linear mixed model (GLMM) revealed a significant main effect
of echo delay on speech intelligibility (p <0.001). Pairwise comparisons (Table 4) indicated
that the delays could be classified into three groups: no echo (0 ms), short-delay echo
(100 ms, 200 ms), and long-delay echo (300 ms, 400 ms, 500 ms, 800 ms, 1000 ms). Signif-
icant differences were found between these groups but almost no significant differences
within them, except for the 400 ms condition. Long-delay echoes exceeding 300 ms clearly
resulted in more severe effects. Although the lowest intelligibility occurred at 1000 ms,
delays beyond 300 ms did not cause further significant deterioration. Quantitatively, the
average drop in intelligibility from the no-echo to the short-delay group was about 5-6%,
while the drop from the short-delay to the long-delay group was about 5-8%. These results
suggest that speech intelligibility decreases as delay increases, and echoes with delays of
300 ms or longer substantially reduce speech intelligibility, but further increases in delay
yield no additional significant loss.
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Speech Intelligibity Scores %

N
)
]

[E—

o

o
|

co
o
|

(o)
S
|

\ -—

T Mean=0.5SD
@® Mean

—0

| 1
100 200 300 400 500 800 1000
Echo Delay Time (ms)
Figure 7. Variation in speech intelligibility across echo delay conditions. Values not sharing
the same letter are significantly different (p < 0.05), while those sharing the same letter show no

significant difference.

Table 4. Pairwise comparisons of speech intelligibility across echo delay conditions.

0 ms 100 ms 200 ms 300 ms 400 ms 500 ms 800 ms 1000 ms
0 ms \ 5.1% ** 5.8% ** 12.9% ** 10.7% ** 14.5% ** 13.5% ** 14.8% **
100 ms 5.1% ** \ 0.6% 7.8% ** 5.6% ** 9.4% ** 8.4% ** 9.6% **
200 ms 5.8% ** 0.6% \ 7.1% ** 4.9% ** 8.7% ** 7.8% ** 9.0% **
300 ms 12.9% ** 7.8% ** 7.1% ** \ —2.2% 1.6% 0.6% 1.9%
400 ms 10.7% ** 5.6% ** 4.9% ** —2.2% \ 3.8% ** 2.8% * 4.0% **
500 ms 14.5% ** 9.4% ** 8.7% ** 1.6% 3.8% ** \ —1.0% 0.2%
800 ms 13.5% ** 8.4% ** 7.8% ** 0.6% 2.8%* —1.0% \ 1.2%
1000 ms 14.8% ** 9.6% ** 9.0% ** 1.9% 4.0% ** 0.2% 1.2% \

Unmarked values indicate non-significant results; * p < 0.05, ** p < 0.01. Cells shaded in grey indicate non-
significant results.

Echo strength also had a significant effect on speech intelligibility (p <0.001), with the
—10 dB and +5 dB conditions yielding higher scores, whereas the —5 dB and 0 dB condi-
tions produced lower scores. This difference became increasingly pronounced with longer
echo delays, reaching a maximum at 800 ms, where the intelligibility gap across conditions
was up to 17% (p < 0.001). Even though the interaction between echo strength and echo
delay was significant, the results across conditions consistently showed a three-category
pattern (Figure 8): no echo (0 ms), short-delay echo (100 ms and 200 ms), and long-delay
echo (300 ms, 400 ms, 500 ms, 800 ms, and 1000 ms).
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Figure 8. Speech intelligibility scores under different echo strength conditions (ES represents echo
strength in the figure).

3.3. The Relation Between Speech Intelligibility and STI

The relationship between speech intelligibility and STI in extra-large spaces, together
with the best-fitting third-order polynomial (Equation (1), R? =0.73), are shown in Figure 9.
Speech intelligibility increased rapidly with rising STI and reached its maximum level
at around 0.4.

100 =

Speech Intelligibility Score %
3
I

40 / Curve of this study
/' 95% confidence interval
/' — - = Curve of standard
20 1 1 |
0.1 0.2 03 04 0.5
STI

Figure 9. Relation between speech intelligibility scores and STI of this study, and curve of
GB standard [25].
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A comparison with the curve in the relevant standard [25], which was also obtained
using the sentence test, is presented. The slopes of the two curves showed a clear differ-
ence. When the STI was below a certain threshold (approximately 0.32), the standard curve
predicted lower speech intelligibility than that observed in extra-large spaces. Conversely,
at higher STI levels, the standard curve predicted higher speech intelligibility than that
observed in extra-large spaces. As a result, under most conditions, the GB curve failed to
provide an accurate prediction of speech intelligibility in extra-large spaces.

Speech Intelligibility = 22.478 + 97.769STI + 843.402STI> — 1506.837STI> (1)

4. Discussion
4.1. The Impact of Mandarin Characteristics on Echo Interference

Based on the preceding analysis, echoes were classified into three groups: no echo
(0 ms), short-delay echo (100 ms and 200 ms), and long-delay echo (300 ms, 400 ms, 500 ms,
800 ms, and 1000 ms). The degree of impact on speech intelligibility increased across these
groups. Itis noteworthy that when the echo delay reached 300 ms, speech intelligibility de-
teriorated significantly, and this effect did not worsen further with longer delays. This may
be attributed to the combined effects of informational masking [26] and Mandarin expres-
sion: at a delay of around 300 ms, the direct sound and the echo differ by approximately
one character, which causes substantial interference with speech recognition. When the de-
lay exceeds 300 ms, the overlap between the direct sound and the echo decreases; however,
the large discrepancy in speech content between the two signals may introduce additional
confusion at the level of cognitive processing. However, in order to maximize the range of
echo delays within the limited experimental duration, we did not include conditions such
as 600 ms or 900 ms, which could also potentially result in character overlap. If speech
intelligibility scores at these delays were found to be significantly lower than those of their
neighboring conditions (e.g., 600 ms lower than 500 ms and 700 ms, or 900 ms lower than
800 ms and 1000 ms), it could provide stronger evidence that the impact of echoes on in-
telligibility is influenced by the characteristics of Mandarin expression. If such influencing
factors are confirmed to exist, it would be worthwhile to investigate whether similar effects
occur in other linguistic contexts.

4.2. STI Rating for Extra-Large Spaces

The speech intelligibility—STI curves derived from the two extra-large spaces showed
clear differences from the current standard curve (Figure 9), indicating that long-delay
echoes affect the prediction of speech intelligibility. This finding suggests that the pre-
diction standards for speech intelligibility in extra-large spaces may need to be revised.
Steeneken [27] divided the STI into five levels: Bad, Poor, Fair, Good, and Excellent, based
on the relation between STI and speech intelligibility. The corresponding intelligibility
thresholds were approximately 58.2%, 82.0%, 92.5%, and 97.1%. Therefore, according
to the fitted relation curve between speech intelligibility and STI in extra-large spaces
(Figure 8), the STI values corresponding to these thresholds were, respectively, 0.18, 0.28,
0.34, and 0.39. However, the sample size in this study was limited, and establishing the
relationship between speech intelligibility and STI in extra-large spaces, as well as deter-
mining STI thresholds, requires a larger dataset for reference.
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4.3. Comparison Between Listening Satisfaction and Speech Intelligibility

In addition to speech intelligibility data, participants’ subjective ratings of listening
difficulty under different echo conditions were also collected using a four-point scale (0-3).
Ratings of 0 and 1 were considered to be positive evaluations of listening difficulty, which
better reflected participants’ satisfaction with the acoustic environment. A comparison
(Figure 10) revealed that, across all conditions, the proportion of participants considering
the listening environment as acceptable was consistently lower than the proportion of cor-
rect responses in speech intelligibility. Therefore, in designing a more favorable acoustic
environment for extra-large spaces, it is essential to consider not only speech intelligibility
but also users’ subjective perceptions.

100

Selection Proportion %

—&— Selection proportion of 0
—ae— Selection proportion of 0+1
—4— Speech mtelligibility scores

Oms 100ms 200ms 300ms 400ms 500ms 800ms 1000ms

Figure 10. Proportion of participants giving positive ratings (0 or 1) under different echo conditions
and corresponding speech intelligibility scores.

4.4. Limitations and Future Research

In this study, to control the experiment duration, echo delays were not subdivided in
greater detail, and some conditions that might have supported the specific characteristics
of Mandarin in echoic environments, such as 600 ms and 900 ms, were not included. This
should be addressed and further examined in future research. In addition, as the classi-
fication of listening satisfaction adopted in this study was relatively preliminary, further
research is needed to more accurately capture individuals” auditory experiences in echoic
extra-large spaces.

We look forward to future studies focusing on long-delay echoes in extra-large spaces.
The number of participants in the listening experiment was 20, and all were Mandarin
speakers within a similar age range, which could be further expanded and generalized.
Similarly, the STI-speech intelligibility curve obtained from the two building cases de-
viates from the standard. Establishing a prediction curve suitable for extra-large spaces
therefore requires multiple studies and additional data.
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Building upon the current findings, future studies could incorporate advanced acous-
tic and spatial analysis methods to further clarify the mechanisms by which specific echo
delays and strengths influence speech intelligibility. Furthermore, research could focus
on strategies to improve speech intelligibility under long-delay echo conditions. Devel-
oping speech signals suitable for long-delay echo conditions and optimizing loudspeaker
arrangements are considered important strategies for adjusting subjective auditory percep-
tion in other special acoustic environments [28-30], and thus represent research directions
worthy of further attention.

5. Conclusions

In this study, a questionnaire survey and laboratory experiments were conducted to
investigate the influence of long-delay echo interference on speech intelligibility in extra-
large spaces.

The survey results revealed that echo interference was a major factor in public dissat-
isfaction with announcement clarity. The experimental results showed that echoes could
be classified into three groups: no echo (0 ms), short-delay (100-200 ms), and long-delay
(=300 ms), with intelligibility decreasing across groups. Echoes of 300 ms or longer sub-
stantially reduced intelligibility, while further increases in delay had little additional effect.
Echo strength also influenced intelligibility, with greater reductions observed when the re-
flected sound was equal to or 5 dB lower than the direct sound.

Based on these results, the speech intelligibility—STI relationship in extra-large spaces
with long-delay echoes clearly deviates from the standard curve. This indicates that long-
delay echoes significantly impair intelligibility and prediction accuracy, suggesting that
the standard curve needs revision for such environments.
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Appendix A. Data Collected from the Questionnaire Survey

This part serves as a supplementary section to Section 3.1, presenting the detailed
survey results in Tables A1 and A2.

Table Al. Survey data from valid questionnaires, excluding Q6 and Q8.

Question Option Number of Respondents
Q1 Not at all 0
Not important 2
Moderately 15
Important 110
Very important 66
Q2 Not at all 5
Not satisfy 18
Moderately 70
Satisty 78
Very satisfy 22
Q3 Not at all 5
Not clear 25
Moderately 49
Clear 96
Very clear 18
Q4 Not at all 2
Not loud 30
Moderately 64
Loud 81
Very loud 16
Q5 No 46
Uncertainly 79
Yes 68
Q7 Male 105
Female 88
Q9 <20 21
20-40 89
40-60 81
>60 2
Q10 <15 min 61
15-60 min 110
>60 min 22

Table A2. Questionnaire statistics for Q6.

Frequencies of Being Ranked

Option
First Second Third Fourth
people talking 72 24 18 10
echoes within the space 27 27 16 10
low sound level of the system 37 34 8 6
interference from multiple sound sources 30 40 27 6
noise from air conditioning 0 0 3 4
noise from airplanes/trains 3 8 3 4
noise from advertisements 1 3 8 5
noise from elevators 0 1 2 3




Buildings 2025, 15, 3690

16 of 18

Appendix B. Details of Acoustic Simulation

This section provides supplementary information about the acoustic simulation, in-
cluding model establishment, parameter configuration, surface material assignment, and
model verification.

To ensure computational efficiency without compromising accuracy, the geometric
complexity of the models was reasonably controlled, and excessively detailed or small
surfaces were simplified when appropriate.

In this study, the number of rays was set to 1,000,000, and the impulse response length
was set to 10,000 ms.

Surface Material Assignment: Both absorption and scattering coefficients were as-
signed according to the actual acoustic and surface characteristics of each area in the
two buildings. The absorption coefficients were created manually based on the measured
or literature data, while the scattering coefficients were determined according to the rough-
ness of each surface. The detailed absorption and scattering coefficients used for all sur-
faces are provided in Table A3.

Model Verification and Error Correction: After completing the parameter and mate-
rial settings, the reliability of the models was validated by comparing simulated and mea-
sured acoustic parameters. The differences between simulation and measurement results
for the main parameters — particularly T30, D50, and C80—at 500 Hz and 1000 Hz were all
within one Just Noticeable Difference (JND). According to ISO 3382-1 [31], the JND values
are 5% for T30 and D50, and 1 dB for C80.

Table A3. Absorption Coefficients and Scattering Coefficients of Surface Materials in the Models.

Frequency (Hz) Scattering
Model Surface . .
125 Hz 250Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz Coefficient
Ceiling 0.32 0.38 0.48 0.60 0.60 0.58 0.3
Wall 0.1 0.2 0.2 0.2 0.2 0.3 0.25
Stand 0.02 0.03 0.03 0.03 0.03 0.03 0.05
Tuanbo Lake Audience seats 003 003 003 0.03 0.03 0.03 05
Velodrome Side windows 018 006  0.04 0.05 0.02 0.02 0.05
Lounge area 0.1 0.1 0.1 0.1 0.1 0.2 0.25
Track surface 0.15 0.18 0.25 0.25 0.2 0.15 0.05
Ceiling 0.36 0.36 0.58 0.68 0.58 0.38 0.3
Terminal 2 of Interior walls 0.18 0.18 0.18 0.18 0.18 0.18 0.25
Tianjin Binhai S.eating area 0.27 0.28 0.36 0.37 0.35 0.34 0.5
International Office grea walls 0.18 0.18 0.18 0.18 0.18 0.18 0.05
Airport Commercial area walls 0.2 0.2 0.25 0.25 0.25 0.25 0.05
Floor 0.01 0.01 0.01 0.01 0.02 0.02 0.05
Glass curtain wall 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Table A4. Verification of Simulation Accuracy Against Field Measurements.
Model Measurement T30 (s) D50 (%) C80 (dB)
Point Simulated ~ Measured  Simulated  Measured  Simulated  Measured
Tuanbo Lake R1 3.095 3.055 62.5 60.4 3.6 3.995
Velodrome R2 3.055 3.135 59.0 60.7 3.3 2.96
Terminal 2 of Tianjin R3 1.14 1.105 87.0 87.5 10.0 11.45
Binhai International R4 1.765 1.69 73.0 73.65 6.8 6.3
Airport R5 1.525 1.585 88.0 86.1 9.5 9.245
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