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Abstract: Because speech recognition performance is significantly lower at the age of nine or younger,
the acoustic performance standards of classrooms for young children should be investigated. This
study derives the appropriate reverberation time for lower-grade elementary school classrooms in
Korea. A virtual sound field was created by computer modeling using normalized classrooms of
Korean elementary schools. A total of five classrooms with reverberation times from 0.6 s to 1.2 s
were produced by varying the sound absorption coefficient of the ceiling. Auralized sounds were
produced by synthesizing anechoic sounds of words in a virtual sound field. Speech intelligibility
tests were undertaken with 20 young students, aged nine. As a result, it was concluded that the
reverberation time suitable for lower-grade classrooms of elementary schools should be below 0.6 s
because test scores were significantly lower when RT was longer than this value.

Keywords: classroom; lower-grade elementary school students; reverberation time; speech
intelligibility test

1. Introduction

School is an educational institution, and the classroom is a space where students
receive an education. Education at school is received primarily through teachers’ voices,
and hence, speech transmission is critical in classrooms. Sound intelligibility is a very im-
portant component with which to determine classroom acoustic performance. Of a variety
of acoustic factors, reverberation time and background noise are crucial in influencing
acoustic performance. Many studies have concluded that reverberation time is strongly
associated with academic achievement. In classrooms with a short reverberation time, the
speech intelligibility test score was high even in a noisy environment [1]. The reverberation
time was found to greatly influence listening effort (LE) [2], and a 50 ms early/late sound
ratio, the reverberation time, and the background noise level were identified as factors
influencing speech intelligibility in classrooms [3]. To provide students with an acoustic
environment adequate for learning, classroom acoustics standards should be available.

Currently, the United States and United Kingdom use acoustics standards for rever-
beration time and background noise in classrooms. Table 1 shows U.S. standards according
to classroom volume and type based on the acoustics criteria stated in the ASA S512.60 [4],
and Table 2 shows U.K. standards according to student age and classroom use as stated in
Building Bulletin 93 [5].

In most countries, the classroom background noise standard is around 30~35 dBA.
However, the standard for reverberation time varies from country to country. The reverber-
ation time standard is 0.6 s in Chile, Norway, and Denmark, and 0.8 s in Germany, France,
Italy, China, and Malaysia. In some other countries, the standard is set between 0.4 s and
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1.2 s depending on classroom size and student age. In contrast, South Africa and India do
not have standards [6-9].

Table 1. Acoustic performance standards for classrooms in the United States (unoccupied). m3.

Classroom Size (Volume) RT (s) BN (dBA)
less than 283 m3 <0.6 35
283 m3~566 m> <0.7 35
more than 566 m3 no requirement 40

Table 2. Acoustic performance standards for classrooms in the United Kingdom (unoccupied).

Classroom Type RT (s) BN (dBA)
elementary school <0.6 <35
middle school <0.8 <35
open-plan classroom <0.8 <40
less than 50 people <0.8 <35

lecture room more than 50 people <1.0 <30

In Korea, various studies have been conducted on classroom acoustic environments.
Some studies investigated the acoustic performance of school classrooms built between
1984 and the present using a variety of construction methods. The findings indicated that
the average reverberation time was under 0.8 s, whereas the reverberation time in old
classrooms only was over 1.0 s [10,11]. A study investigated the impact of an uneven distri-
bution of sound absorption inside the classroom on inter-aural level difference and speech
intelligibility in students. As the sound absorption coefficient of the side wall increases,
the sound level difference between the two ears increases, and speech intelligibility was
decreased. According to these results, there is less effect on the sound level difference
between two ears by adjusting the sound absorption coefficient of the ceiling material rather
than the side walls of the classroom [12]. The correct answer rates of a speech intelligibility
test were different depending on the language used, such as English, Chinese, or Korean, in
the same acoustic conditions. Furthermore, the correlation between the reverberation time
and speech intelligibility was also different for various languages. It was shown that factors
affecting speech intelligibility differed depending on the pronunciation characteristics
of the languages. Therefore, the acoustic standards for school classrooms should be set
differently depending on the language used [13].

Currently, Korea does not have classroom acoustics standards, except for noise, which
should be 55 dBA or lower according to the School Health Act [14]. Hence, studies were
undertaken to develop recommendations for acoustics standards for school classrooms in
Korea. Speech intelligibility tests were performed in a variety of reverberation environ-
ments to recommend reverberation time and background noise standards appropriate for
middle and high school classrooms, as shown in Table 3 [15], and interior finishing guide-
lines were proposed to meet the standards [16]. The proposed standards are specifically for
classrooms of middle and high school students (age 14 or older).

Table 3. Suggested acoustic performance standards for classrooms in Korea (unoccupied).

Target RT (s) BN (dBA)
middle and high school
(below 220 m?) <08 <35

In Korea, the age range for children from elementary to high school is 6-18. Students’
speech perception ability changes with age. According to a study that utilized the Hearing
in Noise Test (HINT), from age 14, speech perception abilities in children start to be similar
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to those of adults; in a noisy environment, children’s ability decreased as age decreased,
and it was markedly lower under age 10 [17]. Accordingly, classroom acoustics standards
should vary according to student age by taking age differences in auditory cognitive ability
into account.

Researchers in countries other than Korea have also recognized the need to differentiate
classroom acoustics standards according to age. In Santiago, Chile, an issue was raised
with the existing reverberation time standards for kindergarten and elementary and middle
school classrooms because they were identical regardless of student age [6]. A study
summarized the recommendations regarding classroom acoustic performance in different
countries and proposed age-specific guidelines for background noise and reverberation
time for age groups of 6~7, 8~9, and 10~11 [18].

The study in which the aforementioned classroom acoustics standards in Korea were
developed was conducted with students of age 14 or higher. Hence, because elementary
school students are not fully developed in their speech perception abilities, the standards
may be inappropriate for elementary school classrooms. Additionally, considering speech
perception ability is lower in children aged 10 or younger, standards specific to lower-grade
elementary school classrooms should be developed.

Accordingly, the major goal of the present study is to suggest an appropriate reverber-
ation time for Korean lower-grade elementary school classrooms.

For this purpose, the standard model of the Korean lower-grade elementary school
classroom was reproduced, and various reverberation conditions were created by changing
the sound absorption using a computer simulation. Additionally, auralized sounds with
various reverberation times were created. Using these auralized sounds, speech intelligibil-
ity tests were performed with lower-grade elementary school students and adults, and a
reverberation time appropriate in lower-grade elementary school classrooms was derived.

2. Previous Studies

A previous study was conducted to investigate the current status of lower-grade
elementary school classrooms in Korea. Specifically, physical parameters of acoustic per-
formance were measured in lower-grade classrooms of elementary schools in Cheongju to
examine the classroom acoustic environment (such as reverberation time and background
noise) [19].

A total of three classrooms of lower-grade students were selected in elementary schools
located in Cheongju, and physical parameters of classroom acoustic performance were
measured. The data of three additional classrooms that have already been measured
were added to the analysis, and the acoustic performance of a total of six classrooms was
examined. Table 4 presents the information of the six classrooms, such as construction year
and architectural dimension.

Table 4. Information about the classification and grade of classrooms.

Classification COnstruction Architectural Dimension of the Classroom Grade of
Year Length (L) Width (W) Height (H) Volume (V) Ratio (L:W) Classroom
N 1999 94 m 78m 2.8 206.6 1:0.834 2
K1 1983 83m 75m 2.6 160.0 1:0.904 English
classroom
K2 1983 8.8m 70m 29 177.9 1:0.793 1
C 1981 8.8m 70m 29 178.6 1:0.795 2
S 2007 8.4 m 74m 2.6 161.6 1:0.881 2
H 2008 82m 7.7m 2.6 164.2 1:0.939 1

To avoid the impact of external noises during measurement, all doors and windows
were shut, and measurement was performed based on KS F 2864 [20]. To minimize the
effects of variables like clothing and noise from people inside, the classrooms were un-
occupied during measurement. In the experiment, a directional speaker was used as a
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sound source, matching the directivity pattern of the teacher who speaks to the students
during class. The sound source was positioned in the center of the podium in front of
the blackboard in consideration of the teacher’s location and at a height of 1.5 m from
the floor, considered the average location of the mouth of an adult. The locations of the
sound-receiving points were set up differently when measuring background noise and
reverberation time. The background noise levels were measured at the center of the class-
room and near the window. Also, reverberation times were measured at 9 points that
were evenly distributed in the classroom. Sound receivers (microphones) were located at
a height of 1 m from the floor to correspond with the location of the ears of lower-grade
elementary school students sitting on chairs.

The locations of the sound source and sound-receiving points are presented in Figure 1.
Measured background noise and reverberation time in the classrooms are illustrated in

Figure 2.
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Figure 1. Location of sound source and receiving points for measurement in the elementary classroom.
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Figure 2. Measurement results of background noise levels and reverberation time in Korean elemen-
tary school classrooms (unoccupied).

In Figure 2a, the gray bars represent the measurements near classroom windows, and
the black bars indicate the measurements in the centers of the classrooms. The background
noise level of N elementary school exceeded the US, UK and Korean standards of 35 dBA.
In all the classrooms, background noise near windows was more intense.

The measured reverberation times in each classroom are presented in Figure 2b. As
shown in Figure 2b, RT ;4 did not exceed 0.8 s in all six classrooms. However, in three of
the classrooms, RT ;g was longer than 0.6 s, which is the standards of reverberation time
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in US and UK. It is inferred that this is because three schools were built relatively recently
and the ceilings were finished with sound-absorbing boards efficient for high-frequency
sound, whereas the ceilings in schools built in the 1980s were finished with paint over
sound-absorbing boards which eventually reduced the sound absorption performance.

According to previous studies, classrooms built in different years has different re-
verberation times. Some classrooms met the Korean middle and high school classroom
acoustics standards but, it was not confirmed that these classrooms can provide an ade-
quate listening environment for lower-grade elementary school students. In conclusion,
acoustic standards specific for them should be developed to provide appropriate listening
environment for lower-grade elementary school students in Korea.

3. Research Method

This study seeks to derive a reverberation time (RT,;q) appropriate in lower-grade
elementary school classrooms based on a speech intelligibility test. To do so, a model of
a standard lower-grade elementary school classroom was reproduced, and virtual sound
fields with different reverberation times were created by using various finishing materials.
A total of five reverberation times (0.4s, 0.6 s, 0.8 s, 1.0 s, and 1.2 s) were used, and
auralized sounds for testing were produced in each of the five virtual sound fields. The
speech intelligibility tests used the auralized sounds created for each value of reverberation
time. The test subjects were lower-grade elementary school students whose hearing was
underdeveloped and adults with normal hearing.

3.1. Creation of a Virtual Sound Field in the Standardized Classroom

To create a virtual sound field, a 3D model of a standard classroom for lower-grade
elementary school students was created using AutoCAD. Korean classrooms have been
standardized under the regulation of government, which means that almost all general
Korean elementary school classrooms are rectangular with flat ceilings. The size of the
classroom was determined based on the average interior dimensions of classrooms in
10 elementary schools in Cheongju, that is, 7.3 m in length, 8.5 m in width, and 2.6 m in
height. The information of the 10 elementary school classrooms is reported in Table 5 [21].
The size, floor plan with desk arrangement, and cross-sectional layout of the standard
classroom are presented in Figure 3, and its 3D model is displayed in Figure 4.

Table 5. Information of the 10 elementary school classrooms.

Architectural Dimension of the Classroom

Construction District

Year Classification Length Width Height Volume Ratio
(L) (W) (H) V) (L:W)

1971 general area 73 m 8.8m 24m 154.2 m® 1:1.21
1972 roadside area 79 m 8.0 m 2.6 m 164.3 m> 1:1.01
1974 general area 74 m 8.8 m 2.8m 182.3 m°> 1:1.19
1981 general area 7.0m 9.0m 29m 178.6 m? 1:1.26
1987 general area 7.0m 9.0m 2.7m 175.8 m3 1:1.19
2003 roadside area 7.4 m 8.0m 2.6 m 153.9 m3 1:1.08
2007 roadside area 72m 8.2m 2.5 m 147.6 m® 1:1.14
2007 general area 74 m 8.4 m 2.6 m 161.6 m> 1:1.14
2008 general area 72m 82m 26m 153.5 m? 1:1.14
2008 roadside area 7.7m 8.2m 2.6 m 164.2 m3 1:1.06
average 7.3 m 85m 2.6m 163.3 m? 1:1.14

Finishing materials typically used in each area of an elementary school classroom were
inputted in the 3D classroom model using the room acoustic simulation software Odeon [22].
Because reverberation time is influenced by classroom volume and the sound absorption
rates of finishing materials, the reverberation time in each experimental condition was
adjusted based on the sound absorption rates of such materials. In consideration of the fact
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that the standard for middle and high school classrooms in Korea is 0.8 s, a total of five
reverberation times, 0.4 s, 0.6 5, 0.8 5, 1.0 s, and 1.2 s, were set as experimental conditions.
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(a) Floor plan (b) Cross-sectional layout

Figure 3. Floor plan and cross-sectional layout of standard elementary school classroom in Korea
(unit: mm).

Figure 4. 3D model of standard elementary school classroom in Korea.

As the sound absorption coefficient of the side wall increases, the sound level difference
between the two ears increases, and speech intelligibility is decreased [12]. Since the ceiling
is the surface which reflects the teacher’s voice first, the clarity and reverberation of the
classroom can be effectively adjusted when the ceiling is treated as absorptive or reflective.
Therefore, the reverberation time was adjusted by manipulating the sound absorption
coefficient of the finishing materials of the ceiling rather than the side walls.

The types and sound absorption coefficients of interior finishing materials by location
are presented in Table 6.

NC (noise criteria) values were set to deal with background noise in the classroom
during the simulation. The NC value refers to the level of noise that can be allowed indoors
and was set to NC 30 in consideration of the level of noise allowed in the classroom [23].
The same background noise was set for all reverberation times.

The sound source and receiving points were set to follow the current teaching methods
during the simulation. The sound source was located at the center of the podium in front
of the blackboard (a typical place where teachers teach the class) and at a height of 1.5
m from the floor (the average location of the mouth of a male adult). The location of the
sound-receiving points was at a height of 1.2 m from the floor, reflecting the location of the
ears of students sitting in the center of the classroom. The sound source output level was
set at 72 dBA which is similar with the "loud" voice of teachers in lower-grade elementary
school classrooms considering hearing and concentration abilities of children under the
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age of 9 [24]. This level is corresponded with the vocal level when a male talks "loud". The
vocal efforts by a regular male are reported in Table 7 [25].

Table 6. Finishing materials for the classroom applied in the simulation.

Classification Location Material NRC *
floor linoleum tile 0.015
wall painted on 0.015
concrete
window glass, PVC frame 0.038, 0.075
Common finishing materials door wood 0.085
blackboard wood 0.083
lecture desk wood 0.083
desk wood, metal 0.083, 0.075
chair wood, metal 0.083, 0.075
cabinet wood 0.083
ceiling mineral board 0.518
0.4s 95% absorption 0.950
0.6s 60% absorption 0.600
RTpig ** 08s ceiling 38% absorption 0.380
10s 27% absorption 0.270
12s 21% absorption 0.210

* noise reduction coefficient: average of the sound absorption coefficient with 250, 500, 1 k, 2 k Hz. ** RTq:
average RT of 500 Hz & 1 kHz.

Table 7. Vocal level according vocalization effort of a regular male.

Vocal Effort LS, A,1m (dB)
maximum shout 90
shout 84
very loud 78
loud 72
raised 66
normal 60
relaxed 54

Acoustic factors other than reverberation time are also influenced by the sound ab-
sorption rate indoors. As the reverberation time changes, the definition (D50) and speech
transmission index (STI) change, and based on these factors, the speech intelligibility per-
formance of a classroom can be estimated. D50 refers to the ratio of direct sound energy to
total sound energy up to 50 ms after direct sound reaches a point. It is an acoustic factor
indicating the definition of the room. Usually, D50 increases when the reverberation time is
shortened, and D50 decreases when the reverberation time is lengthened. The space where
speech transmission is mainly performed requires a D50 value of 50~60% [26]. ST1 is used
as an indicator of understanding of speech transmission such as lectures. The values of the
STl range from O to 1, indicating the degree of speech transmission in the room is “Fair” at
0.45~0.60, “Good” at 0.60~0.75, and “Excellent” at 0.75 or higher [27].

Figure 5 illustrates D50 and STI values according to reverberation time in the virtual
sound field created via simulation. It can be seen that the longer the reverberation time is,
the lower the D50 and STI values are. Additionally, when the reverberation time (RTy;q) is
between 0.4 s and 1.2 s, D50 ranges from 87% to 46% and STI values from 0.79 to 0.54.
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Figure 5. Speech intelligibility in the classroom by reverberation time.

3.2. Creation of Auralized Sounds

The speech intelligibility tests were conducted using auralization techniques. In five
3D virtual sound fields, binaural impulse responses were recorded by selecting a head-
related transfer function (HRTF) and headset model in the computer simulation program
and synthesized with the sounds for the speech intelligibility test. The HRTF-headset
model was specified as the same as the headset (Sennheiser HD 280, 44,100 Hz) model used
to test speech intelligibility. The sounds used in the synthesis were recorded in an anechoic
chamber for Korean speech intelligibility tests. Figure 6 illustrates the production process
of auralized sounds.

Anechoic
Directivity [ HRTF ][

srgnal

Bmaural Convolution Auralized
synthesis sounds

Figure 6. Production process of auralized materials.

Binaural
Impulse
response
of classroom

Room shape

Sound
absorption

Generally, a list of nonsense monosyllabic consonant-vowel-consonant (CVC)
words [28,29] or a list of phonetically balanced words (PBW) in which phonological phe-
nomena in Korean word pronunciation are evenly distributed is used to evaluate Korean
speech intelligibility [30]. In the PBW method, meaningful words of three or more syllables
are used. When adults are tested, it is typical to perform the speech intelligibility test by
using both the CVC and PBW methods based on a word list consisting of 50 words per set.
During the test, a word is auditorily presented, and adult subjects are instructed to write it
down within a specified time. Compared to adults, however, the number of words that
lower-grade elementary school students can listen to and write down is limited, and their
attention spans are shorter. Hence, it is difficult to evaluate children with the same number
of words that would be used for an adult’s test [31].

Accordingly, the word list used in this study was developed by consulting with
three homeroom teachers of lower-grade elementary school students and selecting words
appropriate for children. The outcome of the consultation was based on the current
curriculum and converged opinions of homeroom teachers of lower-grade students at
the elementary schools at which they were working. Opinions of at least 15 teachers
were gathered. As a result of the consultation, the PBW method was excluded based on
the opinion that accurate speech intelligibility testing would be impossible with three or
more syllable PBWs because lower-grade elementary school students have not learned
enough such words and cannot understand them. In addition, to the control difficulty
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level, monosyllabic CVC words were classified as “easy,” “moderate,” “difficult,” and
“impossible” upon consultation, and the final sets of CVC words were created such that
children’s average test scores would be 75-80 points. Specifically, there were 14 easy, 10
moderate, and 1 difficult CVC words (a total of 25) in a set. A total of five sets of CVC
words were developed in this manner, as it was planned to test speech intelligibility in a
total of five conditions of reverberation time. To prevent learning during the experiment
through the repeated presentation of CVC words, the five sets consisted of entirely different
monosyllables. To familiarize the children with the experimental procedure, a practice list
consisting of four monosyllabic words was used prior to the main experiment. Table 8 is a
Korean-language speech intelligibility test tool.

Table 8. Sample list of the speech intelligibility test for children under 10 years of age (Korean).

practice list AHsan] E[deul] H[byeol] Z[kkot]
S [ho] ZHcha] ZHmal] 2][wo] ‘Fnap]
<=[sun] Zrkal] 3] [hoe] “&|kong] A[cheol]
evaluation list Z[gyeol] 7 [mae] Zgwang] <[son] A [jjil
A ssal] Ehwal] E[deum] 7) [kki] 9 [oe]
+[gong] 9] [ui] Wppal] Alip] Z[cho]

The duration of each CVC word and the interval between words were controlled by
using Adobe Audition CC program. A word was presented for 1-2 s, and the interval
between words was 7 s to allow a sufficiently long time during which the children could
hear and write down a word.

3.3. Speech Intelligibility Test

Speech intelligibility tests were performed on May 17 and 22, 2021. The total number
of subjects was 40: 20 lower-grade elementary school students with incomplete hearing
and 20 adults with normal hearing. Hearing-impaired groups are different from the groups
with incomplete hearing. Incomplete hearing groups contain the people with no medical
hearing difficulties but, they have not yet matured due to young ages. During the tests,
classroom doors and windows were closed to minimize the influence of external noises.
The tests were performed in identical conditions throughout the experiment, including
conditions such as the word list, presentation order, and output level. Detailed information
on the number and age of subjects, test dates, and background noise levels is presented in
Table 9.

Table 9. General information on speech intelligibility test.

Children Adults
No. of participants 20 20
Age (number of persons) 9(10), 10(10) 244 *
Background noise 24.4 dBA 23.8 dBA
Temperature 23.2°C 21.3°C
Humidity 40.2% 35.7%

* average age.

Subjects were instructed to listen to each test word through a headphone (Sennheiser
HD 280) and write it down on the answer sheet. How accurately they perceived the words
was evaluated by computing the proportion of correct answers. The headphone’s output
level was set to 64 dBA to reflect the sound level in the center of a classroom when the
teacher’s voice level is 72 dBA. To ensure that the sound output levels would be identical
in all headphones, a sound level meter was used to measure a test sound played through
the headphones, and the level was adjusted. A diagram of the outputting of the sounds
used to test speech intelligibility is presented in Figure 7.
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Figure 7. Equipment configuration diagram.

To prevent familiarization with reverberation, the auralized sounds were provided
randomly, as shown in Table 10. To account for hearing fatigue, subjects took a 2-3 min
break between sets.

Table 10. Order of speech intelligibility test.

Test Order RT (s)
1 1.0
2 0.4
3 0.8
4 0.6
5 1.2

4. Research Result
4.1. Speech Intelligibility Test Results

Speech intelligibility tests were accomplished to 20 lower-grade elementary school
students and 20 adults with five reverberation conditions. When scoring the speech
intelligibility test answers, 4 points were given to each question so that the total score
was 100 points. Homophones were treated as correct answers. For example, “ Z+[gt]” and
“Z¥[gt]” were treated as the same answer because their pronunciations are the same, [gt]. In
addition, because it is difficult for lower-grade elementary school students to differentiate
the sounds of “consonant + 1l[e]” and “consonant + l[ae]” an answer with a vowel of
either “ Jl[e]” or “ W[ae]” was scored as correct if the consonant was correct. For instance,
“Z[je]” and “#l[jae]” were treated as the same answer. The average speech intelligibility
test scores of children and adults at each reverberation time are shown in Table 11.

Table 11. The results of speech intelligibility testing (average scores).

RT (s) 0.4 0.6 0.8 1.0 1.2
5 children * 74.8 79.4 72.2 72.0 68.4
core adults ** 85.4 87.8 85.4 79.8 78.8

*under 10 years of age ** 20s (normal hearing).

The children’s average score was highest as 79.4 when the reverberation time was 0.6 s.
At all other values, they scored 75 or lower, and thus, the difference from the highest score
ranged from 4.6 to 11. In adults with normal hearing, the average speech intelligibility test
score was highest as 87.8 when the reverberation time was 0.6 s.

Figure 8 shows the average speech intelligibility test scores of children and adults for
each reverberation time. Figure 9 illustrates the rates of increase and decrease in speech
intelligibility test scores.
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Figure 8. Comparison of speech intelligibility test scores in children and adults.

—@— children under 10 years of age --:A-- adults

10

Increase/decrease rate (%)
o
T

-10

0.4 0.6 0.8 1.0 1.2

Figure 9. The rate of increase and decrease in the speech intelligibility test scores.

At all the conditions of reverberation time, average scores of lower-grade elementary
school students are less than the scores of adults by approximately 10 points. It is specu-
lated that children’s score was low because the speech perception ability of lower grade
elementary school students was significantly lower than that of adults. Additionally, in
both children and adults, the longer the reverberation times, the lower the scores.

In children, the score was the highest, 79.4, when the reverberation time was 0.6 s, and
the rate of decrease was the greatest, 9.1%, when the reverberation time increased from 0.6
s to 0.8 s. Based on this finding, it is believed that a reverberation time of 0.6 s is the most
appropriate for lower-grade elementary school classrooms. It is clear that the standard for
reverberation time in lower-grade elementary school classrooms should be shorter than the
standard for middle and high school classrooms, which is 0.8 s.

On the other hand, adults scored 85 points or higher when the reverberation time
was between 0.4 s and 0.8 s, and under 80 points when it was 1.0 s or longer. The rate of
decrease was the greatest, 6.6%, when the reverberation time was between 0.8 s and 1.0 s.
Considering that students aged 14 or older show the same level of speech perception ability
as adults, the current reverberation time standard for middle and high school classrooms
in Korea, 0.8 s, seems appropriate.
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4.2. Reverberation Time Appropriate for Lower-Grade Elementary School Classrooms in Korea

A standard for appropriate speech transmission in lower-grade elementary school
classrooms in Korea was derived based on the speech intelligibility tests performed with
various conditions of reverberation time. The proposed standard for the reverberation time
is below 0.6 s.

Even in the same listening environment, speech intelligibility varies depending on the
language, and the auditory cognition ability differs at different ages. Therefore, the stan-
dard derived herein should be applied only in lower-grade elementary school classrooms
in Korea. The derived reverberation time standard for lower-grade elementary school
classrooms is reported in Table 12.

Table 12. Proposed reverberation time standard for Korean lower-grade elementary school classrooms.

Volume Reverberation Time (RT,;q) *

below 185 m> below 0.6 s
* average RT of 500 Hz & 1 kHz.

However, this study does not recommend 0.4 s of RT because excessively low RT
causes a loss of sound level in the speech space [25]. The speech intelligibility test result
also showed that the score at 0.4 s of RT was lower than that at 0.6 s. Therefore, it is
recommended to design the lower-grade classrooms of Korean elementary schools in the
range of 0.6 s.

The reverberation time standard suggested in this study can be applied only to the
situation when teachers speak to the children from the front. Currently, the Korean teaching
method is generally conducted by teachers looking at students from the teacher’s desk.
Also, this standard cannot be applied to special classrooms for learning music, art, and
physical education.

Table 13 compares the reverberation time standards of the US, UK, and Korean middle
and high school classrooms with the present study. The standard for middle and high school
classrooms in Korea is 0.8 s, which is longer than the standard for lower-grade elementary
school classrooms derived in this study (0.6 s) by approximately 0.2 s. Thus, lower-grade
elementary school classrooms require a space with higher sound clarity compared to middle
and high school classrooms. The reverberation time standards in the United States are
provided according to the volume of the classroom regardless of age, and the standard is
0.6 s or less. Meanwhile the United Kingdom provided the standard without limiting the
volume of the classroom. The standard has limits regarding age, and the reverberation time
standard in elementary school is 0.6 s or less.

Table 13. Comparison of reverberation time standards in various countries.

Country Grade Volume Limit RT
K lower-grade elementary school (example) below 185 m? below 0.6 s
orea middle and high school * below 220 m? below 0.8 s
us ** all school below 283 m3 below 0.6 s
UK #+ elementary school no limitation below 0.6 s
middle and high school no limitation below 0.8 s

* Park, C.J.; Haan, C.H. Initial study on the reverberation time standard for Korean middle and high school
classrooms using speech intelligibility tests. Buildings 2021, 11, 354. ** ASA S12.60: acoustic performance
standard, design requirements, and guidelines for schools. *** Building Bulletin 92: Acoustic Design of Schools a
Design Guide.

These standards are related to the characteristics of the language being used, the
methods of education, and the construction type in the country. Therefore, standards for
classroom acoustic environments should be developed for the country where the standards
will be applied. In addition, the auditory cognition ability corresponding to student age
should be factored into the classroom acoustics standards.
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5. Conclusions

The aim of this study was to recommend a reverberation time appropriate for lower-
grade elementary school classrooms. To do so, a standard classroom of a lower-grade
elementary school was reproduced, and auralized sounds with various reverberation times
were created using computer simulation. Using the auralized sounds, speech intelligibility
tests were administered to lower-grade elementary school students and adults, and the test
scores were analyzed. The conclusions can be summarized as follows:

(1) Inboth lower-grade elementary school students and adults, speech intelligibility test
scores decreased as the reverberation time increased.

(2) The average scores of the students were lower than those of adults. Thus, it can be
inferred that speech perception ability is lower in children than in adults.

(38) For lower-grade elementary school students, the percentage of correct answers fell
by 9.1%, when the reverberation time was increased from 0.6 s to 0.8 s. On the other
hand, adults’ percentage of correct answers fell by 6.6%, when the reverberation time
was increased from 0.8 s to 1.0 s.

(4) Itis believed that an educational space with a reverberation time of 0.6 s or less is the
most appropriate for lower-grade elementary school students.

This study was conducted with only 20 subjects per group and hence, it is difficult
to generalize the findings. In addition, the effects of facial masks and screens were not
considered. According to a recent paper, acoustic transmission is influenced by protections
such as face masks [32]. Moreover, not only the reverberation time but also the background
noise is an important factor affecting classroom acoustics, and it should also be regulated.
In the future, additional research should be performed with lower-grade elementary school
students to recommend acoustics standards for reverberation time and background noise
appropriate for the students.

Based on the findings, classroom design guidelines for interior finishing materials
and layout can be developed to implement acoustic standards for lower-grade elemen-
tary school classrooms in educational spaces and ultimately to provide an educational
environment appropriate for the hearing of lower-grade elementary school students.

Author Contributions: Conceptualization, C.-H.H.; methodology, A.-H.J., C.-].P. and C.-H.H.; soft-
ware, A.-H.J; validation, A.-H.J., C.-].P. and C.-H.H.; formal analysis, A.-H.J. and C.-H.H.; inves-
tigation, A.-H.J., C.-J.P. and C.-H.H.; resources, C.-H.H.; data curation, A.-H.]J.; writing—original
draft preparation, A.-H.J.; writing—review and editing, C.-H.H.; visualization, A.-H.].; supervision,
C.-H.H.; project administration, C.-H.H.; funding acquisition, C.-H.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF), grant
funded by the Korean government (MSIT) (NRF-2020R1A2C2009963).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Nabelek, AK.; Pickett, ].M. Reception of consonants in a classroom as affected by monaural and binaural listening, noise,
reverberation, and hearing aids. J. Acoust. Soc. Am. 1974, 56, 628-639. [CrossRef] [PubMed]

2. Nicola, P; Chiara, V. Research trajectories in classroom acoustics: Investigation children perception beyond accuracy. J. Can.
Acoust. 2019, 47, 65-70.

3. Bradley, ].S. Speech intelligibility studies in classrooms. J. Acoust. Soc. Am. 1986, 80, 846—854. [CrossRef] [PubMed]

4. ANSI/ASA 512.60; Acoustic Performance Criteria, Design Requirements and Guidelines for Schools, American National Standard.
Acoustical Society of America: Melville, NY, USA, 2010.

5. Building Bulletin 93, Acoustic Design of Schools; Department for Education and Employment: London, UK, 2011.

6. Aguila, J.R. A review of acoustic design criteria for school infrastructure in Chile. Rev. Ing. Constr. 2019, 34, 115-123.

7. Veera, G. Policy on classroom acoustics in India. J. Educ. 2015, 8.

8. Coralie, V.R,; Catherine, K. Classroom acoustics as a consideration for inclusive education in South Africa. S. Afr. J. Commun.

Disord. 2017, 64, 550-560.


http://doi.org/10.1121/1.1903301
http://www.ncbi.nlm.nih.gov/pubmed/4415491
http://doi.org/10.1121/1.393908
http://www.ncbi.nlm.nih.gov/pubmed/3760338

Buildings 2022, 12, 808 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.

Tong, Y.G.; Abu, B.H.; Mohd, S.K.A.; Ewon, U.; Labeni, M.N.; Fauzan, N.F.A. Effect of urban noise to the acoustical performance
of the secondary school’s learning spaces: A case study in Batu Pahat. In Proceedings of the Global Congress on the Materials
Science and Engineering, Johor Bahru, Malaysia, 28-29 August 2017.

Haan, C.H.; Moon, K.C. An experimental research on the room acoustic environment of the elementary school. J. Korean Inst.
Educ. Facil. 2004, 11, 5-14.

Park, C.J.; Ryu, D.J.; Haan, C.H. Investigation of the outdoor noises of schools and acoustic performance of the classroom. In
Proceedings of the Conference on Acoustic Society of Korea, Seoul, Korea, 10-11 May 2012.

Park, C.J.; Haan, C.H. Effect of the inter-aural level differences on the speech intelligibility depending on the room absorption in
classrooms. . Acoust. Soc. Korea 2013, 32, 335-345.

Ding, W.; Park, C.J.; Haan, C.H. Comparison of the Korean and Chinese speech intelligibility with increasing sound absorption in
a classroom. . Acoust. Soc. Korea 2012, 31, 129-141. [CrossRef]

Ministry of Education of the Republic of Korea. School Health act Enforcement Rule; Student Health Policy Division, Ministry of
Education of the Republic of Korea: Seoul, Korea, 2019.

Park, C.J.; Haan, C.H. Initial study on the reverberation time standard for the Korean middle and high school classrooms using
speech intelligibility tests. Buildings 2021, 11, 354. [CrossRef]

Ryu, D.J.; Park, C.J.; Haan, C.H. Interior surface treatment guidelines for classrooms according to the acoustic performance
criteria. J. Acoust. Soc. Korea 2016, 35, 92-101. [CrossRef]

Nilsson, M.; Soli, S.D.; Sullivan, J. Development of the hearing in noise test for the measurement of speech reception thresholds in
quiet and in noise. J. Acoust. Soc. Am. 1994, 95, 1085-1999. [CrossRef] [PubMed]

Mealings, K. Classroom acoustic conditions: Understanding what is suitable through a review of national and international
standards, recommendations, and live classroom measurements. In Proceedings of the Acoustics, Brisbane, QLD, Australia, 9-11
November 2016.

Jo, AH.; Park, CJ.; Haan, C.H. Investigation of the acoustic performance of lower grade elementary school classrooms. J. Korean
Inst. Educ. Facil. 2021, 28, 3-14.

KS F 2864: 2012; Measurement of the Reverberation Time of Rooms with Reference to the Other Acoustical Parameters (MOD ISO
3382:1997). ISO: Geneva, Switzerland, 1997.

Park, C.J. Establishment of the Acoustic Performance Criteria for Middle and High School Classrooms in Korean. Ph.D. Thesis,
Chungbuk National University, Cheongju, Korea, 2014.

Christensen, C.L. Odeon Combined Version 12.10; User manual, Odeon; Technical University of Denmark: Lyngby, Denmark, 2013.
ASHRAE. ASHRAE Handbook: HVAC Applications (ASHRAE); ASHRAE: Washington, DC, USA, 2007.

Pearsons, K.S.; Bennett, R.L.; Fidell, S. Speech Levels in Various Noise Environments; U.S. Environmental Protection Agency:
Washington, DC, USA, 1997.

Egan, M.D. Architectural Acoustics; McGraw-Hill: New York, NY, USA, 1988; p. 344.

Mehta, M.; Johnson, J.; Rocafort, J. Architectural Acoustics—Principles and Design; Prentice-Hall: Englewood Cliffs, NJ, USA, 1999.
IEC 60268-16: 2020; Sound System Equipment—Part 16: Objective Rating of Speech Intelligibility by Speech Transmission Index.
IEC Standards: Geneva, Switzerland, 2020.

Yoon, C.S.; Kim, S.W.; Oh, Y.K. A study on the standardization of articulation testing method and its evaluation suitable for
Korean language (I)—Concent: Rated on the proposal of articulation testing standard. J. Archi. Inst. Korea 1988, 20, 117-125.
Yoon, C.S.; Kim, S.SW.; Oh, Y.K. A study on the standardization of articulation testing method and its evaluation suitable for
Korean language (II)—Evaluation of the proposed articulation testing standard. J. Archi. Inst. Korea 1989, 21, 95-108.

Kim, B.W.; Kim, J.J.; Kim, S.T; Lee, Y.J. A study on the design and the construction of a Korean speech DB for common use. J.
Acoust. Soc. Krorea 1997, 16, 35-41.

Oh, ].J. Development of the Lists of Phonetically-Balanced One-Syllable Words for Kindergarteners and School aged Children.
Master’s Thesis, Hallym University, Chuncheon, Korea, 2003.

Caniato, M.; Marzi, A.; Gasparella, A. How much COVID-19 face protections influence speech intelligibility in classroom? Appl.
Acoust. 2021, 178, 108051. [CrossRef]


http://doi.org/10.7776/ASK.2012.31.3.129
http://doi.org/10.3390/buildings11080354
http://doi.org/10.7776/ASK.2016.35.2.092
http://doi.org/10.1121/1.408469
http://www.ncbi.nlm.nih.gov/pubmed/8132902
http://doi.org/10.1016/j.apacoust.2021.108051

	Introduction 
	Previous Studies 
	Research Method 
	Creation of a Virtual Sound Field in the Standardized Classroom 
	Creation of Auralized Sounds 
	Speech Intelligibility Test 

	Research Result 
	Speech Intelligibility Test Results 
	Reverberation Time Appropriate for Lower-Grade Elementary School Classrooms in Korea 

	Conclusions 
	References

