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Three different reverberation time (RT) conditions were obtained by room acoustical simulation. The
working memory span of grades 3 (8 to 9 years old) and 6 children (11 to 12 years old) was tested under
these reverberation conditions with different signal-to-noise ratio (SNR) by headphone reproduction in
a quiet classroom. The working memory span scores (WMSSs) were obtained under the different RTs
and SNRs conditions. The results demonstrated that children’s age, RT and SNR had significant effect
on children’s WMSSs. With the increase of SNR and the decrease of RT, the WMSSs increased gradually.
Under the same SNR and RT condition, the children’s WMSSs were increased with the increase of their
age. Multiple linear regression analysis shows that children’s WMSSs are related to age, RT and SNR,
and the correlation coefficient is 0.99.
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1. Introduction

Working memory span (WMS) is a measure of the
capacity of individual working memory units, and re-
flects the storage capacity and processing efficiency
of working memory (Conway et al., 2005). Working
memory is of great significance in advanced cognitive
activities such as verbal comprehension, problem solv-
ing, reasoning and learning. Baddeley and Hitch
(1974) proposed a multi-component working mem-
ory model through experimental investigation. They
thought that while working memory originates from
short-term memory, it is not equivalent to short-term
memory.

The classroom is an important place where chil-
dren acquire knowledge. They not only listen to what
teachers say in the given moment, but also need later
to remember what was said. The effect of excessive
noise and reverberation do not only restrict children’s
hearing of the words that are spoken but also inter-
fere with the working of their memory in the class-
room (Klatte et al., 2002; Dawna et al., 2014). If
the critical effect of noise and reverberation is that
word identification requires a larger part of the avail-
able working memory resources, it can be argued that
people with a low working memory capacity are es-

pecially vulnerable to conditions of noise and rever-
beration. Kjellberg (2008) measured the subject’s
reading breadth in experiments where noise affected
vocabulary memory, finding that WMS (reading span)
was significantly correlated with the vocabulary mem-
ory score. The higher the WMS of subjects under con-
ditions of noise, the higher their score in terms of mem-
ory vocabulary (Pichora-Fuller et al., 1995; Sur-
prenant, 1999; Sorqvist et al., 2014; Sullivan et al.,
2015; Marrone et al., 2015). The working memory
model presented by Baddeley (2003) confirmed the
important role of WMS in verbal understanding and
memory. Ljung et al. (2013) further investigated the
WMS of 35 undergraduates under four signal-to-noise
ratios (SNRs). The results showed that the memory
performance of the high WMS group was not affected
by an increase in noise, but that the memory perfor-
mance of the low WMS group increased with a linear
increase of noise.

Ljung and Kjellberg (2009) explored the effects
of reverberation time (RT) on WMS using the adult
memory span test. Their results indicate that a long
RT impaired memory with relation to speech informa-
tion. Compared with short RT conditions, the number
of words remembered by the adults in the study under
long RT conditions was small, and the error rate was
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also high. Beaman and Holt (2007) presented visual
stimuli in memory tasks and indicated that a long re-
verberation can reduce the effect of “unrelated sound
effects” by attenuating noise and its variability. How-
ever, their results do not have practical significance
since they performed the test under a 5 s RT condi-
tion. This is compounded by the fact that Perham
(2007) conducted a similar study with RTs of 0.7 s
and 0.9 s, and did not reach the same conclusions.
Klatte et al. (2011) explored the effects of reverber-
ation on short-term memory under different types of
noise conditions, finding that both pink noise and in-
door noise affected subjects’ memory score, and that
memory scores within a quiet environment were much
higher than those under conditions of non-correlated
speech noise in the same room with a long reverbera-
tion time.

Although some of the above studies have investi-
gated the effects of reverberation and noise on WMS
under fixed SNR, the effects of variable SNR and vari-
able RT on children’s working memory are rarely re-
ported. In the current study, room impulse responses
with different RTs were obtained using acoustic mod-
eling method in a rectangular classroom. The WMS of
children of different ages was evaluated under differ-
ent RT and SNR conditions. In light of this argument,
the aim of the current paper is to explore the effects
of noise and reverberation on the WMS of children of
different ages.

2. Experimental method

2.1. Simulation of room impulse responses

In this paper, a classroom of 8.4× 7.7× 3.9 m3 was
used as the model, and acoustical simulation software
(ODEON) was used to obtain different test conditions
for RT. The classroom model is shown in Fig. 1. In the
model, the walls was plastered brickwork and ceiling
was plastered concrete for condition A (see Table 1).
There were two glass windows in each sidewall and two

Fig. 1. The classroom model and the sound sources and
listening positions in the model.

Table 1. Objective acoustical parameters for three room
impulse responses.

Conditions EDT [s] RT [s] D50

A 1.19 1.18 0.54

B 0.69 0.80 0.69

C 0.36 0.51 0.86

wooden doors in one sidewall. The floors were covered
with ceramic tiles and the student’s area had wooden
desks and chairs. The sound source “S” is located in
the middle of the podium, 1.0 m away from the black-
board; the listening position “R1” is 4.6 m away from
the sound source. The three room impulse responses
with different RTs (0.51 s, 0.80 s, 1.18 s, which cor-
responds to conditions C, B and A in Table 1, re-
spectively) in the 500–1000 Hz octave band were ob-
tained by changing the sound-absorbing material ar-
rangement of the walls and ceilings in the classroom.
The objective acoustical parameters such as the early
decay time (EDT), RT, and the definition (D50) of the
500–4000 Hz octave band which were calculated from
the simulated room impulse response, are shown in Ta-
ble 1.

2.2. Subjects

Third and sixth grade children were randomly se-
lected from a primary school in Guangzhou City for
the study. Third grade children were eight to nine years
old, and sixth grade children were 11 to 12 years old.
90 children were selected for each grade, totalling 180
for the study. All students who participated in the test
were able to understand and speak standard Mandarin
Chinese and no hearing problems were reported by
them and their parents.

2.3. Working memory span test

A measure of working memory span was used to
evaluate children’s working memory span through test
programming, edited by one of the current authors us-
ing psychological and behavioral experiment software,
E-Prime (Turner, Engle, 1989; Unsworth et al.,
2005). To obtain test speech and noise signals, two-
syllable words signals recorded in the anechoic cham-
ber and speech-shaped noise based on the average
speech spectrum of all test words were convoluted with
the room impulse response of 0.51 s, 0.80 s and 1.18 s
RT respectively, and then mixed with the varying SNR
(3 dB(A), 9 dB(A) and 15 dB(A)) using Cool Edit Pro
software. The test speech and noise signals were then
reproduced through Sennheiser HD-580 headphones
in a 8.60× 6.15× 3.25 m3 empty classroom where the
background noise level was less than 40 dB(A) during
the test. A total of nine (three different RT and three
different SNR) conditions were tested.
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Considering the limited literacy and reading com-
prehension levels of younger children (aged eight to
nine years), all test words are selected from primary
Chinese textbooks in the lower grades and were also
ones used frequently in daily life, to avoid the effect
of unfamiliar and complex words on children’s test re-
sults. The addition and subtraction operations of two
integers within 10 were used in the test. The num-
ber of additions and subtractions for each test was
halved, and their right and wrong were also halved.
Each arithmetic question was followed by a double
syllable word. The test was performed in the order
of two arithmetic expressions and two double sylla-
ble words in each line, to six arithmetic expressions
and six double syllable words. A total of six groups
in which there were three lines with the same number
of test questions (arithmetic expressions and double
syllable words) were presented. Prior to the test, an
additional two lines (one line with two arithmetic ex-
pressions and two double syllable words, and the other
with three arithmetic expressions and three double syl-
lable words), were used as the children’s exercise. All
tests included a total of 60 ((2+3+4+5+6)×3 = 60)
items.

The test was controlled using E-Prime software
and the test items were presented on computer
screens. First, an arithmetic expression (for example:
4− 2 = 2?) was presented on the screen, the child then
being asked to determine whether the expression was
correct or incorrect by selecting a computer key. The
test item would remain on the screen until the com-
puter detected the child’s response. Once the latter
was detected, the computer automatically recorded
the subject’s judgment, and then the accompanying
double syllable word (such as ‘classmates’) was repro-
duced through the headphones. After three seconds,
the computer automatically presented the next arith-
metic expression and double syllable word. When all
the test items (arithmetic expressions and double syl-
lable words) were completely presented in a line, the
test program prompted the subject on the computer
screen as follows: ‘please write down the words that you
just heard.’ Then, the subject wrote down the words
that s/he heard in order on the form recording work-
ing memory span. The presentation time of the prompt
was set to ‘infinity’ by the software and triggered by
the computer key, meaning that the subjects could de-
cide independently whether or not to begin the next
test. The purpose of this was to give the subjects suffi-
cient time to remember and record the test words and
to avoid to affect the recalling of the words correctly
because of time constraints. When a group test was
completed, an arithmetic expression and a double syl-
lable word were added to each line in next group, and
the next group test started. According to each child’s
response to the experiment and recording speed, the
average time spent doing the exercises was between 18

to 25 minutes. The scene of the on-site experiment is
shown in Fig. 2.

Fig. 2. The test on-site.

Subjects correctly recalled a word in the correct
position for 1 point, with the percentage of the total
number of words recalled in the correct order and the
total number of test words subsequently taken as their
working memory span score (WMSS). Under each test
condition, the WMSS was the mean of the WMSSs of
10 subjects under this condition.

3. Results

Figure 3 shows the children’s WMSSs across the
two grades under three different SNR and three differ-
ent RT conditions. It can be seen that the higher the
SNR, the higher the children’s WMSSs under the same
RT and age conditions. The children’s WMSSs in-
creased with the decrease of RTs under the same SNR
condition. The higher the children’s age, the higher the
WMSSs under the same RT and SNR condition. The
results of analysis of variance show that RT, SNR, and

Fig. 3. WMSSs under different grade, SNR and RT condi-
tions.
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children’s age have significant effects on WMSS, but no
interaction effect was found significant for RT, SNR,
and children’s age.

To further analyze the effects of different SNRs and
RTs on children’s WMSSs, the WMSSs under differ-
ent SNR and RT conditions were tested using pairwise
comparisons. While significant differences emerged be-
tween the WMSSs of children under 3 dB(A) and
15 dB(A) of SNR, there was no significant difference
found between the WMSSs of children under 9 dB(A),
3 dB(A), or 15 dB(A) SNR. There were significant dif-
ferences between the WMSSs of children with 0.51 s
and 1.18 s of RTs, but no statistical significance in
the difference between the WMSSs of children between
0.51 s and 0.80 s, and between 0.80 s and 1.18 s of RT.
These results indicate that RT should be reduced as far
as possible and that the interference of various ambient
noise should be avoided in classrooms, as the classroom
is an important learning place for children. It is also
indicated here that a higher SNR would benefit chil-
dren’s memory performance during the class, with the
implication that the children would better remember
what the teachers taught and that the learning effect
would thus be improved.

Table 2 presents differences in the children’s
WMSSs across the two grades. There was a minor dif-
ference found in the WMSSs between grades three and
six under different SNR and RT conditions, and no sig-
nificant difference (F (2, 8) = 1.754, p = 0.251) found
for these conditions. The range of the differences in
scores was between 6.0% and 7.66%, and the mean
difference was 6.78% with standard deviation 0.20. On
average, the WMSS for sixth grade children was 6.78%
higher than that of third grade children.

Table 2. Differences in WMSS between third and sixth
grade.

SNR [dB(A)]
WMSS difference [%]

T30 = 0.51 s T30 = 0.80 s T30 = 1.18 s

3 7.00 6.16 6.00

9 7.34 6.17 7.66

15 7.33 6.83 6.50

A multiple regression model was used to fit the chil-
dren’s WMSSs and the fitting equation was shown in
Eq. (1).

WMSS = 57.28 + 2.26AGE− 6.07RT + 0.41SNR. (1)

The “AGE” represents the age of children in
Eq. (1). The correlation coefficient was 0.99 and stan-
dard deviation was 0.7%. The AGE, RTs and SNRs
(significance level p < 0.001) were the main influ-
encing factors of these children’s WMSSs. There was
a positive linear relationship found between children’s
age, SNRs and children’s WMSSs, while there was

a negative linear relationship between RT and chil-
dren’s WMSSs. The children’s working memory span
increased by 2.26% for each additional age year. For
each 0.1 s increase of RT, the children’s WMSS de-
creased by 0.61%; for each 1 dB increase in SNR, the
children’s WMSS increased by 0.41%. The average age
of the children in sixth grade was three years older
than that of third grade children. When the RT and
SNR were fixed, the Eq. (1) showed that sixth grade
children’s average WMSS was 6.78% higher than that
of third grade children. From this, it can be seen that
the predicted values are consistent with the results of
the analysis in Table 2.

4. Discussions

To investigate the effects of RT and SNR on chil-
dren’s WMS, a memory span task was used to evaluate
the working of visual and auditory sequence memory
with the interference of noise and reverberation. The
test results reflected the children’s input and process-
ing ability with regard to visual and auditory informa-
tion. The research paradigm used visual and auditory
dual tasks instead of a short-term memory span task.
The working memory span tasks in the current study
focus on the continuity of memory storing, process-
ing and extraction. For the test, noise and reverber-
ation acted as the stimulating interference. Subjects
could realize memory-oriented tasks through the inter-
nal retelling of the test words when they conducted the
working memory task. As such, the results in the cur-
rent study arguably accurately reflect children’s mem-
ory level (Tao, 2015).

The study by Klatte et al. (2013) showed that
noise and reverberation have a significant impact on
children’s auditory and non-auditory tasks, as well as
on cognitive performance, especially with young chil-
dren. Listening to speech under conditions of noise and
reverberation requires more cognitive resources, and
places higher demands on top-down driven processing
to restore the distorted sensory signal and to complete
the memory task (Larsby et al., 2005). When the allo-
cation of cognitive resources is greater than subjects’
WMS, the auditory information that can be further
processed by the subjects is impaired (Just, Carpen-
ter, 1992). Although WMS undergoes rapid develop-
ment in third grade children, The WMS of third grade
children cannot go beyond their physiological thresh-
old in terms of their age, and still have poor immunity
to interference. However, the development of WMS in
sixth grade children is close to that of adults, meaning
that these children can obtain a higher WMSS under
shorter RT and higher SNR conditions. By employ-
ing a WMS test with college students, Ljung et al.
(2013) found that SNR had no significant effect on
subjects’ high working memory scores, and that it did
have a significant effect on subjects’ low working mem-



P. Jianxin, J. Peng – The Effects of the Noise and Reverberation on the Working Memory Span of Children 127

ory. During the high WMS test, the subject can easily
encode, retell and retrieve the test items using suffi-
cient resources in the free recall experiment. However,
Ljung et al. (2013) also hypothesized that the impact
of SNR on children may be more serious. The results
from the current study confirm Ljung et al. specula-
tion, to some extent.

Although the word materials used in this study
were unrelated and presented to the subjects in
a pseudo-random manner using E-Prime software, the
memory strategies for third grade and sixth grade chil-
dren were found to differ significantly under reverber-
ation and noise conditions. After the test, the subjects
were asked how to remember the test words under
the conditions of noise interference and reverberation.
The survey showed that, firstly, third grade children
mostly used the mental mechanical retelling procedure
to complement their memory of the test words. Obvi-
ously, third grade children’s memory recall method is
easily affected by unrelated stimuli interference. How-
ever, sixth grade children employed the process of using
a sentence to link the unrelated words in order to com-
plete their memory tasks. For example, for the test se-
ries ‘music, workers, bread, east, center, success’, third
grade children generally recited these in their mind in
a mechanical manner. In contrast, sixth grade children
used a different strategy to link the test words, do-
ing so, for example, as full sentences: ‘music worker’s
bread in the center of the East can be successful’; this
then helped them to remember the test words. This
indicates that older children are better able to process
and store the target tasks using the conversion and
extraction strategy mechanism of the central execu-
tion system. Secondly, third grade children were found
to be significantly weaker than sixth grade children
in terms of their ability to focus their attention and
avoid distraction, and to allocate and control atten-
tional resources (Turner, Engle, 1989). Third, chil-
dren’s WMS relates to their education level and devel-
opment of cognitive performance (Shang, 2003). The
development of working memory in children is limited
to a certain degree of physiological maturity and edu-
cation level.

5. Conclusions

The WMSSs of third and sixth grade children were
obtained under different SNR and RT conditions, and
the influence of noise and reverberation on the chil-
dren’s WMS was investigated. The results show that
the children’s age, RT and SNR had significant effects
on the WMSSs. With the increase of SNR, the WMSS
gradually increased. There was a significant difference
in children’s WMSSs when the SNR was between 3 and
15 dB(A). The difference in scores was not significant
under the 9 dB(A) and 3 dB(A) of SNR, and 9 dB(A)
and 15 dB(A) of SNR. Under the same age and SNR

conditions, the children’s WMSSs increased with the
decrease of RT. There was found to be a significant dif-
ference in the WMS of children under 0.51 s and 1.18 s
conditions, and no significant difference in scores when
the RT was 0.51 s and 0.80 s, and 0.80 s and 1.18 s.
Under the same SNR and RT conditions, children’s
WMSSs increased with age. The correlation coefficient
of children’s working memory span with children’s age,
RT and SNR was 0.99, and the standard deviation was
0.7%.
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