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Previous studies indicate that acoustic improvements at classroom-level, such as using ceiling panels, do
not work well to solve noise problems in classrooms. Therefore, this study introduced a new way – indi-
vidual control – to improve classroom acoustics. The acoustic effect of five different classroom settings is
simulated: two individual-level acoustic improvement settings (‘‘Single-sided canopies” and ‘‘Double-
sided canopies”), two classroom-level acoustic improvement settings (‘‘Half-ceiling” and ‘‘Full-ceiling”),
and one ‘‘Control” setting. The simulation was accomplished with Computer Aided Theatre Technique
(CATT-AcousticTM), which is a ray-tracing-based room acoustics prediction software package. According
to the two main ways of using classrooms (instruction and self-study), the simulations were run for
two situations: instruction situation and self-study situation, and the Lombard Effect was taken into con-
sideration in the self-study situation. The results showed that in both situations, all of these improvement
settings, compared with the ‘‘Control” setting, could shorten the reverberation time and increase the
speech transmission index, and the improvements caused by the individually controlled canopies were
more obvious than caused by the ceiling panels. Additionally, in the instruction situation, the
individual-level improvements could increase the sound pressure level of the teacher’s speech, while
in the self-study situation, the individual-level improvements could decrease the sound pressure level
of other children’s talk. In the future, it is recommended to produce and test different individually con-
trolled devices in a lab or real classroom to verify these results.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In the past decades, the acoustic conditions in classrooms have
drawn much attention. Current conditions of acoustic quality in
classrooms as well as effects of poor acoustics on children’s health
and performance have been studied [1–3], and many acoustic
guidelines have been issued [4,5]. A previous Dutch study indi-
cated that noise is the biggest indoor environmental problem in
classrooms: 87% of primary school children reported to be both-
ered by it [6]. One year later, a lab study involved some of the same
group of children demonstrated that children perceived sounds
better in the acoustically treated room than in the untreated room
[7]. Besides, some other studies also showed that poor room acous-
tics have an adverse impact, not only on children’s school perfor-
mance [8], but also on their later life [9,10]. To create an
effective learning environment, many recommendations and stan-
dards on classroom acoustics have, therefore, been developed.
Most countries have their own acoustic criteria for schools. For
example, the United Kingdom Building Bulletin 93 [5] provides a
comprehensive guidance and recommendations for the acoustic
design of schools. According to it, the teaching and studying space
should provide a suitable Reverberation time (RT) for ‘‘clear com-
munication of speech between teacher and student” and for ‘‘clear
communication between students”. Besides, the Nordic countries
also have their own performance criteria, and a previous study
found that the RT limits are getting tighter (shorter RT) in these
countries [11]. In 2015, the Netherlands tightened its own primary
school guidelines which classify three different quality levels (A:
very good; B: good; C: acceptable) for the acoustics of classrooms
[12].

According to these guidelines and some previous studies, class-
room acoustic conditions are usually evaluated by the following
parameters: reverberation time (RT), Sound Pressure Level (SPL),
and Speech Transmission Index (STI) or any other speech intelligi-
bility variable [5,13–15].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.apacoust.2021.108066&domain=pdf
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- RT is regarded as an important evaluation indicator in many
standards, sometimes it even is the only indicator, and usually
only an upper limit is clearly defined, while a lower limit is
rarely mentioned [16]. Over the past decades, the requirements
concerning RT have become much stricter. However, a too short
RT could also be a problem since it could lead to overdamping
negatively impacting the audibility of sound. Therefore, an
extremely short RT (shorter than 0.3 s) should also be avoided
[7,17].

- Besides, SPL is another vital acoustic parameter used to assess
classroom acoustics, , especially when it comes to speech intel-
ligibility [20]. However, most classroom acoustic standards only
pay attention to background SPL [4], while the SPL of teachers’
speech or children’s talk are hardly mentioned.

- Additionally, the STI is also a common index used in many
school acoustics guidelines [18]. As a speech metric, the STI
describes the effect of room reflections and ambient noise on
speech intelligibility between a sound source and a listener
[19].

In terms of good acoustics in classrooms, the stipulations about
RT are clear and easy to find. Thus, RT was often used as the factor
(sometimes even the only factor) to divide good acoustic and bad
acoustic [21,22]. In the Netherlands, the specific requirement of
RT in classrooms of primary school was described in Frisse Scholen
2015 [12] (see Table 1). Concerning SPL, most standards only men-
tion the background SPL should be <35 dB (A) [4,12], while the
stipulation of overall SPL in occupied classrooms is relatively rare
since it depends on the learning activities. During instruction, the
function of the classroom is to provide a good environment to
ensure that children can hear their teacher well, therefore, the
SPL of the teacher’s speech near the children’s positions should
be high enough, especially higher than the background noise level
(including noise produced by the children) [23]; while during self-
study, the classroom should provide the children with a quiet envi-
ronment to help them concentrate on their own work, therefore, an
SPL due to other children’s talk (which was the main noise source
in classrooms [6]) as low as possible should be the aim [24]. For
STI, one of the speech intelligibility metrics [19], its evaluation is
shown in Table 2. Requirements of STI also depend on the learning
activities. According to the Duplex Mechanism Account of Auditory
Distraction (DMAAD) theory [25,26], human’s attention can be dis-
tracted in two ways: 1. Interference-by-process: distraction caused
by the interference inside the brain between the processing of
intelligible speech related sounds and of a semantic task per-
formed. 2. Attentional capture: distraction caused by the sound
containing information that is salient or might be relevant to the
person. Therefore, in a classroom, during instruction, the STI
should be high to ensure that the teacher’s message is conveyed
Table 1
Requirements on RT in Dutch guidance– Frisse Scholen 2015.

Class C:
Acceptable

Class B:
Good

Class A:
Very good

The average reverberation time in
the octave bands 250 to 2000 Hz.

Maximum
of 0.8 s.

Maximum
of 0.6 s.

Maximum
of 0.4 s.

Table 2
Corresponding relation between the STI value and speech intelligibility evaluation.

STI ranges 0.00–0.30 0.30–0.45

Speech intelligibility evaluation bad poor
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well; while during self-study, the STI should be low to keep chil-
dren from being distracted by other children’s talk.

Based on the above mentioned studies, in this paper, the better
classroom acoustics is defined as a shorter RT (within limits),
higher SPL (of the teacher’s voice) and higher STI of teacher’s
speech during instruction, while a shorter RT (within limits), lower
SPL (of the noise produced by the children) and lower STI of chil-
dren’s talk during self-study. However, the value of STI is influ-
enced by the RT and background noise level [22,27]. For
example, a shorter RT relates to a higher STI [25], and in a self-
study situation, reducing the SPL of children’s talk (which is the
main noise source) will automatically increase the STI. Therefore,
in this study, only a higher RT and lower SPL are regarded as the
requirements in a classroom during self-study.

After the implementation of these standards and regulations,
much effort has been given to improve the acoustics of many class-
rooms. A common way is the use of sound absorption materials,
such as acoustical ceiling tiles, carpet, and sometimes acoustic wall
panels [27]. However, most of these improvements are made at
classroom-level; little has been done concerning the preferences
and needs of individual child. Only for children with special
requirements, some individually controlled devices are available,
for example, the use of individual amplification systems for chil-
dren with hearing loss [28]; or special headphones or earmuffs
for children with autism spectrum disorder or with attention def-
icit disorder [29,30]. In fact, individual control, as an effective way
to increase satisfaction, has already been used to improve many
aspects of indoor environmental quality, such as thermal, air or
light quality [31–34]. Additionally, according to a previous field
study, an individually controlled sound absorbing device was the
most wanted device in classrooms among school children in pri-
mary schools in the Netherlands [35]. However, is it really possible
to apply individual control to improve classrooms acoustics? If so,
how well do individually controlled acoustic devices work? And
what are the pros and cons of individual-level control compared
with classroom-level control?

To answer these questions, this present paper, as a first attempt,
simulated the acoustic performance of two types of individually
controlled acoustic devices in a classroom, and compared the
results with the effects of two types of traditional acoustic
improvements. Additionally, to clearly demonstrate the acoustic
performance of all of these improvements (both at individual-
level and at classroom-level), the results were also compared with
a control setting without any acoustic improvement. All of the sim-
ulations were conducted in two different situations, i.e. the
instruction situation and the self-study situation.

2. Methods

The present study comprised of several computer simulations,
conducted by a ray-tracing-based room acoustics prediction soft-
ware named Computer Aided Theatre Technique (CATT-
AcousticTM) [36].

2.1. The classroom layout

In this study, the simulated classroom refers to the Experience
room in the SenseLab [37]. The room is a box of 6.5 m long,
4.2 m wide, and 3.3 m high. As shown in Fig. 1, this room contains
0.45–0.60 0.60–0.75 0.75–1.00

fair good excellent



Fig. 1. Experience room in the SenseLab [37].
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a glass door (0.98 m � 2.8 m), two windows (0.6 m � 0.8 m), two
plenums (below and above), and 16 desks and chairs. A suspended
ceiling is installed under the upper plenum, 2.8 m above the floor.
It comprises of several lighting panels, perforated steel panels with
speakers or air supply (used in the case of mixing ventilation)
behind them and sound absorption panels. On the long side of
the upper plenum, the air is exhausted via line grills (in the case
of displacement ventilation). The computer floor, on top of a ple-
num 0.45 m above the ground floor, comprises of panels with lino-
leum flooring material. Both the floor and the ceiling panels can be
changed. All the walls are made of 2 � 8 mm laminated safety glass
and can be covered by sound-absorbing wall panels. Along the bot-
tom of the wall, there is a 0.2 m plinth with small holes through
which air can be supplied on the long side (in the case of displace-
ment ventilation) and exhausted on the short side (for the mixing
ventilation setting).

In the present study, as shown in Fig. 2, the acoustic conditions
of five different settings were simulated. The first one was the
‘‘Control” setting (see Fig. 2(a)), in which no acoustic improvement
was implemented. All the surfaces, including the ceiling, were set
as reflecting materials (i.e., glass, metal and linoleum) whose
sound absorption coefficients can be found in Table 3. This is an
extreme setting and not used in the real room. The second and
third settings (see Fig. 2(b) and 2(c)) represented classroom-level
improvements, with either half or complete covering of the ceiling
with acoustic tiles; the wall surfaces comprised entirely of glass.
These are typical acoustic conditions in primary schools in the
Netherlands. The fourth and fifth settings (see Fig. 2(d)–(g)) repre-
sented the individually controlled improvements, 16 either single
or double-sided sound-absorbing canopies were hung above each
desk inside the classroom. The single-sided canopy, as its name
implies, is made of one layer of sound absorbing material (with
0.84 m2), and only its inner side can absorb sound effectively, while
the double-sided canopy is made of two layers of sound absorbing
material (with 1.69 m2), and both of its sides can absorb sound
effectively. All the canopies were hung at 1.8 m above the floor
to avoid bumping. These canopies had two working modes: open
3

mode (see Fig. 2(d) and (f)), used during teacher’s instructions,
and closed mode (see Fig. 2(e) and (g)), used during self-study of
the school children.

2.2. Acoustic model

One of the main difficulties for an accurate simulation is the
availability of acoustic information of the materials. In this study,
the information of most materials was not available. Therefore,
the initial simulation model was built based on estimated values
of the sound absorption and scatter coefficients found in literature;
then the input data was adjusted correspondingly to make sure
that the simulated results were close enough to the values mea-
sured inside the room.

In the simulation, all the materials, including ceiling tiles, wall
panels, glass, floor and furniture, were set as the same materials
used in the Experience room of the SenseLab. Two of them were
sound-absorbing materials, namely the ceiling tiles ‘‘Ecophon Mas-
terTM A” and the wall panels ‘‘Ecophon Akusto Wall A”. Their data
was taken from the manufacturer’s website, while for the other
materials the values were taken from two absorption coefficients
tables from previous studies [38,39]. Based on this, the first simu-
lation was conducted and the results were compared with the
measured results. Then, the absorption coefficients and the scatter
coefficients of these materials were adjusted accordingly to run the
next simulation. After several iterations, the final absorption and
scatter coefficients of all the materials were set (Table 3). The final
comparison between the simulated and the measured results,
being the validation of the simulation model, is introduced in the
next section.

The amount of sound-absorbing material used in each setting
was calculated to evaluate its effectiveness. As shown in Fig. 2,
for the ‘‘Control” setting (a), no sound-absorbing material was
used, so, the amount of the additional sound-absorbing material
was 0 m2. For the ‘‘Half ceiling” setting (b), half of the ceiling
was covered with sound-absorbing ceiling tiles, the geometric
amount of which was 13.5 m2. This setting corresponded to the
real setting in the Experience room. The ceiling panels that do
not contain sound absorbing panels contain lighting fixtures or
perforated panels with speakers or air supply. For the ‘‘Full ceiling”
settings (c), as the name suggests, the whole ceiling was covered
with sound-absorbing ceiling tiles, and the geometric amount of
it was 27.0 m2. For the ‘‘Single-sided canopies” setting (d) and
(e), 16 canopies, whose inner sides were covered by sound-
absorbing material, were hung above the desks, and the total geo-
metric amount of sound-absorbing material used in this setting is
the same as setting (b), which was 13.5 m2. Lastly, for the ‘‘Double-
sided canopies” setting (f) and (g), there were also 16 canopies but
with both sides covered by sound-absorbing material: 27.0 m2.

2.3. Settings of simulations

2.3.1. Sources and receivers
Five sources and four receivers were implemented in the simu-

lation. One source represented the teacher, located at a height of
1.5 m on the centreline of the room, 1.0 m from the front wall,
and it directed towards the centre of the classroom. According to
the user’s manual of CATT-AcousticTM v9.1 [36], the teacher’s vocal
effort at 1 m distance (dB(A)) (125–16 k Hz) was set, as an average
of females and males, as < 51.2 57.2 59.8 53.5 48.8 43.8 38.8
33.8 > . This was the only sound source that was used in the
instruction situation, and the direction of the source was toward
the centre of the room (see Fig. 3(a)). The other four sources repre-
sented four talking children whose vocal effort at 1 m (dB(A)) was
set as < 50.4 56.4 58.4 52.4 48.4 43.4 38.4 33.4> (125–16 k Hz), and
they were located at a height of 1.1 m in four positions distributed



(a) Control setting (0m2) (b) Half ceiling (13.5m2) 

(c) Full ceiling (27.0m2) (d) Open single-sided canopies (13.5m2) 

(e) Closed single-sided canopies (13.5m2) (f) Open double-sided canopies (27.0m2) 

(g) Closed double-sided canopies (27.0m2) 

Fig. 2. Schematic diagrams of the settings.
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throughout the classroom. These four sources were used in the
self-study situation, they were set as two pairs of chatting chil-
dren: 01 talked with 03, and 02 talked with 04 (see Fig. 3(b)).
4

The four receivers represented four children and were located at
a height of 1.2 m in four positions distributed throughout the class-
room. These four receivers were used in both situations. The loca-



Table 3
Absorption and scattering coefficients of different materials.

125 HZ 250 HZ 500 HZ 1 k HZ 2 k HZ 4 k HZ

Ecophon Focus A 0.50 0.70 0.60 0.58 0.70 0.55
0.10 0.10 0.10 0.10 0.10 0.10

Ecophon Akusto Wall A 0.40 0.50 0.65 0.76 0.90 0.99
0.10 0.10 0.10 0.10 0.10 0.10

Linoleum 0.08 0.07 0.05 0.05 0.06 0.02
0.10 0.10 0.10 0.10 0.10 0.10

Glass 0.09 0.05 0.07 0.068 0.025 0.01
0.10 0.10 0.10 0.10 0.10 0.10

Metal 0.10 0.08 0.04 0.04 0.05 0.01
0.10 0.10 0.10 0.10 0.10 0.10

Furniture 0.02 0.02 0.02 0.02 0.04 0.03
0.10 0.10 0.10 0.10 0.10 0.10

Note: All the upright values are the absorption coefficients, and all the italic values are the scatter coefficients.

(a) Instruction situation (b) Self-study situation

Fig. 3. Distribution of sources (A0-A4) and receivers (01–04).

Fig. 4. Setting of the classroom in the SenseLab.
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tions 01 and 02 were chosen on the mean free path from the source
A0; the locations 03 and 04 were chosen nearby the corners of the
room with 1.0 m distance from the two walls.

2.3.2. Prediction method
Three prediction methods can be applied in the CATT-

AcousticTM [36]. The ray-tracing type ‘‘Predict S � R” was used in
this study because of its advanced algorithms and detailed results
for all the combinations of sources and receivers. In terms of the
‘Algorithm’, ‘‘Longer calculation with detailed auralization” was
selected since it is a more advanced prediction based on actual dif-
fuse ray split suitable for more difficult cases with uneven absorp-
tion. Also, it gives a low random run to run variation at the expense
of a longer calculation time. ‘Number of rays’ was set to ‘‘auto”, and
it can be continuously fine-tuned using the algorithm. ‘Echogram
length’ was set to the default value (1000 ms) for most settings,
except for the ‘‘Control setting”, in which the ‘Echogram length’
was set to ‘‘auto”, to make sure it is longer than the estimated long-
est RT of all frequencies. The simulated physical environment was
20 �C with 50% relative humidity, based on which the air absorp-
tion was estimated by the software. Because of the surfaces of
the education furniture and the canopies, edge-diffraction was
included in the simulations and the ‘specular to diffraction’ option7

was selected as a balance between the actual situation and compu-
tation time.

2.4. Lombard effect

If only one child speaks in a classroom, a certain SPL will be gen-
erated; while when several children talk in that classroom, as a
common phenomenon, they will begin to speak louder to make
5

sure that their voices can be heard. This effect is known as the
Lombard effect [40], and is affected by the presence of absorption
materials in a room. In a poor acoustic environment with little
absorption, generally the sound pressure level will be higher as a
result of which, people will start to speak even louder; while in a
good acoustic environment with much sound absorption, the SPL
will be lower and the speech intelligibility higher as a result of
which people will tend to speak less loud and the number of people
who speak will drop as well [41,42].
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To further specify the impact of the Lombard effect, several
models were developed by previous studies [43,44,45]. However,
most of these models were built based on measurements with
adults. According to Whitlock and Dodd [46], the difference of
the Lombard effect between adults and children cannot be ignored.
Therefore, they developed another model (see Equation (1)) to pre-
dict the total SPL in classrooms with talking children.

F ¼
B� SLþ 10logN � 20log 0:057

ffiffiffiffiffiffiffiffiffi
V=T

p� �

1� L
ð1Þ

where:

B is the base (resting) voice level [dB];
S is the starting level for the Lombard effect [dB];
L is the Lombard coefficient, [dB/dB];
N is the number of talking children, -;
V is the volume of the classroom [m3];
T is the reverberation time of the classroom [s].

Based on their experiments with children, the coefficients were
determined as follow:

B = 53.4 dB(A), S = 25.7 dB(A), and L = 0.19 dB/dB.

2.5. Validation of the simulations

Asmentioned in Section 2.2, several RTmeasurementswere per-
formed tovalidate the simulation results inside theExperience room
in the SenseLab for the different settings. During the measurements
an omni-directional source (NorsonicNor276)with power amplifier
(a) Glass wall (27.3 m2)

(c) All-ac

Fig. 5. Settings in the v

6

(Norsonic Nor280) was used, connected to a laptop via a Behringer
UCA222 audio interface, and a sound analyser (Norsonic Nor140)
as microphone, connected to the same laptop via the same audio
interface, was used. The height of the centre of the speaker was
1.4 m above the floor and of the microphone 1.2 m above the floor.
Via the computer, logarithmic sweep signals were generated and
played by the sound source. The raw signal was recorded by the
sound analyser and transferred to the laptop where it was analysed
in a custom-madeMATLAB script. Per measurement 4 sweeps were
generated and averaged before calculating the RT (T-20 and T-30)
using regression analysis. The size of the roomwas exactly the same
as the simulated classroom and unoccupied during the measure-
ments. Only the instruction situation was taken into consideration;
the position of the speaker was the same as the source no. 1 in the
simulations; the receiver points were the same as the four receivers
in the simulations (see Figs. 4 and 5).

The geometric amounts of sound-absorbing material used in
these settings (for the validation of themodel only) were as follows:

- Setting (a), the whole ceiling, except for the lighting area, was
covered with sound-absorbing material, and the corresponding
geometric area was 27.3 m2;

- Setting (b), next to the ceiling, additionally the front and rear
walls of the room were covered with acoustic panels, the corre-
sponding geometric area was 54.7 m2;

- Setting (c), next to the ceiling, additionally all the walls, except
for the windows and door area, were covered with sound-
absorbing materials, the corresponding geometric area was
97.1 m2.
(b) Half-acoustic wall (54.7 m2)

oustic wall (97.1 m2)

erified simulation.
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Fig. 6. Acoustic simulation results in different positions in the instruction situation.
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The results of the measurements and the simulations are shown
in Table 4. In the ‘‘No panel” setting (a) and ‘‘All panels” setting (c),
the differences between the simulation results and the measure-
ment results were less than the just noticeable difference for rever-
beration time [47,48]. As indicated by previous studies [49], the
simulated results can hardly be identical to the measured ones
because of the measurement errors and discrepancy between the
real object and its physical and mathematical model. Therefore,
in this study, the difference between the simulated and measured
RTs was assumed to be satisfactory.
3. Results of the simulations

The simulations were conducted for two different scenarios:
one without the Lombard Effect (both the instruction and the
self-study situation), and one with the Lombard Effect (only the
self-study situation). Three acoustic variables (RT, SPL and STI)
were calculated in each situation for each setting by means of ray-
7

tracing using CATT Acoustic. To get the STI, background sound
levels for different frequencies were calculated first and inputted
in the software (see Table 5). For the control setting, the back-
ground sound levels were kept as the default setting in the CATT;
for the four improvement settings, the background levels were cal-
culated based on the following equations:

DLP ¼ 10 log
Acon

Aimp

where DLP is the difference of background sound level between the
control setting and the improvement settings; the Acon is the
amount of sound-absorbing area in the control setting; Aimp is the
amount of sound-absorbing area in the improvement settings.

3.1. Instruction situation (without Lombard Effect)

In the instruction situation (with frontal teaching), the ultimate
purpose of the classroom was to provide an acoustic environment
in which the teacher’s voice can be clearly transmitted to each



Table 4
Comparison of reverberation Time resulting from measurements and simulations.

No panel 125 250 500 1 k 2 k 4 k Average (125–4 K)

Position 1 0.79 0.92 0.86 0.88 1 1.15 0.93
0.63 1.00 0.75 0.81 1.02 1.26 0.91

Position 2 0.79 0.9 0.86 0.87 0.98 1.15 0.93
0.68 0.99 0.76 0.81 1.01 1.30 0.93

Position 3 0.81 0.91 0.87 0.89 1.07 1.16 0.95
0.94 0.93 0.77 0.76 0.96 1.12 0.91

Position 4 0.87 0.93 0.87 0.88 0.99 1.16 0.95
0.92 0.81 0.78 0.76 0.96 1.19 0.90

Average (4 positions) 0.82 0.92 0.87 0.88 1.01 1.16 0.94
0.79 0.93 0.77 0.79 0.99 1.22 0.91

Half panels 125 250 500 1 k 2 k 4 k Average (125–4 K)
Position 1 0.56 0.56 0.52 0.51 0.55 0.55 0.54

0.69 0.67 0.68 0.68 0.69 0.76 0.70
Position 2 0.56 0.57 0.52 0.51 0.55 0.56 0.55

0.77 0.75 0.70 0.68 0.63 0.69 0.70
Position 3 0.56 0.56 0.52 0.52 0.56 0.57 0.55

0.65 0.73 0.67 0.67 0.65 0.71 0.68
Position 4 0.56 0.57 0.52 0.52 0.58 0.59 0.55

0.70 0.74 0.68 0.68 0.68 0.74 0.70
Average (4 positions) 0.56 0.56 0.52 0.51 0.56 0.57 0.55

0.70 0.72 0.68 0.68 0.66 0.73 0.70

All panels 125 250 500 1 k 2 k 4 k Average (125–4 K)
Position 1 0.37 0.29 0.26 0.23 0.19 0.20 0.25

0.37 0.21 0.22 0.17 0.14 0.15 0.21
Position 2 0.36 0.28 0.25 0.24 0.19 0.20 0.26

0.27 0.25 0.22 0.17 0.15 0.16 0.20
Position 3 0.37 0.29 0.26 0.27 0.20 0.22 0.27

0.36 0.29 0.19 0.19 0.16 0.16 0.23
Position 4 0.36 0.29 0.27 0.23 0.21 0.21 0.26

0.45 0.27 0.19 0.15 0.16 0.17 0.23
Average (4 positions) 0.36 0.29 0.26 0.24 0.20 0.21 0.26

0.36 0.26 0.21 0.17 0.15 0.16 0.22

Note: All the italics represent the measurement results; all upright numbers the simulation results.

Table 5
The background sound level (dB(A)) used to calculate the STI values.

Settings 125 250 500 1 k 2 k 4 k 8 k 16 k

Control 45 38 32 28 25 23 21 19
Half ceiling 41 34 28 24 22 20 18 16
Full ceiling 39 32 26 23 19 18 16 14
Single-sided canopies 41 34 28 24 22 20 18 16
Double-sided canopies 39 32 26 23 19 18 16 14

Table 6
General acoustic simulation results in different situations.

Situations Settings RT (s) SPL (dB(A)) STI (-)

Instruction Control 1.66 (0.00) 59.3 (0.47) 0.49 (0.01)
Half ceiling 0.95 (0.01) 55.8 (0.67) 0.63 (0.00)
Full ceiling 0.87 (0.02) 53.8 (0.88) 0.69 (0.01)
Single-sided canopies 0.92 (0.01) 56.1 (0.84) 0.64 (0.01)
Double-sided canopies 0.85 (0.03) 54.2 (0.90) 0.70 (0.01)

Self-study (without Lombard effect) Control 1.66 (0.00) 63.1 (0.46) 0.49 (0.01)
Half ceiling 0.95 (0.01) 59.8 (0.53) 0.63 (0.01)
Full ceiling 0.89 (0.01) 58.0 (0.72) 0.69 (0.01)
Single-sided canopies 0.72 (0.01) 58.8 (0.98) 0.70 (0.01)
Double-sided canopies 0.68 (0.01) 57.5 (0.92) 0.74 (0.01)

Self-study (with Lombard effect) Control 1.66 (0.00) 64.7 (0.43) 0.48 (0.00)
Half ceiling 0.95 (0.01) 61.2 (0.50) 0.63 (0.01)
Full ceiling 0.90 (0.01) 59.4 (0.78) 0.69 (0.01)
Single-sided canopies 0.71 (0.01) 60.2 (0.95) 0.70 (0.01)
Double-sided canopies 0.68 (0.01) 58.9 (0.92) 0.74 (0.01)

Note: RT values are the average values of the 4 receiver positions, also averaged over the 250 to 2 k Hz octave bands; SPL values are the average A-weighted, equivalent
continuous sound levels (LAeq) measured at the 4 receiver positions, averaged over the 250 to 2 k Hz octave bands; STI values are the average of the 4 receiver positions using
the background noise levels of Table 5.
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child, which corresponds to a high STI and a short RT. Considering
that, the acoustic performance in the ‘‘Control setting” was the
worst among the five simulated settings. As shown in Table 6,
the average (over 250 to 2 k Hz octave bands) T-30 in the ‘‘Control”
setting was 1.66 s which is significantly higher than the maximum
value allowed by the Dutch guidelines (Fresh Schools 2015) [12]
for the worst level (class C), and the STI just reached the fair level
(see Table 1). Compared with the ‘‘Control setting”, all the
improvement settings, both the addition of acoustic ceiling tiles
and the implementation of acoustic canopies, did achieve better
acoustics, namely by shortening the average RT and increasing
the average STI significantly.

In general, the results of the ‘‘Double-sided canopies” setting
and the ‘‘Full ceiling” setting were similar because of the same
amount of sound-absorbing materials used in these two settings.
Similarly, the results of the ‘‘Single-sided canopies” setting and
the ‘‘Half ceiling” setting were also similar. In general, the settings
with more absorption material provided a slightly better acoustic
environment because of the lowest RTs and the highest STIs. And
among these, the ‘‘Double-sided canopies” setting was even
slightly better because in this setting not only the RT was lower
and the STI higher, but also the SPL was slightly higher, so that
all of the children could better hear and understand their teacher’s
speech.

The detailed results for the four different receiver positions are
shown in Fig. 6. No matter for which position, the improvement
settings led to better acoustic conditions as compared with the
‘‘Control setting”. Concerning RT, among the four improvements,
the ‘‘Double-sided canopies” provided the shortest average value,
but showed more variation among the four receiver points as com-
pared to the other settings. The RT in the rear positions was longer
than in the front positions, and this trend was most clearly found
for this setting. Concerning SPL, compared with the other improve-
ments, the ‘‘Single-sided canopies” led to the highest value. For all
the improvements, the distribution of SPL among these positions
was quite uneven, the SPL in the rear positions was lower than
in the front positions. Concerning the STI, the ‘‘Double-sided
canopies” provided the best result and an even distribution among
all positions.
3.2. Self-study situation without Lombard effect

In the self-study situation (with children talking), a quieter
classroom provides a better learning environment. In a quiet envi-
ronment, every child should be able to concentrate on their own
schoolwork and avoid being distracted by other children’s conver-
sation. In this case, as shown in Table 6, the ‘‘control” setting was
still the worst since the average SPL in this setting was the highest.
Moreover, the RT and STI in this setting were also poor, and the val-
ues were similar to the results in the instruction situation. A plau-
sible explanation could be that the simulated configurations in
these two situations were the same, only the sound source was
changed from one frontal source (in the instruction situation) to
four sources distributed throughout the room (in self-study
situation).

In contrast to the ‘‘Control setting”, the acoustic improvements
in the other four settings are clear: both the RT and SPL decreased,
and the STI increased significantly. Comparing these improved set-
tings, the ‘‘Double-sided canopies” setting was the best because in
this setting both the RT and SPL were the lowest. Next were the
‘‘Single-sided canopies” and the ‘‘Full ceiling”. The average results
for these two settings were similar although the amount of sound
absorbing materials used in the ‘‘Full-ceiling” setting was twice as
much as in the ‘‘Single-sided canopies” setting. The worst acoustic
environment occurred in the ‘‘Half ceiling” setting.
9

The detailed results for the different positions are shown in
Fig. 7. Concerning RT, the values in the two ‘‘canopies” settings
were similar. The same also applied for the two ‘‘Ceiling” settings.
Moreover, the ‘‘Canopies” settings were better than the ‘‘ceiling”
settings. For all the settings, the differences in RT among the differ-
ent positions were not significant. In terms of the SPL, the ‘‘Double-
sided canopies” setting was the best, next were the ‘‘Full ceiling”
and the ‘‘Single-sided canopies” settings, while the ‘‘Half ceiling”
setting was the worst. For all settings, the SPLs in the rear positions
were lower than in the front positions, which might be caused by
the fact that positions 1 and 2 were just in between four talking
children (see Fig. 3(b)), while positions 3 and 4 were only close
to two talking children. With respect to the STI, the highest value
occurred in the ‘‘Double-sided canopies” setting, followed by
‘‘Single-sided canopies” and ‘‘Full ceiling” settings, in which similar
results were observed, while the ‘‘Half ceiling” setting resulted in
the lowest index among the improved settings. Additionally, the
distribution of the STIs among the four positions was relatively
even.
3.3. Self-study situation with Lombard Effect

To make the simulations more accurate, the Lombard Effect was
accounted for, but only in the self-study situation (with children
talking) because in the instruction situation only one sound source,
namely the teacher, was assumed to be present. In the simulation
involving the Lombard Effect, the total SPL in the classroom should
be higher than in the simulation without the Lombard Effect. To
simulate this effect, the increase of each speaker’s voice level
was calculated as follows:

1) Assuming a base condition with only one talking child in a
classroom. According to Eqs. (1), the SPL in this room should
be:
Lp;base ¼
B� SLþ 10 log 1� 20 log 0:057

ffiffiffiffiffiffiffiffiffi
V=T

p� �

1� L

¼
B� SL� 20 log 0:057

ffiffiffiffiffiffiffiffiffi
V=T

p� �

1� L
ð2Þ

2) Increasing the number of talking children to 4. If the Lom-
bard Effect is accounted for, then according to Eq. (1), the
SPL in this room should be:
Lp;4children with LE ¼ B�SLþ10log4�20log 0:057
ffiffiffiffiffiffi
V=T

p� �
1�L

¼ Lp;base þ 10log4
1�L ¼ Lp;base þ 7:41

ð3Þ

3) If the Lombard Effect is not involved, based on the formula to
calculate the combined SPL mentioned in[50], the total SPL
in this room should be:
Lp; 4children without LE ¼ 10� log N� 10Lp;base=10
� �

¼ 10� log 4� 10Lp;base=10
� �

¼ Lp;base þ 10� log4 ¼ Lp;base þ 6

ð4Þ
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Fig. 7. Acoustic simulation results in different positions in the self-study situation.
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4) Adjusting the sound pressure level of the sources by com-
paring the results between the calculation with and without
Lombard Effect. The difference of children’s voice level addi-
tionally increased by 1.41 dB(A) in the simulation involving
the Lombard Effect.

Because of the Lombard Effect, in the simulations conducted in
this section, therefore, the SPL of each source was increased by
1.41 dB(A), but keeping all the acoustic and geometrical settings
the same as in the simulations without the Lombard Effect (i.e. Sec-
tion 4.2). Thus, comparing the results with Lombard Effect to the
results without Lombard Effect showed that RT and STI were
almost the same, only the SPL was higher (see Table 6). Moreover,
the ranking of these parameters among these five settings were
also the same as in the last section. Concerning the RT and the
STI, from the ‘‘Control” setting to the ‘‘Half-ceiling” setting, to the
‘‘Full-ceiling” setting, to the ‘‘Single-sided canopies” setting, to
10
the ‘‘Double-sided canopies” setting, the acoustic conditions
become better; while concerning the SPL, the rank of ‘‘Full ceiling”
and ‘‘Single-sided canopies” changed; in this situation, the ‘‘Full
ceiling” provided a slightly quieter environment than the ‘‘Single-
sided canopies”.

The detailed results for the different positions are shown in
Fig. 8. The ranking of the RTs and STIs for the four positions were
also the same as for the simulations without the Lombard Effect.
This makes sense since the setting of these two series of simula-
tions were exactly the same and only the SPL of the sources was
increased in these simulations.
4. Discussion

The present study evaluated the acoustic quality in a simulated
classroom for five different settings: one control setting, two
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Fig. 8. Acoustic simulation results in different positions in the conversation situation.

D. Zhang, M. Tenpierik and P.M. Bluyssen Applied Acoustics 179 (2021) 108066
classroom-level improvements (Half ceiling and Full ceiling) and
two individual-level improvements (Single-sided and Double-
sided canopies). In each of these settings, two situations were
run: instruction situation (frontal teaching) and self-study situa-
tion (children talking). The requirements of the acoustic quality
in these two situations are different because of the difference in
learning activities. During instruction, the transmission of knowl-
edge from teacher to children is the main purpose of the class-
room; it should help the teachers’ voice to be clearly and loudly
transferred to every child’s ear. Therefore, achieving a short rever-
beration time and high speech intelligibility and at the same time
keeping the loudness of the teachers’ voice should be the aim of the
classroom’s acoustic design. However, during self-study, the main
purpose of the classroom is to create a quiet environment and to
keep children from being disturbed by noise which mainly comes
from their classmates. In this case, the SPL reduction of children’s
voices should be the aim. Based on these requirements, the simu-
lated results of these settings were compared and analysed.
11
4.1. Effect of the classroom-level improvement

For the ceiling improvements, both the ‘‘Half ceiling” and the
‘‘Full ceiling” led to a shorter RT comparedwith the ‘‘control” setting,
and as can be expected, the ‘‘Full ceiling” worked better than the
‘‘Half ceiling” in terms of shortening the RT. However, the difference
in RT between these two settingswas not as significant as the differ-
ence of the amount of sound-absorbing materials used in these set-
tings. This just proves the conclusion found by Bistafa and Bradley
[49] that themore absorption is added, the less accumulated reduc-
tions in the averageRT canbemeasured.And in this study, this result
might be explained by the fact that the several reflecting zones on
the ceiling could contribute to the transmission of the voice to the
rear positions. According to the comparison between the results
obtained from the instruction situation and the self-study situation,
no significant difference in RT and STI was found between these two
situations; only the SPLwas higher in the self-study situationwhich
is caused by the multiple speakers.
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4.2. Effect of the individual-level improvement

Concerning the individual-level improvements, namely the
canopies, the acoustic quality also improved considerably com-
pared with the ‘‘Control setting”. Similarly, the ‘‘Double-sided
canopies” worked better than the ‘‘Single-sided” canopies concern-
ing RT and STI, and also here, the difference was not as big as the
difference of the amount of sound-absorbing materials used in
these settings.

For the comparison between the results obtained from the
instruction situation and the self-study situation, the differences
of the acoustic variables were significant for both the ‘‘Single-
sided” and ‘‘Double-sided” canopies, although the amount of the
sound-absorbing material was exactly the same. Therefore, it could
be concluded that the mode/shape of the canopies and the near-
ness of the absorption material played an important role in the
acoustic improvement. The closed canopies in the self-study situa-
tion lead to a shorter RT and higher STI than the open canopies in
the instruction situation. Bistafa and Bradley [49] found similar
results: different RT were achieved when the same amount of
absorption was used in different configurations. In the present
study, the significant differences between the two situations can
be explained by the fact that in the self-study situation the sound
sources were located under the canopies when the side wings of
the canopies were dropped down, so that the sound-absorbing
materials were closer to the sound sources.
4.3. The classroom-level improvement vs. individual-level
improvement

In terms of RT and STI, both ceiling tiles and individual canopies
were found to lead to significant improvements of the acoustic
quality in the classroom. In general, the ‘‘canopies” provided an
even better acoustic environment than the ‘‘ceilings”, since the
‘‘canopies” tended to result in shorter RT and higher STI than the
‘‘ceilings”. When the amount of sound-absorbing materials was
kept the same, then the advantages of the ‘‘canopies” was even
more obvious. In other words, the ‘‘Single-sided canopies” were
better than the ‘‘Half ceiling”, in terms of the acoustic quality,
and the ‘‘Double-sided canopies” were better than the ‘‘Full ceil-
ing”. This difference might be caused by the relatively lower height
and the changeable shape of the canopies. In the instruction situa-
tion, the open canopies looked like a suspended ceiling below the
existing ceiling. In the self-study situation, the closed canopies
looked like umbrellas partly covering the sound source, as a result
of which the sound could be better absorbed keeping other chil-
dren from being distracted.
4.4. Simulation involving Lombard Effect

To increase the accuracy of the simulation, the Lombard Effect
was accounted for in the present study. Although the relationship
between people’s speech level and ambient noise level (i.e. Lom-
bard Effect) has been identified by many studies, most of them only
focused on adults. However, according to a study conducted by
Whitlock and Dodd [46], the Lombard slope is different for chil-
dren, and based on their formula, the difference of the SPL in the
room due to the Lombard Effect was calculated as:

DLp ¼ 10 logN
1� L

� 10 logN ¼ L
1� L

10 logN ð5Þ

Therefore, as the first attempt, this study adjusted the children’s
voice level based on this Eq. (5) in the computer simulation. This
adjustment almost did not change the results, except for the SPL,
as compared to the original simulations. Nonetheless, the Lombard
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Effect still needs to be considered when conducting such simula-
tions because it is a real phenomenon, and the closer to reality,
the more realistic the simulation will be.

4.5. Limitation and strength

This study applied only one research method, namely computer
simulation, to test the function of the new individually controlled
devices, which might be an optional limitation since there are
always differences between simulated and experimental results.
For CATT-AcousticTM, a ray-tracing-based acoustic simulation soft-
ware, simulating diffraction is a challenge because diffraction inher-
ently is awave-basedphenomenon. In this study, this limitationwas
minimized by using the latest version of the software which has
diffraction implemented in its simulation, albeit in a simplified
way. Moreover, in order to further guarantee sufficient accuracy of
the simulation, asmodel validation several repeated trials and com-
parisons between the simulated and measured results were con-
ducted to reach suitable settings and material properties.

Moreover, currently no individually controlled acoustic
improvement device is available to test in an experimental set-
up with actual users. While computer simulation is a good way
to study a number of different conditions without any risk or addi-
tional costs. So, as a ‘‘better-faster-cheaper” method, computer
simulation can be considered as a strength of this study.

4.6. Future studies

Individual control is a general and broad idea; the individually
controlled devices simulated in this paper are just two examples
of how can individual control could be used to improve classroom
acoustics. There are many other types, shapes, and sizes of individ-
ually controlled devices possible to be used. In the future, some of
them might be produced and tested in a real (field study) or lab
environment to study their performance under different school
tasks and children’s response to these devices. This could provide
more information about the functioning of these devices, which
could lead to further improvements.

5. Conclusions

In conclusion, all the acoustic improvements worked effectively
in terms of providing a good acoustic learning environment.
Besides, no matter in which situation, instruction or self-study sit-
uation, the individually controlled canopies provided an acoustic
environment which is closer to the related requirement[12],
namely a shorter reverberation time, than the traditional
improvement--the ceiling tiles. In the comparison between the
two canopies, the ‘‘Single-sided canopies” might be superior to
the ‘‘Double-sided canopies” for the following two reasons. First,
for the RT and STI, in both situations the difference between the
two were not significant, while the ‘‘Single sided canopies” only
uses half of the amount of absorbing materials as the ‘‘Double-
sided canopies”. Second, for the SPL, in the instruction situation,
the ‘‘Single-sided canopies” led to a louder environment with tea-
cher’s voice reaching further into the classroom, while in the self-
study situation, a marginal difference was observed between these
two settings. Based on these results, the ‘‘Single-sided canopies”
are considered to be the best improvement of the four improve-
ments tested.
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