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Abstract: In ordinary public rooms absorbent ceilings are normally used. However, reflective
material such as diffusers can also be useful to improve the acoustic performance for this type of
environment. In this study, different combinations of absorbers and diffusers have been used. The
study investigates whether a test group of 29 people perceived sound in an ordinary room differently
depending on the type of treatment. Comparisons of the same position in a room for different
configurations as well as different positions within one configuration were made. The subjective
judgements were compared to the room acoustic measures T20, C50 and G and the difference in the
values of these parameters. It was found that when evaluating the different positions in a room, the
configuration including diffusers was perceived to a greater extent as being similar in the different
positions in the room when compared to the configuration with absorbers on the walls. It was also
seen that C50 was the parameter that mainly affected the perception, with the difference needing to
be 2 dB to recognize a difference. However, the room acoustic measurements could not fully explain
the differences obtained in perception. In addition, the subjective sound image created by different
types of treatments was also shown to have an important impact on the perception.

Keywords: acoustic perception; subjective acoustics; speech clarity; sound strength; reverberation
time; room acoustic design

1. Introduction
1.1. Room Acoustics in Ordinary Rooms

In ordinary public rooms—such as classrooms—there is often sound absorbing mate-
rial chosen as the only acoustic treatment. A high degree of absorbent material, normally
used in order to lower the reverberation time, can risk attaining a too low speech level. In
the acoustic design of performance spaces, the sound strength is normally controlled [1–3].
The sound strength describes how the room responds to the sound source and is described
in the ISO standard 3382-1 for performance spaces [4].

In a room for speech, such as a classroom, is it important that the sound energy level
is sufficiently high to ensure that everyone in the audience receives the information being
transmitted [5]. It is also important that the speaker can be provided with vocal support.
Teachers report voice problems to a greater extent than the rest of the population [6]. A
parameter room gain, GRG, has been developed in order to evaluate speaker comfort [7–9].

Another important parameter to consider in rooms for speech is the speech clarity, C50,
accounting for the ratio of early reflections. The quality of the speech will be dependent on
the reflection pattern and the early reflections will contribute to the direct sound [10]. In a
study by Bradley et al. [11] the recommendation for rooms for speech was to focus rather
on increasing the early reflections than on lowering the reverberation times. Furthermore,
it was found by Bradley and Reich that C50 can to some extent complement a low S/N [12].
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As mentioned above, too large quantity of absorbers can cause an excessively low
sound energy level, providing the speaker with less support and the listener with less
information. It has been shown in model scale [13,14] and further in full scale mock-up [15],
that a combination of absorbers and diffusers can be used in order to fine-tune different
room acoustic parameters. The diffusers can be used to affect the reflection path without
decreasing the energy level. The importance of using both absorption and diffusion or
scattering has also been recognized in standards [16,17].

In a study by Azad et al. [18] it was tested how room acoustic parameters were
affected if the diffusing element directs the sound toward an absorptive area in a non-
diffuse room. It was found that the placement of absorptive material is an important
factor to consider [19,20]. However, in a study by Shtrepi et al. [21] the location of a
diffusive element varied and showed no significant changes in objective room acoustic
measurements. Further, it was found in a previous study in this research program [15] that
more uniform acoustic properties were obtained using a combination of absorbers and
diffusers compared to when only absorptive material was used.

1.2. Room Acoustics and Subjective Experience

It is necessary to understand how different room acoustic properties affect people
in order to be able to correctly design acoustic environments. Acoustic properties may
differ in different positions in a room, which must also be considered. In terms of diffusing
elements, Visentin et al. investigated whether there is a difference in perception for surface
responding with diffuse or specular reflections, finding that better speech intelligibility
was obtained with a diffuser [22]. In a study by Shtrepi et al. [21] no sensitivity between
listening positions could be found with different locations of a diffuse element. However,
differences in terms of reverberance, coloration and spaciousness were reported. In another
study by Shtrepi et al. [23], it was found that the distance from the diffuser surface did
have an effect; a distance of 2.15 m was found to be the threshold for when the listener will
no longer perceive the diffusing effect, with the distance depending on the distance to the
source position.

Visentin et al. raised the question as to how listening effort could be part of the acoustic
design in rooms for speech [24]. In that study it was found how the listening effort differed
when room acoustic properties were changed in an Italian university classroom. The
question of whether a diffuser and an absorber cause different subjective experience in a
conference room was investigated in a study by Sanavi et al. [25] and showed that addition
of each of these treatments improved the acoustic experience; however, the absorber was
rated better in this study. The room acoustic properties seem to be even more sensitive for
non-native listeners; the score can still be good, but rating of effort is higher [26].

Several studies have shown how acoustic properties affect cognitive skills. It is well
known that noise disturbs concentration, but cognitive performance is also affected by
the sound environment [27–29]. An important finding from these studies is that a more
distracting sound environment does not necessarily cause more errors, but greater effort
is needed in order to perform the task. The ability to remember and process information
is more sensitive than the perception of single words [30]. In specific relation to early
reflections, Puglisi et al. examined the effect on the reading ability of Italian second graders,
finding that the early reflection ratio could be correlated to reading tasks [31]. The acoustic
environment can also be related to well-being [32].

In ISO 3382-1 for performance spaces, the just noticeable differences for different room
acoustical parameters are described. It has been found that the just noticeable difference
(JND), i.e., the difference needed to experience a difference of the sound, differs for different
frequencies and types of music [33]. Further, it is important to consider the values in
different positions and not only on an average level. Regarding the importance of good
speech clarity, Bradley and Reich investigated [34] the JND for C50 in rooms for speech,
finding that 3 dB is more relevant for these types of rooms than the 1 dB value stated in the
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standard 3382-1 for performance spaces. However, JND for speech and in ordinary room is
not fully understood.

1.3. Study Objective and Principal Conclusion

In a previous stage of this research [15] it was investigated how different acoustic
treatments, affect room acoustic parameters in a classroom. It was concluded from the study
that different type of treatments can be used to fine tune different room acoustic parameters,
depending on the need. This has been followed up by investigating if people subjectively
can experience a difference of a speech, which is presented in this paper. The aim of the
study is to investigate whether people can perceive a difference in relation to different
positions and different configurations. Furthermore, to investigate if the participant’s
subjective experiences can be related to the differences in the room acoustic parameters
T20, C50 and G. To find the preferred solution is not within the scope of this investigation.

A mock-up of a classroom in a laboratory environment was used. In total, five different
acoustic treatment configurations were evaluated. All of these have an absorptive ceiling
and are sparsely furnished. Variations comprise different acoustic treatment on walls,
sound absorbing tiles and diffusing elements, differently oriented. In one configuration,
the absorbing ceiling tiles in the area over the source, i.e., speaker, position were replaced
with diffusers. Absorbing tiles were applied on the walls in this configuration.

The perception results were compared to room acoustic parameters in order to evaluate
whether differences in perception were related to room acoustic parameters or whether the
sound image perceived should be related to other descriptors or attributes. It was found
that the sound was perceived most similar in configurations with diffusers compared to
configuration with only absorbers. To obtain differences in perception, changes mainly
in C50 were needed. This study does show that the difference should be 2 dB in C50 for a
significant difference in perception.

2. Materials and Methods

Experiments were performed in a mock–up area in a laboratory environment with
dimensions 7.32 m × 7.57 m × 3.50 m. The area was furnished to simulate a typical
classroom. Room acoustic measurements were performed in this environment as well as
recordings for the listening test. The listening test was made in another, neutral room. In
the following section, the acoustic materials used in the study are presented, as well as how
these materials are combined in different configurations. This is followed by descriptions
of the room acoustic measurements as well as the listening test procedure.

2.1. Acoustic Treatment
2.1.1. Porous Absorber

The absorbing material used in the ceiling panels and wall panels is a glass wool
product with a thickness of 40 mm and air flow resistivity of 40 kPas/m2. The material’s
practical absorption coefficient, αp, measured according to ISO 354 [35] and evaluated
according to ISO 11654 [36] can be seen in Figure 1. The absorption performance is shown
for the overall depth (ODS) of 200 mm, according to specification in standard, as well as for
ODS of 50 mm, which represents the behavior of the material when mounted directly on
the wall, which is done for Conf 2 and 5 in this investigation, described in Section 2.3 below.
The weighted absorption coefficient αw is equal to 1 for the two different ODS, evaluated
in accordance with ISO 11654 [36].

2.1.2. Diffusers

The diffusers used were made from a wood frame with a surface of curved hardboard.
All diffusers tested had the same geometry and dimensions: 600 mm × 600 mm × 100 mm,
see Figure 2. Air gaps at the sides in combination with the enclosed volume give the diffuser
resonance absorption properties in the frequency range 125–250 Hz.
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Diffusion characteristics were measured in a semi-anechoic chamber. The energy in 
the reflections was estimated from impulse responses using windowing techniques, ex-
cluding the direct sound. The reflections were measured for azimuthal angles (θ) 0–90 
degrees. Figure 3 presents the diffusion characteristics for 500, 2000 and 4000 Hz; assump-
tion of the symmetrical properties has been applied. 

Figure 1. Absorption coefficient for a 40 mm glass wool product used as absorbing material in the
experiments. Blue: ODS 200 mm. Red: ODS 50 mm.

Acoustics 2021, 3 FOR PEER REVIEW  4 
 

 

 
Figure 1. Absorption coefficient for a 40 mm glass wool product used as absorbing material in the 
experiments. Blue: ODS 200 mm. Red: ODS 50 mm. 

2.1.2. Diffusers 
The diffusers used were made from a wood frame with a surface of curved hard-

board. All diffusers tested had the same geometry and dimensions: 600 mm × 600 mm × 
100 mm, see Figure 2. Air gaps at the sides in combination with the enclosed volume give 
the diffuser resonance absorption properties in the frequency range 125–250 Hz. 

 
Figure 2. Sketch of diffuser used in the study, horizontally oriented. 

Diffusion characteristics were measured in a semi-anechoic chamber. The energy in 
the reflections was estimated from impulse responses using windowing techniques, ex-
cluding the direct sound. The reflections were measured for azimuthal angles (θ) 0–90 
degrees. Figure 3 presents the diffusion characteristics for 500, 2000 and 4000 Hz; assump-
tion of the symmetrical properties has been applied. 

Figure 2. Sketch of diffuser used in the study, horizontally oriented.

Diffusion characteristics were measured in a semi-anechoic chamber. The energy in the
reflections was estimated from impulse responses using windowing techniques, excluding
the direct sound. The reflections were measured for azimuthal angles (θ) 0–90 degrees.
Figure 3 presents the diffusion characteristics for 500, 2000 and 4000 Hz; assumption of the
symmetrical properties has been applied.
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Figure 3. Diffusion characteristics at 500, 2000 and 4000 Hz. Upper left figure shows the orientation
of the diffusers relative room coordinates, also visualized in Figures 4 and 5 below.
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The diffusers were tested in a vertical and a horizontal orientation. In the vertical
position, most sound waves were directed in the z-direction, Figure 4, while for horizontal,
most waves were directed in the x-y plane, see Figure 5.

2.2. Mock-Up and Configurations

The environment where the measurements and recordings were evaluated is a mock-up of
a classroom in a laboratory setting. The dimensions of the room were 7.32 m × 7.57 m × 3.50 m,
see Figure 6.
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Figure 6. The dimensions of the room used in the experiments: coordinate system where x is the
width, y is the length and z is the height of the room.

Five different configurations were evaluated. As a baseline, an absorptive ceiling
was installed. All configurations were sparsely furnished, with 11 tables and 18 slightly
upholstered chairs being used. The room was equipped with a whiteboard, a flipboard
and luminaires on the walls, see Figure 7.

The first configuration had only the acoustic ceiling, covering 52 m2, as acoustic
treatment. For the second configuration, absorptive tiles were added on two walls, with a
total of 9 m2 being covered. In the third and fourth configurations, diffusing elements were
used on the walls, vertically and horizontally oriented, respectively. The same placement
and coverage areas were used as for the absorptive tiles. The last, fifth, configuration was
based on configuration two but with 12 absorbing ceiling tiles replaced by 12 diffusing
elements in the source area, i.e., the speaking area, which was covering 4 m2. Abbreviations
has been used to describe the configurations, see Table 1. Full description of configurations,
see Table 2. Pictures of the configurations are found in Figure 7 for Conf 1, and in Figure 8
for Conf 2–5.

2.3. Room Acoustic Parameters and Measurements

The room acoustic parameters evaluated are Sound Strength (G) Equation (1), Speech
Clarity (C50), Equation (2) and Reverberation Time (T20). Measurements were performed
using the DIRAC system (DIRAC type 7841, Ver.6.0). G was measured using a constant
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sound power source placed on the floor. An exponential sweep signal was used as exci-
tation for evaluation of C50 and T20. In the latter, an omnidirectional loudspeaker with
dodecahedron geometry was used. The center of the loudspeaker was at 1.55 m from
the floor. An omnidirectional microphone was used as a receiver at 1.20 m from the floor.
Two source positions and seven receiver positions were used; for positions see Figure 9.

Acoustics 2021, 3 FOR PEER REVIEW  7 
 

 

 
Figure 7. The classroom with furniture: (a) from the back, (b) from the corner, (c) from the front, 
(d) from the upper corner, including coordinates for the room. 

The first configuration had only the acoustic ceiling, covering 52 m2, as acoustic treat-
ment. For the second configuration, absorptive tiles were added on two walls, with a total 
of 9 m2 being covered. In the third and fourth configurations, diffusing elements were 
used on the walls, vertically and horizontally oriented, respectively. The same placement 
and coverage areas were used as for the absorptive tiles. The last, fifth, configuration was 
based on configuration two but with 12 absorbing ceiling tiles replaced by 12 diffusing 
elements in the source area, i.e., the speaking area, which was covering 4 m2. Abbrevia-
tions has been used to describe the configurations, see Table 1. Full description of config-
urations, see Table 2. Pictures of the configurations are found in Figure 7 for Conf 1, and 
in Figure 8 for Conf 2–5. 

Table 1. Abbreviations used to describe the configurations. 

Abbreviation Description Comments 
CA Ceiling absorptive XX before any abbreviation de-

scribes the m2 used for the mate-
rial, e.g., 52 CA stands for 52 m2 

absorptive ceiling 

WA Wall absorption 
VWD Vertically oriented wall diffusor 
HWD Horizontally oriented wall diffusor 

F Furniture Sparsely furnished 
  

Figure 7. The classroom with furniture: (a) from the back, (b) from the corner, (c) from the front,
(d) from the upper corner, including coordinates for the room.

Table 1. Abbreviations used to describe the configurations.

Abbreviation Description Comments

CA Ceiling absorptive XX before any abbreviation
describes the m2 used for the

material, e.g., 52 CA stands for
52 m2 absorptive ceiling

WA Wall absorption
VWD Vertically oriented wall diffusor
HWD Horizontally oriented wall diffusor

F Furniture Sparsely furnished

Table 2. Description of the configurations used in the test.

Configuration
Ceiling Wall Treatment Furnished

No Abbreviation

1 52CA_F 52 m2 absorptive - Sparsely

2 52CA_9WA_F 52 m2 absorptive 9 m2 absorptive tiles distributed on two walls Sparsely

3 52CA_9VWD_F 52 m2 absorptive 9 m2 vertically oriented diffusers distributed
on two walls

Sparsely

4 52CA_9HWD_F 52 m2 absorptive 9 m2 horizontally oriented diffusers
distributed on two walls

Sparsely

5 48CA_4CD_9WA_F 48 m2 absorptive ceiling,
4 m2 diffusing elements 9 m2 absorptive tiles distributed on two walls Sparsely
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Sound strength G is defined as

G = 10lg

∫ ∞
0 h2(t)dt∫ tdir

0ms h2
10m(t)dt

dB (1)

Speech clarity C50 is defined as

C50 = 10lg

∫ 50ms
0 h2(t)dt∫ ∞
50ms h2(t)dt

dB (2)
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where,

h(t) is the impulse response.
h10m is the impulse response at 10 m in a free field.

For both speech clarity and sound strength, the early reflections are included. When
evaluating T20, according to ISO 3382-2, the evaluation interval is −5 dB to −25 dB, given
that the early reflections are excluded.

The measurements were performed during the course of one day with stable tempera-
ture and humidity conditions. The background noise level was <30 dBA. The repeatability
of the measurements was evaluated in a previous article [15] and the uncertainty interval
for a 95% confidence interval is shown in Table 3.

Table 3. Interval of the uncertainty for the room acoustic measurements.

Gavg (dB) C50, avg (dB) T20, avg (s)

125 Hz ±0.61 ±0.56 ±0.077
250 Hz ±0.30 ±0.29 ±0.018
500 Hz ±0.40 ±0.29 ±0.010

1000 Hz ±0.25 ±0.27 ±0.006
2000 Hz ±0.37 ±0.38 ±0.010
4000 Hz ±0.36 ±0.36 ±0.008

2.4. Listening Test
2.4.1. Sound Sampling Set-Up

Material for the listening tests was collected by recording sounds in the same environ-
ment described in the previous section. Female speech, sampled in an anechoic chamber,
was played from a loudspeaker, type Genelec 8030 B, placed in S2, with the acoustic center
at 1.55 m from the floor. The emitted sound power level was the same for all samplings.
Recordings were made with binaural headphones, BHS II (3322) HEAD Acoustics, with
calibrated microphones. B2U (3323) HEAD acoustics adapter is used for recording and
playback equalization. Each sample lasted 4–6 s and was recorded at a height of 1.20 m
from the floor. Recordings were made in positions R2, R4 and R5. Positions are the same as
for the room acoustic measurements, described in Figure 9. Source and headphones can be
seen in Figure 10. The headphones used for the recordings were also the playback system
in the listening test.

2.4.2. Test Design

There is no standard for listening tests in ordinary public rooms. The objective of
studies investigating subjective experiences often differs and the design of the test is thereby
critical; the test design must relate to the objective of the study and may thereby vary from
case to case. However, a common challenge in test design is the risk of bias [37], which
must be considered. Aspects of bias can in this case be insights in the study ongoing or
preconception. Other risks are lack of concentration, health issues, hearing impairments,
duration of the test, whether the questions are adequate and whether the instructions
are clear to the participants in the listening jury. Consequently, these aspects have been
considered in the design of this listening test, visualized in Figure 11. As regards the
duration, the test was designed to enable performance within 20 min. The time needed
is related to the ability to maintain concentration. Additionally, in this aspect, the test
contained different types of evaluations for the avoidance of monotony. The jury was
composed of randomized mix of persons with an age span between 23 to 52 years old.
None of the participants had insights into the study. Furthermore, the sounds were
randomized. All participants completed training before performing the test.

The test design was evaluated in a pilot study. Five participants with varied experience
performed the test and were interviewed on their view of the test. Subsequent modifications
were shorter time sequences and clarifications regarding instructions were introduced. The
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judgements of the five participants in this pilot study are excluded from the evaluation
presented in the results section of this article.
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2.4.3. Performance of Listening Test

Twenty-nine people participated in the listening test. Fifteen of them were females. The
test was made individually; thus, the test took place in the same room for every participant.

The training session contained the test and software instructions. The instructions were
available for repetition during the entire listening test. The participants were instructed
to make their choice based on their preferences if listening to information or instructions
in a classroom environment. The participants were encouraged to make their choices and
judgements based on their first impressions.
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In the first part of the test participants answered questions about themselves:

� Age;
� Self-judgement of hearing capability;
� Their mood at the time;
� Previous experience of listening tests;
� Education or particular interest in the area of acoustics, as well as music.

The aim of collecting this data was to have background information if outlier results
are identified.

To evaluate whether the listeners experienced differences, pairwise evaluation was
made. Two different sound files were presented to the listeners, who considered whether
they differed or not. This was repeated for the different combinations of listening positions
in Conf 1–3, i.e., absorbent ceiling only, absorbent ceiling with absorbers on the walls, or
vertically oriented diffusers on the walls. An equivalent type of judgement was made for
the same listening positions but with varied configurations instead, in this case Conf 1–3.

The same procedure was performed for comparison between configurations with
vertically and horizontally oriented diffusers, i.e., Conf 3 and 4, and for comparison of
Conf 2 and 5, i.e., the two configurations with wall diffusers, vertically versus horizontally
oriented. The set-up of evaluations can be found in Table 4.

Table 4. Set-up of evaluations, steps 1–3, is evaluation of different positions within one configuration.
Steps 4–6 are evaluation of a specific position between different configurations.

Step Object for Evaluation Pairwise Sound Judgement

1 Difference internally Conf 1

• R2/R5
• R2/R4
• R5/R4

2 Difference internally Conf 2

• R2/R5
• R2/R4
• R5/R4

3 Difference internally Conf 3

• R2/R5
• R2/R4
• R5/R4

4 Differences for position R2

• Conf 1/Conf 2
• Conf 1/Conf 3
• Conf 2/Conf 3

• Conf 3/Conf 4
• Conf 2/Conf 5

5 Differences for position R4

• Conf 1/Conf 2
• Conf 1/Conf 3
• Conf 2/Conf 3

• Conf 3/Conf 4
• Conf 2/Conf 5

6 Differences for position R5

• Conf 1/Conf 2
• Conf 1/Conf 3
• Conf 2/Conf 3

• Conf 3/Conf 4
• Conf 2/Conf 5

An evaluation of the test itself was included in the test. The participants were able to
give feedback on whether they had hard time to concentrate and whether the instructions
had been clear. The participants judged their experience themselves. A scale 0–10 were
used. Regarding concentration were 0 described as not difficult and 10 as very difficult.
For instructions was 0 described as not clear and 10 as totally clear.

The jury test was performed using SQala, Artemi Suite 12.1, HEADacoustics.

3. Results

The following chapter presents the results for room acoustics and the listening test.
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3.1. Room Acoustics

The room acoustics were investigated as average values, i.e., over the two source
positions and seven receiver positions, as well as for the specific receiver positions R2, R4
and R5. In these cases, the source was placed in S2.

Evaluating the average values shows how adding absorptive wall panels (52CA_9WA_F)
to the room with absorbent ceiling and furniture (52CA_F) decreases T20, mainly at fre-
quencies of 500 Hz and upwards; at octaves 1000 Hz, 2000 Hz and 4000 the difference
was about 0.3 s. C50 changed in the same frequency range, as much as a 3–4 dB difference
at octaves 1000, 2000 and 4000 Hz. For G, addition of wall panels gave a lower value of
0.5–1.0 dB as early as at octave of 250 Hz, where the furniture has absorption properties.

Replacing the absorptive tiles on the walls (52CA_9WA_F) with vertically oriented
diffusers (52CA_9VWD_F) resulted in slightly higher T20 and lower C50, 1–2 dB, in the
higher frequency range. Opposite behavior is seen at the lower octaves 125–250 Hz. The
diffusers are designed to operate as resonance absorbers in this frequency range, explaining
this change. The effect of the resonance absorber is also seen in G. For the higher frequencies,
it can be seen how the diffusers give higher G compared to configuration with absorbers.

In the next configuration, the wall diffusers were changed to a horizontal orientation.
This change made no difference to G, meaning this value is independent of diffuser
orientation; the absorption properties do not differ. However, for T20 and C50, changes
were seen. Comparing configurations with different diffuser orientations gives a difference
of approximately 1.5 dB in speech clarity, with lower values for horizontally oriented
diffusers. T20 increases with horizontally oriented diffusers. The differences previously
described are valid for the frequency range 1000–4000 Hz. In the lower frequency range,
where the elements’ main function is as resonance absorption, the room acoustic results are
similar for the two configurations 3 and 4. It should be noted that the configuration with
horizontally oriented diffusers still has an effect on the room acoustic parameters when
compared to configuration with no acoustic treatment on the walls (Conf 1).

Replacing 12 absorptive ceiling tiles with diffusing elements, Conf 5 (48CA_4CD_9WA_F),
in configuration with absorption panels on the walls, Conf 2 (52CA_9WA_F), gives on
average a small decrease in T20. C50 is on average similar for these two configurations.
Slightly higher values are seen for G. Average results can be seen in Figure 12.

Acoustics 2021, 3 FOR PEER REVIEW  13 
 

 

In the next configuration, the wall diffusers were changed to a horizontal orientation. 
This change made no difference to G, meaning this value is independent of diffuser ori-
entation; the absorption properties do not differ. However, for T20 and C50, changes were 
seen. Comparing configurations with different diffuser orientations gives a difference of 
approximately 1.5 dB in speech clarity, with lower values for horizontally oriented diffus-
ers. T20 increases with horizontally oriented diffusers. The differences previously de-
scribed are valid for the frequency range 1000–4000 Hz. In the lower frequency range, 
where the elements’ main function is as resonance absorption, the room acoustic results 
are similar for the two configurations 3 and 4. It should be noted that the configuration 
with horizontally oriented diffusers still has an effect on the room acoustic parameters 
when compared to configuration with no acoustic treatment on the walls (Conf 1). 

Replacing 12 absorptive ceiling tiles with diffusing elements, Conf 5 
(48CA_4CD_9WA_F), in configuration with absorption panels on the walls, Conf 2 
(52CA_9WA_F), gives on average a small decrease in T20. C50 is on average similar for 
these two configurations. Slightly higher values are seen for G. Average results can be 
seen in Figure 12. 

 
Figure 12. Room acoustic parameters for the five different configurations. Results presented in 
these graphs are average values from two source positions and seven receiver points, i.e., in total 
14 measurements per configuration. 

Focusing on internal differences for Conf 1–3 shows small variations in T20 values in 
each configuration. However, the smallest variation is in Conf 2, absorbing tiles on the 
walls. 

As regards C50 for the same configurations and receiver positions, variations are ap-
parent. The focus of the evaluation is within the higher frequency range. In terms of dB, 
the variations are smaller for Conf 2 and 3, i.e., configurations with acoustic treatment on 
the walls. It should also be noted that the variation between positions R4 and R5 is small-
est for Conf 3, vertically oriented diffusers on the walls. 

Looking into the G values, variations are slightly greater for the configuration with 
wall absorbers. Conf 1 and 3 behave similarly as regards variation. However, all three 
configurations have small variations between the two positions at the back of the room, 
R4 and R5. The results for internal differences in the Conf 1–3 are shown in Figure 13. 

Figure 12. Room acoustic parameters for the five different configurations. Results presented in
these graphs are average values from two source positions and seven receiver points, i.e., in total
14 measurements per configuration.



Acoustics 2021, 3 454

Focusing on internal differences for Conf 1–3 shows small variations in T20 values
in each configuration. However, the smallest variation is in Conf 2, absorbing tiles on
the walls.

As regards C50 for the same configurations and receiver positions, variations are
apparent. The focus of the evaluation is within the higher frequency range. In terms of dB,
the variations are smaller for Conf 2 and 3, i.e., configurations with acoustic treatment on
the walls. It should also be noted that the variation between positions R4 and R5 is smallest
for Conf 3, vertically oriented diffusers on the walls.

Looking into the G values, variations are slightly greater for the configuration with wall ab-
sorbers. Conf 1 and 3 behave similarly as regards variation. However, all three configurations
have small variations between the two positions at the back of the room, R4 and R5. The
results for internal differences in the Conf 1–3 are shown in Figure 13.

Comparisons between specific positions using vertically or horizontally oriented
diffusers, Conf 3 and 4, show, in the higher frequency range, higher T20 values and lower
C50 values in all positions for Conf 4. With regard to C50, the largest variant is seen in
position R5, the difference being 3.2 dB. G is similar when comparing the same positions
for the two configurations with diffusers on the walls.

In addition, the question has been investigated of whether the room acoustic pa-
rameters differ for configuration with ceiling diffusers replacing 12 absorptive tiles. The
configuration for this comparison includes absorptive tiles on the walls, i.e., Conf 2 and 5.
As regards T20 and G, slightly lower values are seen for Conf 2. Regarding C50, the config-
uration with ceiling diffusers gives an increase at 2000 Hz. This increase is around 1 dB
in the positions further away from the source, R4 and R5. Room acoustic parameters for
specific receiver positions (R2, R4 and R5), all configurations, are shown in Figure 14.

All room acoustic data can be found in Appendix A.

3.2. Listening Test

The average age of the 29 participants (15 females, 14 males) performing the listening
test was 37 years. Regarding the question of whether it had been difficult to concentrate, the
average value was 3 (scale 0–10 where 0 = not difficult, 10 = very difficult). On the question
as to how clear the instructions were, the average answer was 10 (scale 0–10, 0 = not clear,
10 = totally clear). Three participants reported some type of hearing impairment. No one
reported medical illness. Most participants described their mood with positive words
such as enthusiastic, alert and curious. A couple of participants reported feelings of stress
and tiredness. No significant differences in the answers could be found due to any of
these aspects. In some cases, are deviating responses reported. These results have not
affected the main outcome in the analysis of this study. The deviating responses were
reported from different jury members and no specific outlier in the jury group could be
identified. Deviating responses could not be related to the concertation ability or instruction
clarity, neither to the responses on health. Thereby are all responses included in the results
presented in coming paragraphs.

In the first part of the listening test, internal differences in configurations 1–3 were
evaluated. On the question of whether the participants could identify a difference between
different positions, differences between positions R2 and R5 as well as between R2 and R4
were clearly observed for all three configurations. Regarding a comparison of positions R4
and R5, 41% judged it to be the same within Conf 1. For Conf 3, this value was higher, with
48% considering it to be same. For Conf 2, the percentage judging the two positions to be
the same was lower, 28%. These results can be found in Figure 15.

When asking participants whether they could observe a difference between different
configurations, the positions are the same, with regard to configurations 1–3 the majority
could observe a difference in all positions when comparing configurations 1 and 2. For
position R4, however, 24% deemed the sounds to be similar. When comparing Conf 1 and 3,
the percentage observing different values in R2 was 24%, in R4 28% and, in R5, the majority,
62% judged it to sound the same. Comparing Conf 2 and 3 showed that 90% thought it
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sounded the same in position R2, in R4 72% judged it to be the same and, in R5, this value
was 55%. The results can be seen in Figure 16.
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Comparing the two configurations were vertically and horizontally oriented diffusers
was used showed that the majority did not observe a difference between the configurations.
In position R4, only 6.9% observed a difference, in R4 21% observed a difference and in
position R5 24% observed a difference. The results can be seen in Figure 17.
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Comparison of Conf 2 and 5, meaning the effect of ceiling diffusers, shows that the
majority judged the sound to be the same; however, 38% thought it sounded different in
position R5 and 24% thought it sounded different in position R4. Results can be seen in
Figure 17.
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4. Discussion

Looking at the internal differences in configurations 1, 2 and 3, participants perceived
the sound to be different between R2 and R5 in all cases. Additionally, between R2 and
R4, the majority perceived a difference. However, regarding a comparison between R4
and R5, the participants deemed to a greater extent the two positions to be the same for
Conf 1 and 3, i.e., where walls where empty or covered with diffusers. Comparing the
room acoustics in the positions R4 and R5 for Conf 2, i.e., when people experienced a
difference, was C50 the parameter that differs. The difference was at octaves 2000 Hz and
4000 Hz, the difference was 2–3 dB. Looking at the same positions, R4 and R5, for Conf 1
and 3, for which more people experienced sound to be more similar was the difference in
C50 smaller.

Comparing sounds in one position but for different configurations, 90% judged that
the sounds for Conf 2 and 3 were the same in position R2. As regards room acoustic
parameters we mainly see a difference in T20, for the low frequencies. As people answered
that they could not experience a difference, we can say that this difference in T20 is not
enough to obtain a subjective difference. It should be noted that the sound source in this
case was a female voice. A male voice may contain higher ratio of lower frequencies. For
such situation can low frequency absorption give other results in perception.

Investigating the same configurations, 2 and 3, in position R4, differences are apparent
in room acoustic parameters in the higher frequency range. Speech clarity differs by about
1 dB, reverberation time by 0.05 s and sound strength by 2 dB in octaves 2000 and 4000 Hz.
As regards this position, still 72% deeming it to be the same. The differences just mentioned
seems thereby not to be enough to significantly experience a difference in perception of
speech. Continuing to study the same configurations, i.e., Conf 2 and 3 in the position
R5, the majority of the participants, 55%, judged the two configurations to be the same.
The reverberation time differs slightly more at the high frequencies. The C50 shows
irregularities in its pattern for this position, but differences of about 1.5 dB between the
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two configurations are seen for this parameter in the higher frequency range. The sound
strength differs slightly less at 2000–4000 Hz, but slightly more at 1000 Hz.

This evaluation indicates that the difference needed to subjectively experience a
variation has in this study been higher than typical values for performance spaces in 3382-1
where JND for C50 and G is 1 dB. Furthermore, can we see an importance of looking
separately into the different frequencies.

Evaluating the results for the previously discussed position R5 for Conf 1 and 3 gives
an opposite indication. The subjective test showed that the majority considered the sounds
to be the same; however, the room acoustic parameters T20 and C50 differ more in the same
frequency range than for previously discussed configurations. For C50 the difference is
2.4–3.8 for the frequency range 1000–4000 Hz, with the difference in T20 being 0.2–0.3 s for
the same frequency range. This implies that the subjective sound image goes beyond these
parameters and additional descriptors are needed for a full and appropriate description of
how people experience sounds.

Evaluation of the configuration using vertically, or horizontally oriented diffusers
shows that the majority perceive the sounds to be the same. The greatest percentage of
participants judging “different” was found in position R5, 24%. In this position, the largest
differences in C50 and T20 are found. For C50, the difference at 2000 Hz and 4000 Hz is
about 3 dB and T20 0.08–0.10 s. G has similar values for these two configurations. This
further reinforces the interpretation above, that the difference between these parameters
must be greater than is recommended for performance spaces and that the subjective sound
image must be considered.

Comparing the effect of ceiling diffusers showed that majority of the participants
judged the two configurations, Conf 2 and 5, to be similar. The position where most
participants found a difference was R5. The parameter differing in this position was mainly
C50, but the difference is lower than was required for the participants to observe a difference
in the other evaluations in this study. A reason for this can be the different subjective sound
image that the diffuser creates compared to absorptive panels.

Development of how to describe this sound image is needed. Such development
can include further studies of the relation between perceived characteristics of sound
to different room acoustic parameters. Additional room acoustic parameters may be
considered, furthermore could the measurement technics be considered.

5. Conclusions

The evaluation in this study shows that it is important to not only consider average
values but also specific positions in the room acoustic design of ordinary rooms. It also
shows that greater differences in room acoustic parameters are needed for these types of
environments than what is described as just noticeable differences for performance spaces
in ISO 3382-1. Furthermore, the evaluation shows that greater differences are needed in
the low frequency range compared to the high frequency range. This can be explained
by people’s lower hearing sensitivity at lower frequencies. Furthermore, a female voice
was used in the study, which cannot produce as many low frequencies as a male voice can.
The room acoustic parameters measured could not fully explain all the outcomes from
the perception evaluation. An important interpretation arising from this study is that it
is essential to take the subjective part of the sound image into consideration in the room
acoustic design of ordinary rooms.
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