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Proper acoustic design is especially important in some buildings. For example, in concert halls,
one of the desirable functional features is the proper transmission of music. In this regard, an
indicator that can effectively show the quality of the received sound is the sound intensity,
which is the purpose of this study is a way to optimize this indicator. Among the most effective
variables that will affect the intensity of the received sound and also the important
characteristics of the sound source are the frequency and octave of the sound, as well as the
distance between the sound source and the receiver. In this research, a new method was
proposed to investigate the effect of these three variables on the received sound intensity. In
this regard, ODEON software, one of the most powerful software in acoustic design, was used
and data analyses were implemented. Then, using full factorial method (one of the experimental
design methods), targeted scenarios based on three independent variables were identified and
by using the results of simulated scenarios, the linear relationship between the dependent
variable (sound intensity) and independent variables (frequency, octave and distance) were
developed. Using this linear relationship, it was found that the octave of sound has the greatest
effect on sound intensity, and sound frequency and distance from the sound source were

inversely related to the sound intensity.

doi: 10.5829/ijee.2022.13.01.03

INTRODUCTION

Applied science is the knowledge of the existence laws in
order to achieve comfort and living with peace. On the
other hand, buildings are a place of comfort, so it can be
expected that most of the human efforts to build better and
more scientific structures for themselves. Even today,
determining the characteristics for more efficient and
appropriate  use of building is considered. Also,
simulation techniques are used today in a variety of
programs designed to enhance the skills of health care
providers [1-4].

A building envelope plays a key role in controlling
the internal environmental conditions. Mohsen Alturshan
[5] conducted acoustical noise reduction analysis for the
transmission of noise through partitions. In this research,
the effect of a brick wall containing a single pane of glass
and a compound pane of glass studied on the reduction in
sound pressure level. Also, the noise transmitted and
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reflected at normal incident through a non-distorting wall
simulated. The results indicated, the merits of the various
methods that could be used to achieve the reduction of
noise transmission.

Acoustic optimization of building space is a complex
and at the same time essential design process that is
associated with many complexities [6, 7]. In concert halls,
the most important issue is the proper transmission of
sound to the listener and the audience. Improper reception
and unbalanced sound intensities will question the use of
the concert hall and the result of the musicians' work, and
can create problems for the halls and the audience.

Prolonged, loud noise can damage the delicate
ciliated cells of the cochlea and the nerve endings in the
inner ear, resulting in permanent and irreversible
sensorineural hearing loss. This hearing loss can be
accompanied by tinnitus. Exposure to loud noise is the
most important cause of hearing loss because people
usually do not follow safety principles. In fact, the
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universal unit for sound measurements is decibel (dB); as
sound is a wave with defined frequencies. Sounds with a
volume of more than 80 decibels and constantly in
accordance with the situation that usually exists in concert
halls, can injure the ear. The limit of serious sound
damage to the human ear is 110 decibels and sounds
higher than 130 decibels, even in a short time, quickly
damage the cochlear hair cells irreparably. Hearing loss
develops gradually due to long, loud noise and is usually
not noticeable to the person [8, 9]. The results of Bozkurt
and Demirkale [10] research in 2017 showed that the
sound environment has a physiological and psychological
effect on human health and is also very important in
creating comfortable conditions. Accordingly, a healthy
environment and a better quality of life depend on
environmental noise control.

Given the above issues, as well as the requirement to
have a minimum of sound intensity, determining the
appropriate acoustic conditions in concert halls is very
important. In Iran, the issue of eighteen national building
regulations has been developed to create design criteria
and acoustic analysis of different spaces [11].

In 2002, the National Standards Institute of the United
States designed standards for executive standards and
acoustic design needs of concert halls and other spaces,
which were edited in 2009. In Iran, eighteen national
building codes have been developed to establish criteria
for acoustic design and analysis of various spaces.

The sharpness and clarity of sound related to hearing
the components of a sound depends on the clarity and
power of the sound. Sounds can take many forms, such as
conversation, music, loud shouting, the sound of
machines, and so on. The degree of sharpness of sound
depends on the ratio of the amount of primary sound
energy received to the secondary sound energy received,
which is called sound intensity [8].

In an open space, the normal speech level at a distance
of one meter is between 55 and 65 decibels. Under certain
conditions, the speech level can be at least 30 dB and the
maximum shouting level can be up to 96 dB. According
to investigation conducted by Sutherland and Lubman
[9], about 15% of women cannot raise their voice above
75 decibels, while the volume level of some men can
easily reach to 96 decibels or even 104 decibels. Statistics
showed that it is very difficult to understand the clarity of
speaking with a shout. In addition, if in a normal speech,
the level of sound that reaches the listener is higher than
80 decibels, a lot of pressure will be applied to the ear.

Research on how sound is propagated indoors is very
limited. Some of the research related to sound insulation
in buildings is as follows. Based on research conducted
by Alonso et al. [12], it was found that to improve sound
insulation, it is concluded that there is no global
consensus on external sound insulation and sound
requirements around the world. On the other hand, the
proper performance of sound insulation in building
elements depends on the level of external sound or the
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level of internal noise. The results also showed that the
performance of windows against sound can be highly
effective when external noise is limited to 60 decibels.

Dissanayake et al. [13] in 2021 Developed a new
method for creating sound insulation materials using
cotton/polyester waste and natural rubber. In this study,
acoustic properties based on sound absorption coefficient
(SAC) and noise reduction coefficient (NRC) of materials
used were investigated using an impedance tube device
[6]. In the research of Glé et al. [14] in 2021, Experiments
were performed under controlled conditions using sound
intensity measurement method on 22 different samples to
investigate the effect of thickness, wood formwork,
coating with different levels. The research results showed
that with this method, the performance of surfaces in the
building can be predicted satisfactorily [15].

Accordingly, the intensity is a very important
parameter to determine the volume of sound, which is
very important in concert halls. For this purpose, in this
study, the effectiveness of variables such as: frequency,
octave and distance that have the greatest effect on sound
intensity, is investigated and a process for optimizing
these indicators is discussed.

RESEARCH METHOD

The purpose of this study is to identify the effect of
important variables on the clarity and intensity of
received sound. For this purpose, the received sound
intensity at a specific point was evaluated. In this regard,
first a concert hall was modeled in the software space,
then the received sound intensity was determined
according to the distance of the receiving point from the
sound source, frequency and octave of the sound source.

Case study

In this study, the famous Boston Concert Hall, shown in
Figure 1, was simulated in software. This hall is 20 meters
wide and 50 meters long. Engineers have come to the
conclusion that halls that look like shoe boxes have the
best acoustic properties for concerts, and it can be seen
that this hall also has this architectural form. The three-
dimensional space of the Boston Amphitheater consists of
428 distinct levels that the various levels affect the way
the sound is distributed. In this case study, the absorption
coefficient of 0.1 is chosen.

Dependent and independent variable

Sound intensity

Sound intensity, or acoustic intensity, is the energy

carried by sound waves per unit area, a variable that

indicates the power of the received sound. Table 1 shows

the received sound intensity for different audio sources.
The loudness of the sound depends on the ratio of the

amount of primary sound energy to the secondary sound

energy, which is called sound intensity. Sounds that have
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Table 1. Volume in different modes
Sound intensity (dB)

Audio source

Silence 0

Normal breathing 10
Whispers 30
Conversations in one meter 40
Relatively long conversations 60
Washing machines 70
Vacuum cleaners 80
Trucks in 5 meters 90
Rock Concert 110
Ambulance sirens 120
Jet engines 140
Shots fired 160

a volume of more than 80 decibels can be harmful to the
ear, and it is difficult to hear sounds that have a volume
of less than 30 decibels. In general, it can be said that
sounds with an intensity of 50 to 70 decibels are suitable
for concert halls.

Frequency

Frequency is the number of oscillations of a sound wave
per unit time. It is one of the most important
characteristics of sound produced by an audio source, and
the higher the frequency of sound, the more energy it
loses if it vibrates in the environment, and the audio
receiver is expected to intensify that sound. The human
ear hears sounds with a frequency between 20 and 20,000
Hz. Sounds with a frequency of 125 to 8000 Hz are
considered for understanding speech but in acoustic
designs, a frequency between 1000 and 4000 Hz is more
important and examined. Also, by changing the frequency
of sound using different tools, it can be used for
applications such as crack size determination and
corrosion status in metals [16, 17].

ODEON software also sets the frequencies of 1000,
2000 and 4000 Hz to be tested by default, for this purpose,
these three levels were considered to examine the effect
of frequency.

If the source of sound wave propagates the waves
uniformly in all directions, the sound is propagated as
spherical waves in space. Now, if we assume that this
point source of sound emits sound waves uniformly (same
intensity in all directions), simply by considering the
hypothetical spheres with radius “r” from the sound
source, we can get all the energy that the sound source
produces and calculate what passes through the surface of
this sphere. So according to the relation (I = PA (W.m?) |
= PA (W.m?)) the sound intensity that we feel around a
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point source is inversely proportional to the square of the
distance from the source.

Therefore, the distance from the sound source will
have a great effect on the intensity of the received sound.
For this purpose, the position of the sound receiver at the
point (2.667, 0.01, 45.36) was considered and also the
position of the sound source at the first level (2.00, 0.00,
3.00) was considered. The distance to the receiver will be
42.365 meters, the position of the sound source in the
second level (2.00, 0.00, 8.00) was considered, the
distance to the receiver will be 37.366 meters and the
position of the sound source. The third level (2.00, 0.00,
13.00) was considered, the distance to the receiver will be
32.367 meters.

Octave

An octave is the distance of two consecutive notes in an
instrument, notes that are spaced one octave apart, the
frequency of one of them will be twice that of the other.
When it is said that a note is one octave higher, it means
that this note is exactly the same as the previous note,
except that it is played in a stronger area than the musical
instrument. Therefore, the octave in which the note is
played will have a great effect on the intensity of the
received sound. In order to evaluate the effect of different
octaves, for 1000 frequency and specific positions of the
sound source and receiver, the sound intensity for octave
one according to Figure 1 was 1.27 dB and for octave
three according to Figure 2 was 5.99 dB. Which shows a
difference of 4.72 times, which indicates the large effect
of octave on the received sound intensity.

THEORY AND CALCULATION

Simulation

Building simulation has been used to study various
building performance, especially building energy
consumption [8]. The building sound simulation is
performed to determine the effect of various variables
related to the sound source such as frequency and octave
of sound, as well as the distance between the sound source
and the receiving point on the sound resolution, which is
measured by the sound intensity. In this regard, ODEON,
which is one of the most practical and well-known
acoustic design software, has been used. ODEON is one
of the most powerful software in the field of acoustics.
This program has good features including use of speakers
and the ability to make speakers with desired
specifications, has a variety of materials available to
increase the accuracy of calculations, ability to check
materials with diffusion coefficient and multiple
absorption coefficients, calculate all acoustic parameters,
Identify weaknesses in acoustic design and compatible
with AUTO-CAD software.
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Figure 2. Sound distribution with frequency 1000 and octave 3

In this research, ODEON 15.15was used. To simulate,
first the details of the interior and exterior of the hall
architecture are drawn in the software, then the material,
the position of sound sources and receivers are defined,
all surfaces were rough concrete that have scatter of 0.1.
Based on this information such as sound intensity at
different points, reverb, sound absorption by Different
levels, how to play audio, etc. are specified as software
output. For this purpose, after drawing the architectural
space of the hall, the position of the sound source was
determined at points with coordinates (2.00, 0.00, 3.00)
meter, in the next steps of modeling the coordinates of the
sound source (2.00, 0.00, 8 .00) meter and (2.00, 0.00,
13.00) meter were placed. Receiver point coordinates
(2.667, 0.010, 45.360) meter were also determined. Then
the absorption coefficient of different surfaces was
assigned. Hard surfaces reflect sound waves, and many of
these types of surfaces can be seen in concert halls. Unlike
hard surfaces (walls), soft surfaces absorb more acoustic
waves. In the hall, only soft surfaces are used in chairs,
and surfaces with low absorption coefficients are used
that not suitable for main surfaces and walls.
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Modeling

Making changes to the simulated case study and
performing the analysis is time consuming and complex,
and the number of factors such as noise, pick-up time,
sound translocation, seat arrangement is high, therefore
determining their desired values is complicated by
performing multiple simulations. Turning the simulation
space into a mathematical model based on the object can
help to do the right design.

Linear model is considered as simulation information
modeling method in this research due to its simplicity and
at the same time many applications. For this purpose, the
distance from the sound source, frequency and octave of
sound were determined as independent variables and the
sound intensity was considered as a dependent variable.

Experimental design

Experimental design is a scientific approach that allows
researchers to gain knowledge to better understand a
process as well as determine how inputs affect outputs.
Different Experimental design methods are used in
various fields of engineering, including energy efficiency
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and determining the optimal method of wastewater
treatment [18, 19]. In this research, full factorial method
has been used to develop the linear model. In this regard,
for all three independent variables, including frequency,
octave and distance, three levels were considered (Table
2). Using the complete factorial method, the number of
scenarios for developing a linear relationship is 33= 27
scenarios.

Minitab software was used for statistical analysis
including experimental design and linear model
development. Minitab software is one of the best
statistical software that has special capabilities in some
fields of statistics, including the application of statistics
in industry and economics. The version of Minitab has
been 19. In Minitab software, the dependent variable is
sound intensity and independent variables are frequency,
distance and octave of sound. Then, based on full factorial
method and linear regression, all scenarios and linear
model was developed.

RESULT AND DISCUSSION

Simulation results
By using Minitab software to develop a linear model from
full factorial experiment design method, the required
number of scenarios was determined. The variables and
their levels are given in Table 3. these scenarios were
obtained in ODEON software related to each combination
and the result of simulation is shown in Table 3.
According to the results, the change in the considered
variables caused a change in sound intensity from 0.91 to
9.29 dB, which causes a change of about 8.38 dB.

Linear modeling

Based on the scenarios designed by full factorial method,
and simulation of the values of independent variables in
ODEON software, the results were determined to develop
a linear model. Accordingly, the linear model of sound
intensity is as described in Equation (1).

=-000052+122756-0255 1-

1®49 @

where S stands for sound intensity and F is known as
Frequency, O for Octave and D is for Distance.

In order to confirm the linear model and verified the
obtained coefficients, the results obtained from ODEON
software were compared with the result of linear model,

Table 2. Independent variables and its levels

Variables Level 1 Level 2 Level 3
Frequency 1000 2000 4000
Distance 32.367 37.367 42.367
Octave 1 2 3
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Table 3. Selected scenarios for linear model development and
sound intensity simulation results

Scenario Frequency Octave Distance ) Sot_md
(F), Hz ©) (D), m intensity, dB
1 1000 1 42.365 1.27
2 1000 42.365 416
3 1000 3 42.365 5.99
4 2000 1 42.365 1.03
5 2000 2 42.365 3.61
6 2000 3 42.365 5.61
7 4000 1 42.365 0.12
8 4000 2 42.365 1.75
9 4000 3 42.365 442
10 1000 1 37.366 2.38
11 1000 2 37.366 5.29
12 1000 3 37.366 7.11
13 2000 1 37.366 2.17
14 2000 2 37.366 4.8
15 2000 3 37.366 6.77
16 4000 1 37.366 1.37
17 4000 2 37.366 3.13
18 4000 3 37.366 5.69
19 1000 1 32.367 3.65
20 1000 2 32.367 6.57
21 1000 3 32.367 8.39
22 2000 1 32.367 3.47
23 2000 2 32.367 6.15
24 2000 3 32.367 8.09
25 4000 1 32.367 2.78
26 4000 2 32.367 4.68
27 4000 3 32.367 7.13

which is presented in Table 4. To evaluate the accuracy
of the developed linear model, the results of the linear
model and the simulation results are plotted in Figure 3,
and by linear fitting, the accuracy of the model is
evaluated. As can be seen with a coefficient of R>=0.978,
the slope of the fitted line is 0.968 and the width of the
origin is 0.275.

Effective parameters

According to the results, because the frequency and
amplitude of the oscillation are inversely related to each
other, higher frequency sounds will oscillate more
between the sound source and the receiver, and their
energy will be reduced and the received sound intensity
will be lower. In this modeling, the sound intensity has a
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Table 4. Model validation results with simulation results

Frequency Distance Sound Sound
. Octave intensity,  intensity,
Scenario  (F), o © dB-  dB-linear
Hz m . .
simulation model
1 500 1 39.157 2.05 2.58
2 500 2 39.157 5.02 4.85
3 500 3 39.157 6.81 7.13
4 1000 1 39.157 197 231
5 1000 2 39.157 4.87 459
6 1000 3 39.157 6.69 6.87
7 2000 1 39.157 1.75 1.79
8 2000 2 39.157 4.36 4.07
9 2000 3 39.157 6.34 6.34
10 500 1 34.186 3.24 3.84
11 500 2 34.186 6.21 6.12
12 500 3 34.186 8 8.39
13 1000 1 34.186 3.17 3.58
14 1000 2 34.186 6.08 5.86
15 1000 3 34.186 7.9 8.13
16 2000 1 34.186 2.98 3.06
17 2000 2 34.186 5.64 5.34
18 2000 3 34.186 7.59 7.61
19 500 1 29.225 432 5.11
20 500 2 29.225 7.3 7.38
21 500 3 29.225 9.09 9.66
22 1000 1 29.225 456 4.85
23 1000 2 29.225 7.48 7.12
24 1000 3 29.225 9.29 9.40
25 2000 1 29.225 439 433
26 2000 2 29.225 7.1 6.60
27 2000 3 29.225 9.02 8.88

negative slope in terms of frequency, but the frequency
does not affect the received sound intensity as much as
other variables.

The received sound intensity is inversely related to the
distance. The intensity of the received sound decreases
with increasing distance and it is observed that the amount
of octave of sound has a significant effect compared to
other variables on the received sound intensity. Also,
the octave and the received sound intensity have a
direct relation. According to the results, octave has the
most direct effect and distance has more effect than
frequency.
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Figure 3. Dispersion distribution of model results and
simulations for model validation

CONCLUSION

Optimizing the performance of buildings in terms of
sound is very complex due to the influence of various
factors. One of the most important ways to design audio
is to use simulation software. But audio design
optimization requires several scenarios that sometimes
may not lead to optimal design. A good solution to take
the path of optimal design is to convert the simulation
space into a model with appropriate accuracy. To do this,
using different experimental design methods (in this
research full factorial method), targeted scenarios can be
identified and by simulating these scenarios, the model
can be developed with appropriate accuracy.

Accordingly, in the present study, for each of the three
independent variables of research (frequency, octave and
distance), three levels were considered. Nine scenarios
were considered using the full factorial experimental
design method. The designed scenarios were simulated in
the ODEON software and the sound intensity results were
determined for each scenario. Then the linear model of
changes in sound intensity based on frequency, octave
and distance was developed. Based on obtained results
from this model, it was found that frequency and
volume are inversely related to each other and octave has
the greatest effect on the received sound intensity. Also,
as it turns out, the intensity of the received sound is
inversely related to the distance between the source and
the receiver, which is shown by the developed linear
model.
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