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Noise in industrial workplaces has become an important occupational problem. Accordingly, there is a
need to implement cost-effective strategies for reducing noise levels.
In this paper, an optimal design methodology of passive acoustic treatments is proposed with the

objective of minimizing the corresponding economic cost while keeping noise levels below tolerant
limits. The methodology is based on a combination of a recently developed simplified acoustic diffusion
model with a stochastic optimization technique known as ‘‘Simulated Annealing”. The simplified diffu-
sion model allows one to accurately evaluate multiple acoustic situations with a low computational cost,
and the Simulated Annealing method is used to direct the search of the optimum set of design variables.
Some numerical examples are presented in order to show the effectiveness of the proposed approach.
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1. Introduction

Industrial noise associated with production processes has
become an important occupational problem. In fact, remaining in
excessively noisy environments for long periods may cause work-
ers significant hearing damage as well as psychological disorders
[1]. For that reason, noise regulations are becoming more restric-
tive, setting lower exposure limits in noisy environments as well
as maximum tolerable level values in industrial buildings. The
most widely used form of noise reduction is passive control. In
particular, the use of multi-layer sound absorbers on the interior
surfaces to reduce reverberant sound field, and/or the implementa-
tion of acoustical enclosures to reduce direct noise radiated by
machinery, can constitute a simple, reliable and durable solution.
The economic cost associated with these sound treatments
depends on the quality of the acoustic materials and the applica-
tion surface. Therefore, it is necessary to design them carefully
and efficiently in order to reduce the high cost involved.

The more convenient treatment configurations may be obtained
by means of exhaustive simulations involving variations of the
acoustic parameters. In these simulations, one needs to predict
noise levels generated in the analyzed room for several values of
the characteristics of the absorbers and the enclosures, such as
application surfaces and internal architecture of the panels. The
successive design trials will be acceptable if the maximum noise
levels are lower than established limits. The best option corre-
sponds to the less expensive of these feasible possibilities. This trial
and error practice is, in general, very time consuming. In order to
facilitate this task, it is possible to employ an optimal design
method. This last one constitutes an automatic procedure that
minimizes the number of necessary simulations in order to find
the best solution.

In this paper, an optimal design methodology of the passive
acoustic treatments previously mentioned is proposed with the
objective of minimizing the corresponding economic cost while
keeping noise levels below tolerant limits. The methodology is
based on a combination of a stochastic optimization technique
known as ‘‘Simulated Annealing algorithm” [2] and a recently
developed simplified acoustic diffusion model SADM [3,4].

It is necessary to employ an optimization method, for directing
the search of the optimum set of design variables, with a reduction
in the number of simulations required for calculating the corre-
sponding objective function and constraints. There exist classical
well-known methodologies based on gradient descent [5]. How-
ever, these ones require the objective function to be continuous
and convex with respect to the design variables. This is not the case
for the present problem. For this reason, stochastic methods are
preferred. In particular, the selected Simulated Annealing (SA)
technique is suitable for analyzing optimization problems with
discrete variables and with many local optima [6,7].
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Even so, in the optimization process, it is highly desirable the
use of an acoustic prediction model sufficiently accurate and com-
putationally fast to estimate the effects (noise levels) of different
technical alternatives, because the simulations should be per-
formed many times. In this connection, the simplified diffusion
model (SADM) is proposed for evaluating the constraints of the
problem because it allows one to accurately evaluate multiple
acoustic situations with a low computational cost [4,8]. This
method is a simplification of the acoustic diffusion model ADM,
first proposed by Ollendorff [9] and later developed by Picaut
et al. [10], that allows one to predict the sound field in non-
uniform reverberant conditions. This last one constitutes a crucial
improvement of the classical Sabinés theory. In general, the ADM
shows an accuracy comparable to that given by classical geometri-
cal acoustic models [3,4,11–19].

In Section 2, the optimal design problem is formulated. In
Section 3, the simplified diffusion model is presented along with
embedded formulations for the multi-layer sound absorber and
the acoustical enclosure. In Section 4, the use of the Simulated
Annealing technique for directing the search of the optimum
design is described. In Section 5, numerical examples are given
to show the efficiency of the proposed methodology. Finally, in
Section 6 the main conclusions are presented.
2. Problem formulation

It is considered the situation of an industrial workroom with
multiple acoustic sources (machineries) emitting constant sound
powers along the working day. In order to reduce the noise levels,
two types of technical solutions are selected: multi-layer sound
absorbers, to mitigate the reverberant sound field and acoustical
enclosures with interior sound absorbing treatments, to insulate
the sound sources.

The adopted multi-layer absorber is composed of a perforated
plate backed by a porous material, an air cavity and a rigid wall
(Fig. 1). This configuration improves the acoustic performance in
relation to a single porous material and allows to extend the
absorption frequency range. The absorption of this kind of device
is characterized by means of its absorption coefficient, which is
determined as a function of the following design variables: the
thickness ta of the air cavity, the thickness tm of the porous
material, the porosity n of the perforated plate and the diameter
d of the perforated holes.

For the case of the acoustical enclosure of a source, the sound
insulating quality is determined by the insertion loss IL, which is
defined as a function of the following design variables: the average
energy absorption coefficient �aE and the sound transmission loss
TLE.

The aim of the design approach is to minimize an objective
function OF that represents the total economic cost of the adopted
solutions, while keeping the noise levels below a tolerant limit.
Accordingly, the optimization problem is formulated as follows
tata
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Fig. 1. Scheme of the selected multi-layer sound absorber configuration.
ðta; tm; n;d; �aE; TLEÞopt ¼ argminOF; ð1Þ
where (. . .)optindicates the set of the optimal design variables. The
economic cost (OF) is defined as

OFðta; tm; n;d; �aE; TLEÞ ¼
XN
i¼1

Ci � SS;i þ
XM
o¼1

�Co � SE;o; ð2Þ

being N the number of interior surfaces i to be acoustically treated;
Ci represents the economic cost per unit area of the acoustic absor-
ber to treat the surface i, which depends on the thickness of the
absorbent material tm; SS,i is the area of the surface i; M is the
number of sources o; Co represents the cost per unit area of the
acoustical enclosure to treat the source o, which depends on
the average energy absorption coefficient �E and the sound trans-
mission loss TLE of the selected enclosure and SE,o is the interior wall
surface of the enclosure to treat source o.

The minimization of the objective function OF is associated
with two types of restrictions. First, the total thickness of the
multi-layer absorbers is constrained to 0.16 m. This is a physical
restriction that takes into account the necessity of access and
maintenance. This limit value is only illustrative and it can change
depending on the particular situation [6].

On the other hand, to protect workers from the presence of
occupational noise exposure, a permissible level is set as the quan-
tity that must not be exceeded along the working day. Accordingly,
the overall sound pressure A-weighted level SPLA is assumed to be
limited to 85 dBA. This acoustical restriction is based on the
current labor legislation in Argentine that imposes an equivalent
sound exposure level of 85 dBA as the daily permissible noise level
[20].

Therefore, the OF minimization is subject to the following
restrictions

tt ¼ ta þ tm þ tp � 0:16 m; ð3Þ

SPLAðrÞ � 85 dBA; ð4Þ
where tt is the total thickness of the multi-layer absorber and tp is
the thickness of the perforated plate. In particular, SPLA(r) depends
on the receiver position r = (x, y, z), the sound power level contribu-
tion of every source and the selected design variables. The explicit
mathematical expression for SPLA(r) is shown in the following
section.

3. Acoustic models

In order to estimate the sound levels, the acoustic diffusion
model is used. For this task, it is necessary to account for the source
power levels and the acoustic properties of the selected sound
treatments, characterized by the absorption coefficients of the
multi-layer absorbers and the sound insertion losses of the acous-
tical enclosures. These acoustic parameters depend directly on the
design variables previously presented and they are obtained by
means of two proposed sub-models. In this section, such models
are described.

3.1. Sound propagation model

3.1.1. Acoustic diffusion model
This model allows to simulate the non-uniform reverberant

sound field in rooms based on an analogy with particles propaga-
tion in a dispersive medium. Accordingly, it is assumed that the
density dispersion is large and the energy reflection is dominant
over absorption. Hence, reflections in the interior surfaces and
objects within the room are supposed diffusive and the energy flow
and density variations are considered small [10]. Following this
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Fig. 2. Flowchart of the Simulated Annealing algorithm.
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assumptions, the stationary sound energy density wf(r) corre-
sponding to the reverberant field, at location r for the frequency f
and in a room of volume Vr, is obtained as the solution of the
following governing system [3,14]

Dr2wf ðrÞ � rf wf ðrÞ þ qf ðrÞ ¼ 0 in Vr; ð5Þ

D
@wf ðrÞ
@n

þ Af cwf ðrÞ ¼ 0 on @Vr; ð6Þ

where r2 is the Laplace operator, D is a diffusion coefficient, rf is a
term that account for the volumetric absorption, qf(r) is the source
sound power per unit volume, n is the exterior normal to the
boundaries, Af is the absorption factor of the interior surfaces and
c is the speed of sound. The diffusion coefficient D can be expressed
as [3,11]

D ¼
ckr
3 � K for empty rooms;
ckrkfitt

3ðkrþkfittÞ � K for fitted rooms:

(
ð7Þ

For empty rooms, D considers the morphology of the room with
interior surfaces area Sr through the respective mean free path
kr = 4Vr/Sr. If a sub-volume Vfitt of Vr contains scatter objects
(fittings), the diffusion is described by the mean path length for a
sound ray between two collisions with an object kfitt = 4/(Sfitt nfitt),
where Sfitt represents the surface area of the object and nfitt is the
number of scattering objects per unit volume in Vfitt. Thus, the dif-
fusion coefficient D for fitted rooms is obtained from a combination
of the diffusely-reflecting surfaces of the room and the scattering
obstacles within the room [11]. The function K = �2.238 ln(s)
+ 1.549 allows to include mixed specular and diffuse reflections
on room boundaries, being s the scattering coefficient of the
surfaces [17]. This coefficient is used to determine the proportion
of energy that is reflected in a specular manner and the proportion
that is scattered [21]. Values for the scattering coefficient s can
spread out over the range from 0 (completely specular reflections)
to 1 (completely diffuse reflections). In particular, the law of the
function K is valid for 10�3 6 s < 1 and for s = 1, K = 1 [11,17].

On the other hand, coupled rooms are configurations typically
found in industrial buildings. Several enclosures are coupled when
they are connected through open surfaces, which allow transmis-
sion of sound energy from one space to another. In these cases,
it must be obtained one value for the coefficient D for each
sub-volume as a function of its geometric dimensions [12].

The absorption term rf is given by the following expressions

rf ¼
mf c for empty rooms;

mf c þ
caS;fitt;f
kfitt

for fitted rooms:

(
ð8Þ

In empty rooms, this term takes into account the atmospheric
attenuation, being mf the coefficient of atmospheric attenuation
in m�1 [15]. In fitted rooms, it is obtained from the sum of the
absorption contribution of the air and the fittings, respectively,
being aS,fitt,f the absorption coefficient of the obstacles located into
the room [11].

Expression (6) corresponds to the boundary conditions on inte-
rior surfaces. The absorption factor Af depends on the absorption
coefficient aS,f of the considered surface [3,13,14]. In this paper,
the absorption factor proposed by Jing and Xiang [14] is used. This
factor allows one to characterize the absorption over the entire
range of application and it is expressed as follows

Af ¼ aS;f

2 2� aS;f

� � : ð9Þ

The sound pressure A-weighted level SPLA,f is determined by
adding the contributions of direct and reverberant sound fields
[3,11]
SPLA;f ðrÞ ¼ 10log10 qc
Z

VS

qf ðrÞ
4pr2

exp � r
kfitt

� �
dVS þ cwf ðrÞ

� ��
P2
ref

	 


þ PondA;

ð10Þ

where PondA is the A-weighted function [22], r = ||r – rs|| denotes
the distance from a receiver point to an arbitrary point of the source
rs in the subdomain VS, q is the air density and Pref = 2 � 10�5 Pa.
Only point sources with in-time constant sound powers are
considered, so the source term is written as

qf ðrÞ ¼
XM
o¼1

Wsfodðr� rs;oÞ

¼
XM
o¼1

10ðSWLfo�ILfoÞ=10 �W0

h i
dðr� rs;oÞ; ð11Þ

where SWLfo is the sound power level of the source o for the
frequency f, ILfo is the insertion loss of the acoustical enclosure
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to mitigate the source o, Wsfo is the sound power of the source o
including the attenuation due to the enclosure (IL) and
W0 = 10�12 W.

In this paper octave-frequency bands are considered, so the
overall sound pressure A-weighted level SPLA is written as

SPLAðrÞ ¼ 10log10

XNfb
fb¼1

10
SPLA;fb

ðrÞ
10

 !
; ð12Þ

where fb is the octave-frequency band of interest and Nfb is the
number of frequency bands selected.

Obviously, the idealization of real sources as emitting points is
reasonable only when the machineries are of small dimensions in
comparison with those of the workroom. This implies that the
acoustic field very close to the point source is not real and it is
not considered.

On the other hand, considering the fact that the sound sources
are constant over time, the indicator SPLA coincides with the
equivalent steady noise level of a noise energy-averaged over time
LAeq, which is the most widely used indicator in the majority of
the noise regulations, particularly, in Argentine legislation [20].

3.1.2. Simplified acoustic diffusion model
The usual ceiling geometries of industrial workrooms corre-

spond to flat surfaces at least in an approximated form. Taking
Table 1
Transmission loss values and economic costs of the insulating panels used in the enclosur

Enclosure panel Insulating quality TLE valu

250 Hz

20 g aluminum sheet, stiffened (0.9 mm thick) A 10
22 g galvanized steel sheet (0.55 mm thick) B 14
18 g galvanized steel sheet (1.2 mm thick) C 20

Table 2
Absorption coefficients and economic costs of the material used in the enclosures.

Polyurethane foam (28 kg/m3) Absorbing quality Absorption coeffici

250 Hz 50

20 mm thick A 0.1 0.3
35 mm thick B 0.24 0.4
50 mm thick C 0.38 0.7
75 mm thick D 0.67 0.8
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Fig. 3. Scheme of the fitted workroom with the locations of the sources (S) and the ceilin
receiver points marked with (s).
advantage of this fact, the full acoustic diffusion model ADM may
be approximately reduced to a simplified two-dimensional diffu-
sion equation by means of the Kantorovich method [23]. This is a
well-known technique for the dimensional reduction of differential
equations that occupies an intermediate position, from a precision
viewpoint, between the exact solution and the solution which is
obtained by means of Ritz and Galerkin methods. Accordingly,
the reverberant energy densitywf(r), at location r for the frequency
f, can be approximated by the product of two functions, one corre-
sponding to the variation in the domain related to the horizontal
plane and the other considering the variation in height. Thus, the
reverberant energy density can be expressed as [4]

wf ðrÞ � ~wf ðrÞ ¼ Pf ðx; yÞ � ZðzÞ; ð13Þ

where P(x, y) is an unknown function and Z(z) is a function selected
a priori in order to approximate the vertical variation of the rever-
berant energy density. This methodology presents the advantage
that only part of the solution is chosen in advance, while the
remainder thereof is determined according to the nature of the
problem.

The simplest way to approximate the vertical variation of the
reverberant energy density is by means of the second order
polynomial Z(z) = 1 + a1z + a2z

2. The polynomial coefficients are
es.

es (dB) by octave-frequency band Economic cost ($) per unit area

500 Hz 1000 Hz 2000 Hz

10 18 23 10
20 23 26 15
24 29 33 20

ent �aE by octave-frequency band Economic cost ($) per unit area

0 Hz 1000 Hz 2000 Hz

2 0.5 0.57 5
3 0.64 0.68 10

0.91 0.76 15
6 0.98 0.88 20
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CEILING 2

CEILING 4

= 5.85 mfittλ
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24 25
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g surfaces to be treated. The acoustic restriction (SPLA 6 85 dBA) is evaluated at the
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determined from the boundary conditions defined in the two
extreme planes of the room (floor and ceiling)

D
dZðzÞ
dz

¼ �Af ZðzÞ: ð14Þ

According to the Kantorovich method [23], substituting the
approximated expression (13) into Eqs. (5) and (6), multiplying
by Z(z) and integrating over the height H of the room, it is possible
to arrive to the following system of equations corresponding to the
simplified acoustic diffusion model SADM [4]
Table 3
Sound power levels and coordinates of the sources.

Sound source Coordinate
(m)

Sound power level (SWL, dB re 10�12 W)
by octave-frequency band

x y 250 Hz 500 Hz 1000 Hz 2000 Hz

S1 15.6 17.5 90 96 104 108
S2 3.1 11 91 93 95 102
S3 32 11 89 94 97 98
S4 43 11 95 100 106 106
S5 15.6 2.5 105 107 110 109
S6 43 4 109 110 106 106

Table 4
Comparison of SPLA values at the receiver points in the fitted workroom. The values in
parentheses are the variations against the SADM (units in dBA).

Point 1 2 3 4 5 6 7

SADM 89.3 92.4 92.2 88.4 88.5 90.4 90.9
ADM 89.3

(0)
92.4
(0)

92.2
(0)

88.4
(0)

88.5
(0)

90.4
(0)

90.9
(0)

RT 88
(1.3)

89.9
(2.5)

89.3
(2.9)

86.9
(1.5)

87.6
(0.9)

90.4
(0)

89.8
(1.1)

Point 8 9 10 11 12 13 14

SADM 91.7 93.8 91.1 89.4 92.4 93.5 90.5
ADM 91.7

(0)
93.8
(0)

91.1
(0)

89.3
(0.1)

92.4
(0)

93.5
(0)

90.5
(0)

RT 89
(2.7)

92.3
(1.5)

88.4
(2.7)

86.9
(2.5)

90.7
(1.7)

91.8
(1.7)

89.3
(1.2)

Point 15 16 17 18 19 20 21

SADM 92.6 96.1 92.3 88.9 90.8 95.2 88.4
ADM 92.5

(0.1)
96.2
(�0.1)

92.3
(0)

88.8
(0.1)

90.7
(0.1)

95.2
(0)

88.3
(0.1)

RT 89.6
(3)

96
(0.1)

89.2
(3.1)

85.6
(3.3)

88.4
(2.4)

92.3
(2.9)

88.1
(0.3)

Point 22 23 24 25 26

SADM 94.9 94.9 88.1 90.5 96.4
ADM 94.8

(0.1)
94.8
(0.1)

88.3
(�0.2)

90.3
(0.2)

96.4
(0)

RT 93.9
(1)

93.5
(1.4)

86.1
(2)

87.4
(3.1)

93.4
(3)

Table 5
Results from the optimization approach in the fitted workroom.

Surface Selected absorption coefficient aS by octave-frequency band

250 Hz 500 Hz 1000 Hz 20

Ceiling 1 0.02 0.03 0.03 0.0
Ceiling 2 0.02 0.03 0.03 0.0
Ceiling 3 0.03 0.14 0.64 0.5
Ceiling 4 0.02 0.03 0.03 0.0

Source Selected insertion loss IL (dB) by octave-frequency band

S1 0.22 4.83 13.74 17
S2 0.22 4.83 13.74 17
S3 0.22 4.83 13.74 17
S4 8.04 9.12 16.66 19
S5 3.46 13.21 16.86 18
S6 13.95 18.78 21.43 21
DZ1r2
pPf ðx; yÞ þ ðDZ2 � rZ;f ÞPf ðx; yÞ þ qZ;f ¼ 0 in X; ð15Þ

DZ1
@Pf ðx; yÞ

@n
þ AZ;f cPf ðx; yÞ ¼ 0 on @X; ð16Þ

where r2
p is the Laplace operator in the plane and X represents the

domain of the horizontal plane (with perimeter oX) of the consid-
ered room. From Eqs. (15) and (16) the following definitions have
been made

DZ1 ¼
Z H

0
DZðzÞ2dz; ð17Þ

DZ2 ¼
Z H

0
D

d2ZðzÞ
dz2

ZðzÞ
 !

dz; ð18Þ

rZ;f ¼
Z H

0
rf ZðzÞ2dz; ð19Þ

qZ;f ¼
Z H

0
qf ZðzÞdz; ð20Þ

AZ;f ¼
Z H

0
Af ZðzÞ2dz: ð21Þ

Once Pf(x, y) is obtained as the solution of the previous system
of equations, the approximated reverberant energy density is given
by expression (13) and the overall sound pressure A-weighted level
is obtained by means of expressions (10)–(12).

3.2. Multi-layer sound absorber model

The adopted absorber is composed of three layers: a perforated
plate, a porous material and an air cavity backed by a rigid wall.
The selected configuration is shown in Fig. 1. The surface impe-
dance of the configuration is estimated by the transfer matrix
method using the following relation [21,24]

ZS;kþ1 ¼ �jZS;kZk cotðkc;ktkÞ þ Z2
k

ZS;k � jZk cotðkc;ktkÞ
; ð22Þ

where ZS,k+1 is the impedance of the bottom of layer k + 1; ZS,k is the
impedance of the bottom of layer k; j =

ffiffiffiffiffiffiffi
�1

p
and Zk, kc,k and tk are

the characteristic impedance, the wavenumber and the thickness
of layer k, respectively. This formulation is used recursively to
successive layers in order to obtain the surface impedance of the
multi-layer absorber.
Selected multi-layer absorber variable

00 Hz ta (m) tm (m) n (%) d (m)

4 – – – –
4 – – – –
6 0.02 0.01 10 0.006
4 – – – –

Selected insulating/absorbing quality (see
Tables 1 and 2)

.43 A/A

.43 A/A

.43 A/A

.32 A/D

.64 B/A

.18 C/C
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Fig. 5. Evolution of the objective function (economical cost) as a function of the
number of iterations for the fitted workroom.
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From Eq. (22), the surface impedance of the air cavity with rigid
backing is defined as
ZS1 ¼ �jZS0 cotðkc;ataÞ; ð23Þ

where ZS0 ¼ qc is the characteristic impedance of air and kc,a =x/c
is the wavenumber of air, being x = 2pf. The surface impedance of
the porous material mounted in front of the rigid wall with the air
cavity is defined as

ZS2 ¼ �jZS1Zm cotðkc;mtmÞ þ Z2
m

ZS1 � jZm cotðkc;mtmÞ ; ð24Þ

where Zm and kc,m represent the complex characteristic impedance
and the complex wavenumber of the porous material, respectively.
Those parameters are estimated from the semi-empirical formula
for specific normal impedance developed by Delany and Bazley
[25]. This formulation was obtained from the adjustment of several
experimental data of wool materials through its specific airflow
resistivity R in a certain frequency range and it is expressed as

Zm ¼ ZS0 1þ 0:05N�0:754 � j0:087N�0:732� �
;

kc;m ¼ x
c 1þ 0:0978N�0:7 � j0:189N�0:595� �

;

(
ð25Þ

where N = qf/R is a dimensionless parameter.
The normal surface impedance of the perforated plate Zp, in

low-sound pressure level without mean flow, is estimated by the
formula presented by Beranek and Ver [22]. The expression is
defined as

Zp ¼ q
n

ffiffiffiffiffiffiffiffiffiffi
8mx

p
1þ tp

d

� 
þ jxqn

ffiffiffiffi
8m
x

q
ð1þ tp

dÞ þ tp þ j
h i

;

j ¼ 0:85d 1� 1:47 nð Þ1=2 þ 0:47 nð Þ3=2
h i

;

8><
>: ð26Þ

where m is the kinematic velocity of air and j is a correction factor
that considers the edge of neck radiation impedance of the perfora-
tions. Then, the surface impedance of the multi-layer absorber is
expressed as

ZS3 ¼ ZS2 þ Zp: ð27Þ

Finally, the normal incident sound absorption coefficient is esti-
mated as

aSðta; tm; n; d; tp; f ;RÞ ¼ 1� ZS3 � ZS0

ZS3 þ ZS0

����
����
2

: ð28Þ
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Table 6
Comparison of SPLA values at the receiver points in the coupled workroom. The values
in parentheses are the variations against the SADM (units in dBA).

Point 1 2 3 4 5 6

SADM 98.5 95.7 94.5 94.6 96.1 97.3
ADM 98.6

(�0.1)
95.7
(0)

94.4
(0.1)

94.5
(0.1)

96.2
(�0.1)

97.4
(�0.1)

RT 97.2
(1.3)

94.9
(0.8)

93.7
(0.8)

94
(0.6)

95.9
(0.2)

97.9
(�0.6)

Point 7 8 9 10 11 12

SADM 99.6 99.1 96.6 95.1 96.6 98.5
ADM 99.8

(�0.2)
99.3
(�0.2)

96.6
(0)

95.1
(0)

96.7
(�0.1)

98.7
(�0.2)

RT 98.4
(1.2)

97.5
(1.6)

94.7
(1.9)

94.4
(0.7)

97.4
(�0.8)

98.6
(�0.1)

Point 13 14 15 16 17 18

SADM 97.1 96.8 96 95.3 97.5 99.4
ADM 97.1

(0)
96.9
(�0.1)

96.1
(�0.1)

95.3
(0)

97.5
(0)

99.5
(�0.1)

RT 95.9
(1.2)

95.4
(1.4)

94.3
(1.7)

94.5
(0.8)

97.7
(�0.2)

99.5
(�0.1)

Point 19 20 21 22 23 24

SADM 95.8 96.2 96.6 95.9 95.1 96.1
ADM 95.8

(0)
96.3
(�0.1)

96.7
(�0.1)

96
(�0.1)

95.1
(0)

96.2
(�0.1)

RT 94.8
(1)

94.7
(1.5)

95.2
(1.4)

95.1
(0.8)

94.3
(0.8)

95.3
(0.8)
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3.3. Acoustical enclosure model

Acoustical enclosures with interior sound absorbing treatments
are considered. The performances of such enclosures are evaluated
by means of the insertion loss IL. This indicator depends on multi-
ple factors such as the sound transmission loss of each panel, the
interior absorbing materials, the presence of leaks or/and openings,
the coupling between the machine and interior walls and the
flanking transmission through the floor and position of the
machine. Here, IL is determined by the following analytical formula
[22]

IL ffi 10log10
SE�aEP

SE � 10�TLE=10 þP SL � 10�TLL=10
; ð29Þ

where SE is the interior wall surface of the enclosure and SL and TLL
are, respectively, the area and the transmission loss of the leaks due
to possible errors in the assembly and/or mounting conditions. In
particular, SL is adopted as 0.5% of the wall surface SE. Expression
(29) is valid if the following restriction is verified [26]

fV1=3
E

c
� 1; ð30Þ

where VE is the enclosure volume.
It is important to note that during the simulations, the acousti-

cal enclosures are considered as ‘‘fittings” and they are modeled in
a statistical form [11]. It means that the exterior surfaces of the
acoustical enclosures are not explicitly modeled and they are out
of analysis. As it is mentioned in Section 3.1.1, only point sources
with in-time constant sound powers are considered and the atten-
uation of the emitted power due to the enclosure is represented by
means of a reduction (IL) in the original power of each one.

4. Numerical optimization model

4.1. Simulated Annealing method

The Simulated Annealing SA method is a heuristic combinato-
rial technique based on a random generation of feasible solutions
whose main characteristic is to avoid local convergence in
problems of great scale. The concept behind SA was developed
by Kirkpatrick et al. [27]. The name of this method is derived from
an analogy with a thermodynamic process of annealing where a
metal is heated until a stabilization temperature is reached
and then it is cooled slowly in order to achieve a thermal equilib-
rium characterized by a minimum-energy state. A controlled
temperature decrease scheme prevents defects in the metal. This
optimization routine allows determining quasi-optimal designs
searching the best solution without the need of the correct choice
of an initial search point as required by the gradient-based
algorithms [28].

The algorithm starts by defining an initial solution X0 within the
feasible region of the problem. Then, it successively generates, in a
reduced domain N(X) of the neighborhood of the actual solution,
new solutions X0 which are accepted as current according to the
change in the objective function DOF = OF(X0) � OF(X). If this
change is negative, the new solution will be admitted as the new
current solution. If not, the acceptance of the increment will be
calculated according with a probabilistic criterion defined as

probðDOF; TÞ ¼ exp �DOF
T

� �
> num; ð31Þ
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where T is a convergence parameter known as temperature (the
name is derived from the physical analogy previously mentioned)
and num is a random number in the interval [0, 1]. Therefore, con-
figurations with a lower value of OF are accepted unconditionally
while configurations with a greater value of OF are accepted more
likely at the beginning, when the temperature is high, but as the
process advances (and the temperature decreases), become less
likely. Thus, SA allows accepting worse solutions than the current
one in order to escape from the local optima. As the algorithm
progresses, T is lowered so as to limit the probability of accepting
feasible solutions that do not produce an improvement in OF.

The function that determines and controls the decrease of the
temperature T plays a fundamental role in the efficiency of the
algorithm. The selected scheme is defined as

Taþ1 ¼ b� Ta; ð32Þ
where b is the cooling rate and, in general, b 2 [0.3, 0.999]. Due to
the stochastic nature of the SA method, the parameter b value is
very problem-dependent [6,28]. Therefore, some calculations with
different b values were performed in order to determine the most
appropriate one to obtain a satisfactory solution for the present
problem. After preliminary studies, a value of b = 0.98 is adopted.

In the early phase of the method, an initial temperature T0 is
defined. Then, the system progresses from one temperature Ta to
another Ta+1 when n number of iterations is completed. In order
to accept all possible solutions with equal probability, T0 must be
high enough. A suitable expression for T0 is given by [28]

T0 ¼ ra �maxDOF; ð33Þ
where ra is a scalar value greater than 1. Finally, the process is
repeated until T reaches a predefined end value defined as Tend
(adopted convergence criterion).

4.2. Numerical implementation

The optimization methodology is implemented in Matlab. The
absorption coefficients of the multi-layer absorbers and the inser-
tion losses of the acoustical enclosures are estimated by means of
the corresponding models described in Sections 3.2 and 3.3. The
results are used to feed the SADM in order to obtain the sound field
distribution. The SADM is solved by means of the Finite Element
Method FEM implemented in the software Flex-PDE. The optimiza-
tion process is determined from Matlab by linking the solutions of
Table 7
Results from the optimization approach in the coupled workroom.

Surface Selected absorption coefficient aS by octave-frequency band

250 Hz 500 Hz 1000 Hz 200

Ceiling 1 0.02 0.03 0.03 0.0
Ceiling 2 0.59 0.94 0.92 0.8
Ceiling 3 0.56 0.89 0.92 0.9
Ceiling 4 0.13 0.44 0.86 0.6
Wall 1 0.02 0.03 0.03 0.0
Wall 2 0.02 0.03 0.03 0.0
Wall 3 0.49 0.93 0.91 0.7
Wall 4 0.35 0.84 0.96 0.7
Wall 5 0.02 0.03 0.03 0.0
Wall 6 0.33 0.79 0.99 0.8
Wall 7 0.74 0.84 0.84 0.9
Wall 8 0.02 0.03 0.03 0.0

Source Selected insertion loss IL (dB) by octave-frequency band

S1 0.22 4.83 13.74 17.
S2 3.58 6.11 14.81 18.
S3 0.22 4.83 13.74 17.
S4 0.22 4.83 13.74 17.
the SADM with the SA technique in an iterative manner. The
flowchart of the general algorithm is showed in Fig. 2.
5. Numerical examples

Two configurations of typical industrial workrooms are
selected. To perform the calculations the octave-frequency bands
of 250, 500, 1000 and 2000 Hz are considered. The 250-Hz band
is consistent with the lower frequency limit of application from
the acoustic diffusion equations and the Delany and Bazley model
[12,25].

For the acoustical enclosures, three different types of sound
insulating panels and four different thicknesses of a sound absorb-
ing material are chosen. Transmission loss values, absorbing mate-
rial characteristics and economic costs per unit area are presented
in Tables 1 and 2. The selected acoustic values are taken from
materials commonly used in these cases [29,30]. The adopted costs
are hypothetical and the $ symbol represents a non-defined mon-
etary unit. The area of the interior wall surfaces for all possible
enclosures is SE = 11.4 m2 (2 � 1.5 � 1.2 m3). These dimensions
are consistent with Eq. (30) for the lower band of interest (250 Hz).

For the multi-layer absorbers, the design variable values are:
0.01 m 6 ta 6 0.08 m, 0.01 m 6 tm 6 0.145 m, 10% 6 n(%) 6 40%,
0.002 m 6 d 6 0.008 m, tp = 0.001 m and R = 21,000 Rayls/m (see
expression (25)), which correspond to a mineral wool with a
density of 100 kg/m3 [31]. The economic cost of the absorber is
characterized by the thickness of the porous material (tm) and it
is expressed by the hypothetical formula C = 44.45 � tm + 0.56. This
expression establishes a minimum cost per unit area C(min) = $ 1
for tm(min) = 0.01 m and a maximum cost per unit area C(max) =
$ 7 for tm(max) = 0.145 m.

In the initial situation (before any acoustic treatments), the
absorption coefficients of interior surfaces (smooth concrete) of
the workrooms are: 0.02, 0.03, 0.03 and 0.04 for the octave
frequency-bands of 250, 500, 1000 and 2000 Hz, respectively
[32]. The atmospheric absorption coefficients considered are
m = 3 � 10�4, 5 � 10�4, 1 � 10�3, 3 � 10�3 m�1 for the octave
frequency-bands of 250, 500, 1000 and 2000 Hz, respectively.

For each example, in order to validate the proposed SADM, the
corresponding SPLA distribution is compared with the values deter-
mined by using the ADM and the Ray Tracing RT technique. This
last one is obtained by using the software CATT-AcousticTM v8.
Selected multi-layer absorber variable

0 Hz ta (m) tm (m) n (%) d (m)

4 � � � �
9 0.07 0.03 27 0.0055
1 0.05 0.04 36 0.002
5 0.05 0.01 21 0.0025
4 � � � �
4 � � � �
2 0.075 0.02 12 0.002
8 0.045 0.025 13 0.0065
4 � � � �
2 0.045 0.025 16 0.0025
6 0.075 0.06 40 0.006
4 � � � �

Selected insulating/absorbing quality
(see Tables 1 and 2)

43 A/A
20 A/B
43 A/A
43 A/A
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For the validation stage, no acoustic treatments are considered
except on the ceiling surfaces where high-absorption absorbers
are used. The adopted absorption coefficients are: 0.69, 0.8, 0.92
and 0.98 for the octave frequency-bands of 250, 500, 1000 and
2000 Hz, respectively. These values correspond to the following
design variables: ta = 0.02 m, tm = 0.12 m, n (%) = 17% and
d = 0.002 m. All the calculations were done in the same CPU.
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5.1. Example 1: Workroom with a fitted zone

The 4-m high workroom shown in Fig. 3 is studied. A fitted zone
of volume 50 � 10 � 4 m3 is considered. It is characterized by an
objects density, uniformly distributed, of 0.171 l/m corresponding
to kfitt = 5.85 m. The absorption coefficients of the fitted objects
(industrial machinery) are set to 0.15, 0.15, 0.10 and 0.10 for the
octave-frequency bands of 250, 500, 1000 and 2000, respectively
[32]. Six omnidirectional point sources with a height of 1 m are
contemplated. Their power levels and locations are presented in
Table 3. The four ceiling surfaces and the six sources are considered
to be acoustically treated (see Fig. 3). All the remaining surfaces are
assumed without acoustic treatments. The reflections on the
surfaces are considered completely diffuse.

Table 4 shows the comparison between the diffusion models
and the Ray Tracing RT technique as a function of the SPLA values
at the receiver points, located at z = 1.5 m, shown in Fig. 3. A finite
element mesh of about 1.7 � 103 triangular elements and 33 � 103

tetrahedral elements was used to solve the SADM and the ADM,
respectively. The RT simulation was performed with 400 � 104

sound rays (for each source) and the fitted zone was simulated
with 80 rectangular blocks (0.75 � 0.75 � 4 m3) distributed
uniformly with a mean path length equal to that adopted in the
diffusion models (kfitt = 5.85 m).

The validation results demonstrate that the SADM practically
coincides with the ADM and presents a mean error (maximum
error) of 1.8 dBA (3.3 dBA) with respect to the RT simulation. The
employed computation time is of the order of 2 s for the SADM,
90 s for the ADM and 43,000 s (	12 h) for the RT model.

Optimization results are presented in Table 5. Fig. 4a and b
show the SPLA distribution without and with the optimal acoustic
treatments, respectively. It is noted that once implemented the
optimal treatments, the SPLA is lower than 85 dBA at the receiver
points (see Fig. 4b). In addition, Fig. 4c shows the SPLA distribution
corresponding to treatments close to the best from the acoustical
point of view. Obviously, this situation corresponds to a high-
cost solution. The selected treatments consider high-absorption
absorbers on the ceiling surfaces (with absorption coefficients
equal to those used in the validation stage) and the highest
insulating and absorbing qualities for all the acoustical enclosures
(see Tables 1 and 2).

The evolution of the objective function is shown in Fig. 5. By
around of 1700 iterations the optimal solution is reached with an
economic cost OF = $ 1811.4. The close to the best solution
presents an OF = $ 7616. It is observed that the economic cost
variation between the optimal configuration and the better one
is significant and it is of the order of 75%. Moreover, it is interesting
to mention that the optimization process presents a computation
time of about 11 h, while the computation time for the same
process using the ADM would be of the order of 490 h.
X
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-3.

Fig. 7. SPLA distribution: without acoustic treatments (a), optimal acoustic treat-
ments (b) and close to the best acoustic treatments (c).
5.2. Example 2: Coupled workroom

A 5-m height workroom consisting of three interconnected
spaces is presented in Fig. 6. The main building contains three
sound sources and is connected through a corridor to a second
building with another source. The corridor is mixed specularly
and diffusively reflecting (scattering coefficient s = 0.3) while the
remaining spaces are completely diffusively reflecting.

The omnidirectional point sources are: source 1 (S1) at position
(x = 2.3 m, y = 10 m and z = 1 m), source 2 (S2) at position
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Fig. 8. Evolution of the objective function (economical cost) as a function of the
number of iterations for the coupled workroom.
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(x = 5.5 m, y = 2 m and z = 1 m), source 3 (S3) at position (x = 8 m,
y = 2 m and z = 1 m) and source 4 (S4) at position (x = 20 m,
y = 7 m and z = 1 m). The sound powers are the same shown in
Table 3. Four ceiling surfaces (ceilings 1–4), eight wall surfaces
(walls 1–8) and the four sources are considered to be acoustically
treated (see Fig. 6). The rest of the surfaces (the ceiling and the
walls of the corridor) are not treated.

Comparison between the diffusion models and the RT tech-
nique, as a function of the SPLA at the receiver points on a plane
at z = 1.5 m, is shown in Table 6. A finite element mesh of about
8 � 102 triangular elements and 17 � 103 tetrahedral elements
was used to solve the SADM and the ADM, respectively. The RT
simulation was performed with 10 � 104 sound rays (for each
source).

The validation results evidence a close fit between the SADM
and the ADM and a good agreement with the RT simulation with
a mean error (maximum error) of 1 dBA (1.9 dBA), respectively.
The employed computation time is of the order of 1.5 s for the
SADM, 70 s for the ADM and 950 s for the RT model.

Optimization results are presented in Table 7. As in the previous
example, Fig. 7a and b show the SPLA distribution without and with
the optimal acoustic treatments, respectively. Once implemented
the optimal ones, the overall noise levels do not exceed the maxi-
mum value of 85 dBA at the receiver points (see Fig. 7b). Fig. 7c
presents the SPLA distribution corresponding to treatments close
to the best from the acoustical point of view.

The evolution of the objective function is shown in Fig. 8. The
optimal solution (OF = $ 1213.5) is reached around of 2100 itera-
tions with a calculation time of about 5.5 h. The better solution
presents an OF = $ 3344. The economic cost variation between
the optimal configuration and the better one is of the order of
63%. Furthermore, the use of the ADM would enlarge the execution
time in more than 250 h.
6. Conclusions

An optimization approach for the acoustic design in multi-
source industrial buildings has been formulated. The objective of
the design was the minimization of the economic cost correspond-
ing to passive treatments limiting the noise levels below a certain
tolerable value. Multi-layer sound absorbers on the surfaces were
considered, for mitigating the reverberant sound field, along with
acoustical enclosures to reduce the direct noise from the sources.
The absorption properties of the sound absorbers have been
obtained by the transfer matrix method while the insertion loss
has been estimated by an analytical formula for acoustically lined
enclosures. The simplified diffusion model (SADM) has been
proposed in order to estimate the sound field distribution. Hence,
the optimal design formulation has been satisfactorily solved by
the combined employment of the Simulated Annealing algorithm
and the finite element solution of the SADM.

It has been demonstrated that the use of the proposed SADM
improves the speed of convergence while maintaining practically
the same accuracy than the ADM. From the examples presented,
the computing times employed by the SADM are at least 40 times
lesser than those required for the application of the ADM. This fact
represents an important advantage in the context of optimal
design proposed because of the necessity to estimate the sound
field distribution for a large number of configurations and for each
octave-frequency band of interest.

Of course, as final step, the obtained design solution may be
revised taking advantage of a more accurate prediction model such
as the ray tracing technique.

The presented methodology was approached to small sources.
However, if sources (or the corresponding isolating enclosures)
are of dimensions comparable to those of the workroom, the mod-
ification in the calculation domain should be taken into account
and the inner acoustic field corresponding to the enclosure must
be obtained in order to estimate the distribution of radiation of
its surfaces. This fact will be analyzed in a future research.
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