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Abstract

This research work aims at developing a new multi-criteria optimization method dedicated to complex road noise

barriers. Numerical simulations of the acoustical propagation have been achieved using MICADO, a 2D boundary

element method (BEM) code developed at CSTB. The optimization part is carried out with the help of a Nelder–Mead

algorithm (direct local search method) coupled with an evolutionary strategy in order to globalize the approach. A first

application of this combination between an outdoor sound propagation numerical code and an optimization algorithm

concerns the optimization of noise barrier caps with the following varying parameters: the cap size, its shape and its surface

impedance. The cost function to be minimized is defined through a mean value of the insertion loss due to the added

crowning compared to the straight, rigid barrier solution of same overall height, averaged on several receiver points within

the barrier shadow zone. Final results show a significant improvement of the efficiency of a multiple edge noise barrier by

optimizing values of both size and impedance.

r 2006 Elsevier Ltd. All rights reserved.
1. Introduction

More and more noise barriers are built along motorways and railways in order to protect people from
transportation noise. Research is constantly evolving in order to improve the performance of such protections
taking into account aesthetic and cost points of view. Crownings added at the top of noise barriers have the
advantage of improving the barrier performance without increasing its overall height. Many types of complex
noise barriers have been proposed within the last decades by manufacturers and acoustics experts. They vary
by their shapes or by the materials they are made of. These protections are usually selected according to an
empirical approach which consists in imagining a shape and choosing a material and then carrying out tests on
a prototype in order to determine the efficiency of the noise abatement device. However, the complexity of the
reflection and diffraction phenomena does not make it possible neither to guess in advance which can be the
interesting shapes from an acoustical point of view nor where to place the absorbing materials to obtain a
maximum efficiency. The ‘manual’ study of some supposed acoustically interesting cases does not allow a true
optimization of an acoustical protection.
ee front matter r 2006 Elsevier Ltd. All rights reserved.
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Here a more systematic analysis is proposed. The purpose of this work is to use an optimization method to
directly determine the optimal shapes and impedances and thus to build a noise barrier with a maximum
efficiency. The function to be optimized is the average pressure field in a zone to be protected and the
optimization variables are the shape and the surface impedance of the acoustical protection. This study is
limited to multiple-edge barriers since they are more efficient than classical capped barriers but there are many
other possible realistic applications. This paper aims at showing that this kind of optimization allows a
noticeable improvement of the performance of the acoustic protection. In the following sections we present the
boundary element method for prediction of outdoor sound propagation, optimization algorithms together
with the geometrical aspects of this problem. Then results are given and discussed.
2. The boundary element method

The boundary element method relies on the integral equation theory. It has been developed in the 1960s and
used extensively to predict sound diffraction by complex impedance discontinuities [1]. Its main advantage is
that it allows any kind of shape and impedance condition values on the surfaces to be accounted for in a
homogeneous atmosphere.

Two families of boundary element methods can be distinguished: direct and indirect formulations. The
direct formulation relies on the use of the Helmholtz integral equation given in Eq. (1) below, where the
unknown functions are pressure and velocity. The indirect one is based on an integral formulation assuming
that the sound field scattered by a boundary can be represented by a linear combination of a distribution of
monopoles (a single-layer potential) and a distribution of dipoles (a double-layer potential).

The numerical code, MICADO, which we propose to use in this work has been developed at the CSTB by
Jean [2] and based on the direct integral equation formulation. Here the acoustic pressure p(M) at any point M

within O should satisfy

ðr 2 þ k2
ÞpðMÞ ¼ f ðMÞ 8M 2 O, (1)

where f(M) represents the source distribution and k is the wavenumber. As detailed in Fig. 1, a volume D with
boundary x is included in a domain O.

Using the Green’s function G and the Sommerfeld condition, the following formula is obtained after
mathematical simplifications [1]

cðMÞpðMÞ ¼ p0ðMÞ þ

Z
x

pðMÞ
qG

qnS

ðS;MÞ � GðS;MÞ
qp

qnS

ðMÞ

� �
dS; M 2 O, (2)

where S is a point source at a point MAO, ns is the normal to the surface s (notations are detailed in Fig. 1)
and c is a coefficient depending on the position of the receiver:
�
 c(M) ¼ 1 for M in the propagation domain O except for its boundaries.

�
 c(M) ¼ 1/2 for M on a plane.

�
 c(M) ¼ 1�y/4p for an angular point.
(�)

V 

D
M

S ×
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×
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Fig. 1. Notations for the boundary element method.



ARTICLE IN PRESS
M. Baulac et al. / Journal of Sound and Vibration 300 (2007) 71–87 73
In MICADO, the BEM is based on a variational approach [2]. The geometry of the problem is 2D: the
source is an infinite coherent line source and all the considered configurations remain unchanged and infinite

along the direction perpendicular to the vertical section plane (as shown in Fig. 2).

The ground as well as any obstacle surfaces are assumed hard or can be characterized by their own
acoustical admittance b, assumed to be locally reactive. The theoretical formalism relies on an integral
representation of the pressure field at any point as a function of the pressure on the boundaries, of the
admittances as well as of the Green’s solution G (elementary solution for a point source M and for a receiver N

above an absorbing ground) which can be written as the sum of three different terms [3,4]

GðM ;NÞ ¼ �
j

4
H
ð1Þ
0 ðkrÞ �

j

4
H
ð1Þ
0 ðkr0Þ þ PbðM;NÞ, (3)

where r is the distance between the source and the receiver, r0 is the distance between the image-source and the
receiver and H

ð1Þ
0 is the Hankel function of first kind and zero order. The second term in Eq. (3) represents the

contribution of the reflection of the cylindrical wave by a perfectly rigid ground and the last term Pb is a
corrective factor taking into account the finite ground admittance [3].

BEM calculations have been carried out in this study with a minimum of five elements per segment and per
wavelength. This criterion is considered to be high enough for the convergence of calculations with a precision
of 0.05 dB in each third octave band.

Although this method can be time consuming, it has proved to be very accurate for computing sound
propagation in a homogeneous atmosphere above complex boundaries. This BEM calculation code is used in
this project as a black box which is linked to the optimization subroutine discussed in the following section.
Simulations of outdoor acoustical propagation are performed on cases with complex noise barriers and
optimization algorithms are used to find the best efficiency of such protections.

3. Optimization algorithms

In this section, optimization algorithms used in this study are briefly presented after a short explanation of
the choice of those methods.

3.1. The choice of an optimization method

It is necessary to use a direct optimization method since the cost function (defined in Section 4.2) is difficult
to differentiate. The Nelder–Mead [5] method (described in next section) has been chosen because of its
efficiency in local minimum search. It has been coupled with a stochastic optimization method in order to
globalize the optimization. One of the main advantages of this approach is the possibility of optimizing several
parameters simultaneously (the dimension of the problem n is the number of parameters to optimize).

The classical method of Nelder–Mead is useful and efficient for unbounded search and local minima
investigation. Luersen [6] gives a way to globalize the Nelder–Mead algorithm based on a probabilistic restart
procedure that evaluates the probability of having explored a specified region of the domain. Here the
globalization is done by several initializations of the Nelder–Mead algorithm in the interval considered. The
initializations can be regular, randomized, calculated by a probabilistic restart or induced by a first rough
optimization with an evolutionary algorithm [7]. The Nelder–Mead algorithm is applied several times with a
different simplex for the beginning in order to explore new regions of the study domain and to find the global
minimum of the cost function.
x

z
y

z = 0

S
M

O

Fig. 2. Geometrical configuration for 2D boundary element method calculations.



ARTICLE IN PRESS
M. Baulac et al. / Journal of Sound and Vibration 300 (2007) 71–8774
3.2. Description of the algorithm of local search: The Nelder– Mead algorithm

The globalization of the Nelder–Mead algorithm is described in Fig. 3.
The Nelder–Mead method attempts to minimize a scalar-valued nonlinear function of n real variables using

only function values, without any derivative information (explicit or implicit).
This method has been described for the first time in 1965 [5]. Its starting point is a simplex of dimension

n+1 where n is the dimension of the problem. A simplex is a Euclidean geometric spatial element having
the minimum number of boundary points, such as a line segment in 1D space, a triangle in 2D space,
or a tetrahedron in 3D space. The simplex xi is organized such as: f ðx1Þof ðx2Þo � � �of ðxnþ1Þ. At each step
the worst point of the simplex xn+1 is replaced by a new point given by a linear combination between
this point itself and the barycentre of the others. The barycenter is the center of gravity or center of
mass of the object which means the point representing the mean position of the matter in the object. Main
operators are presented in Fig. 4 for a bi-dimensional function. The algorithm stops when the difference
between the best point and the worst point of the simplex is smaller than a certain value. Another criter-
ion for the end of the algorithm is the number of function evaluations in order to avoid excessive cal-
culation times.
Optimized
solution 

Initial 
parameters

Global Nelder Mead 

NELDER MEAD Probabilistic or
randomized restart 

MICADO
(BEM) 

Fig. 3. Principle of the globalization of the optimization.
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Fig. 4. Main operators of Nelder–Mead algorithm for a bi-dimensional problem.
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Fig. 5. Principle of mutations (top diagram) and crossings (bottom diagram) with a binary code of variables.
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3.3. Modifications of the method

The globalization of the algorithm can be achieved with randomized or probabilistic restarts. When the
initializations are randomized, it is a combination of values obtained with the Monte Carlo optimization
algorithm [8]. It is not a robust algorithm but it statistically allows exploring the totality of the interval
considered. The cost function is evaluated for m points chosen randomly in the interval and the Nelder–Mead
algorithm is performed taking the best point as starting point for the simplex. The value of parameter m

depends on the number of parameters to optimize. The higher is the number of parameters to optimize, the
higher is m in order to increase the probability of exploring the entire studied domain.

Other algorithms used to globalize the optimization are evolutionary algorithms [9]. Here we choose to
apply a genetic algorithm or an evolution strategy on a population in order to make a rough optimization;
subsequent use of the Nelder–Mead algorithm (taking as starting point the best point found with the
evolutionary algorithm) ensures a more precise local search. This coupling between a rough global search and
a more precise local search is very efficient for optimizing more than two parameters simultaneously. The basic
idea for evolutionary algorithms, such as evolution strategies (ES) [10] and genetic algorithms (GA) [11,12], is
to imitate the natural process of biological evolution (Darwinism).

Main characteristics of evolutionary algorithms are:
�
 a specific representation of candidate solutions of the problem;

�
 a memorization of results at each stage of the process with the population of elements;

�
 randomized creation of elements (like mutations defined in Fig. 5, top diagram) which allows the algorithm

to explore new region of the study domain;

�
 a stop criterion for the algorithm (there is no insurance in finding the global minimum);

�
 operators (like crossings defined in Fig. 5, bottom diagram) for evolution of the population (local search).

One of the simplest and yet powerful evolution strategies is the ‘‘one plus one evolution strategy’’, denoted
by (1+1)-ES. In this algorithm, both the number of parents and the population size (i.e. number of offspring)
are set to one: one parent creates one child. This process can be generalized with the (m+l)-ES where m parents
create l children and only the m best survive. In this work an evolutionary algorithm [13] has been used to do
the first rough optimization. Fig. 6 presents the main steps of an evolutionary algorithm.

4. Problem and geometry

This modified algorithm for optimization with the Nelder–Mead method is used to study a quite realistic
problem of outdoor sound propagation. The configuration studied is a road represented by one or several
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infinite line sources, one or several receivers and a complex noise barrier between sources and receivers. The
complex noise barriers studied here are rigid straight barriers and multiple edge crowned barriers, all 3-m high.
In this section, the geometry of the studied barriers and the source–receiver configurations are first detailed;
then the cost function (optimized function) is presented.

4.1. Previous studies

Complex noise barriers have been widely studied; complete reviews and state of the art give an overall view
of the topic [14,15]. In order to preserve an aesthetic aspect, diffracting and/or absorbing elements are placed
at the top of the acoustic protection. Those crownings improve the performance of the noise barriers without
increasing their overall height which often is an important criterion in the acceptance of the protection. In this
paper, the studied complex barriers are rigid, straight barriers with lateral edges added; they are called
multiple edge barriers (they are described in Fig. 7).

This kind of noise protection device has already been studied, especially by Crombie et al. in 1994 [16] and
Watts in 1995 [17–19] but also by other authors like Morgan [20]. It has been shown with numerical
simulations that the addition of lateral diffracting edges could increase the efficiency of a rigid straight barrier
by up to 5 dB(A) without increasing its height. Scale model measurement have been carried out by Hothersall
[21] for railway noise barrier, including some multiple edged barriers. Otherwise, full scale tests [19,22] have
been carried out and gave measured efficiencies up to 2.5 dB(A), in a relatively good accordance with
theoretical simulations. It is important to note that the performance of such added edges is highly dependent
on the source–receiver configuration. Moreover, the importance of source types on efficiencies of caps has
been studied at CSTB by Jean et al. [23]; results have shown that the efficiency depends on the choice of source
models. There is a number of different shapes of multiple-edge barriers [16]. Here we consider the noise barrier
with one lateral edge on each side of the straight barrier, absorbent material only on the two surfaces of the
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Fig. 7. The four parameters which can be optimized simultaneously: d, s, h and i.

Table 1

Units and interval of variation for the four parameters

Parameter Units Interval Increment

d m [0.2; 3.0] 0.01

s kPa sm�2 [1; 20000] 10

h meters [0.01; 0.10] 0.01

i degrees [�90; 90] 1
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lateral edges facing the straight barrier as shown in Fig. 7. Crombie and Watts studied many different shapes
of multiple edge profiles but almost always with absorbent surfaces only on the central straight barrier, lateral
edges being rigid. Here it is chosen to consider one kind of multiple edge barrier and to try to improve its
efficiency by a systematic optimization of some geometrical parameters. Optimization methods have not been
widely used to improve the efficiency of road traffic noise protection yet. However in Ref. [24] Thorsson used
an optimization method to maximize the efficiency of low height noise barriers with varying surface
impedance. He found improvements up to 5 dB(A) but did not consider geometrical parameters in the
optimization. Here both shape and surface impedance are optimized.

4.2. Geometry and cost function to optimize

In the present work, the optimization parameters are the shape and the acoustical impedance of the covering
material used for the crowning. The impedance is determined by the Delany and Bazley’s two parameter semi-
empirical model [25]. The two parameters are the flow resistivity s and the thickness h of the absorbent
material. In this work, h is fixed to 0.05m in most cases while it is specified in the other cases. The ground is
chosen perfectly reflective in order to save calculation time; but the method allows to optimize ground
impedance characteristics as well.

All capped and straight barriers considered in this paper are 3-m high. The shape parameters are the
distance d between the lateral edges and the central rigid straight barrier and the inclination i of those lateral
edges. Added panels are 1m high and 0.1m thick including absorbing materials; the central straight barrier is
also 0.1m thick. The whole configuration (including added panels) is considered to be infinite and constant in
the third direction.

One allows parameters to vary in bounded intervals. The four parameters (defined in Fig. 7) when they are
not fixed are optimized inside an interval and with a given increment. The values are recapped in Table 1.
�
 The distance d between the lateral edges and the central straight barrier can vary from 0.2 to 3.0m or from
0.2 to 2.0m according to the studied case. The precision of d is 0.01m.
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i > 0

Fig. 8. Two configurations: (a) for a positive angle i40; (b) for a negative angle io0.

Table 2

Road traffic noise sound power spectrum: Lw from EN 1793-3:1997

Df (Hz) Sound power level of the

source: Lw (dB)

Weights from EN

1793-3:1997

LwA(Df) (dB(A))

100 110 �20 90

125 �20 90

160 �18 92

200 �16 94

250 �15 95

315 �14 96

400 �13 97

500 �12 98

630 �11 99

800 �9 101

1000 �8 102

1250 �9 101

1600 �10 100

2000 �11 99

2500 �13 97
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�
 The flow resistivity s is expressed in 1 kPa sm�2. It can vary from 1kPa sm�2 (very absorbent material) to
20,000 kPa sm�2 (rigid material) with a precision of 10 kPa sm�2. A typical value for mineral wool is
30 kPa sm�2.

�
 The thickness h of absorbent materials can vary from 0.01 to 0.1m and is given with a precision of 0.01m.

�
 The inclination i can vary from �901 to +901 (the two configurations for a negative angle or a positive

angle are specified in Fig. 8). Angles are given with a precision of 11.

4.2.1. Sources

Optimizations have been carried out for frequencies spread over a typical road traffic noise frequency range.
It has been chosen to carry out the simulations with five frequencies per third octave band since previous
calculations have shown that it would be enough for accuracy and convergence of results with a precision of
0.01 dB(A) (it is true for open non-resonant problems only). The global optimization in dB(A) integrates all
simulated frequencies from 100 and 2500Hz third octave bands within the aim of studying realistic cases of
transportation noise. Usually in traffic noise studies, calculations are carried out up to 5000Hz but here
preliminary calculations have shown that stopping calculations at 2500Hz was the best compromise ensuring
accurate convergence of results and reasonable calculation time. A typical road traffic noise spectrum given in
Table 2 and in Fig. 11 is used for the global calculation of the efficiency. The road traffic noise spectrum used
is the A-weighted spectrum calculated with the European standard EN 1793-3:1997 [26]. The influence of the
choice of road traffic noise spectrum is shown in Section 5.2.

It is chosen here to consider only one source in all cases of optimization. The source is placed on the ground
since the goal in this paper is to demonstrate the feasibility of this coupling optimization method. It is located
8 or 15m away from the barrier (which are realistic road configurations), according to the studied case, as
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shown in Fig. 9. However, several sources could have been considered; in this case, it would have been
necessary to sum energetically (incoherent line sources) the contributions of all sources in the calculation of
the efficiency.

4.2.2. Receivers

Two kinds of receiver configurations have been chosen as shown in Fig. 9. The first one is with a single
receiver located on the ground (in order to eliminate the interference effect between the direct wave and the
ground reflection) 32m after the barrier (top graph (a) in Fig. 9). The second one (bottom graph (b) in Fig. 9)
consists of a grid of several receivers located 32 and 100m away from the barrier at different heights (0, 1, 2, 4,
8, 16 and 32m above ground). This second configuration allows to consider more realistic transportation noise
configurations with receivers at specified altitudes representative of human ears or buildings’ floors heights.
Here a grid of 14 receivers has been chosen but another receiver configuration could have been selected
depending on the area to be protected.

4.2.3. Cost function

The cost function is the name for the function which has to be maximized or minimized in the optimization
problem. In our case, the objective is to achieve the maximum efficiency of crowning for a given
source–receiver configuration. The cost function is a result of BEM calculations of the efficiency of crowning.
It is chosen to do only minimization so the cost function is the global insertion loss ILglobal which is the
opposite of the efficiency, and is given by

ILglobalðd; s; h; iÞ ¼ 10 log10

P
Df 10

ðLwAðDf ÞþEADf ; crownedðd;s;h;iÞÞ=10P
Df 10

ðLwAðDf ÞþEADf ; straightÞ=10

 !
, (4)
3 m

ds (m)

Source 

dr (m)

Receiver

3 m
Source 

Receivers

hr (m)

ds (m)
dr (m)(b)

(a)

Fig. 9. Two kinds of source and receivers locations. (a): ds ¼ 8 or 15m; dr ¼ 32m. (b): ds ¼ 8m; grid of receivers: dr ¼ 32, 100m; hr ¼ 0,

1, 2, 4, 8, 16, 32m.

3 m 3 m 

(a) (b)

Fig. 10. (a): Straight reference barrier. (b): Multiple-edge crowned barrier.
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where EADf ; crowned is the excess attenuation for the capped barrier (referred to free field) and EADf ; straight is
the excess attenuation for the 0.1m thick straight barrier of the same overall height (3m), as shown in Fig. 10.
LwAðDf Þ is the road traffic noise spectrum in third octave bands (Df) given in Table 2. The lower ILglobal, the
more efficient the noise barrier. Therefore, the aim is to find the minimal ILglobal.

The cost function does not have an obvious derivative. This is why it has been chosen to use direct
optimization methods presented in Section 3. The cost function is also highly dependent on the position and
the number of sources and receivers. In configurations where there are several receivers, the cost function
calculates the arithmetic average of all the insertion losses calculated for each receiver.

5. Results and discussion

In this section, optimization results of one or more parameter(s) among the four introduced above are
presented. Optimizations have been carried out with a criterion for stopping the algorithm when the number
of evaluations of the cost function exceeds a certain value.

5.1. Optimization in dB(A) for multiple edge crowning

Table 3 recaps all the results of one- and two-parameter optimization when Table 4 recaps the results of
three- and four-parameter simultaneous optimization. Eleven different optimization cases are presented in this
section; two others are presented in the next section.
Table 3

Results of different cases of optimization with one or two parameter(s) optimized

Case number ds dr Constrained

parameters

Variables Optimized parameter(s) Efficiency (dB(A))

Units m m s in kPa sm�2 d in m

h in m s in kPa sm�2

i in 1 h in m

i in 1

1 8 32 s ¼ 30 0.2odo3.0 dopt ¼ 0.90 m 4.5

h ¼ 0.05

i ¼ 0

2 8 32 s ¼ 100 0.2odo3.0 dopt ¼ 0.94 m 4.3

h ¼ 0.05

i ¼ 0

3 15 32 s ¼ 30 0.2odo3.0 dopt ¼ 1.26 m 4.2

h ¼ 0.05

i ¼ 0

4 8 32-100 s ¼ 30 0.2odo3.0 dopt ¼ 2.35 m 5.0

(grid) h ¼ 0.05

i ¼ 0

5 8 32-100 s ¼ 30 0.2odo2.0 dopt ¼ 1.89 m 4.6

(grid) h ¼ 0.05

i ¼ 0

6 8 32 h ¼ 0.05 0.2odo3.0 dopt ¼ 0.90m 4.5

i ¼ 0 1oso20000 sopt ¼ 30 kPa sm�2

7 8 32 s ¼ 30 0.2odo3.0 dopt ¼ 3m 5.3

h ¼ 0.05 �90oio90 iopt ¼ �311

8 8 32 s ¼ 30 0.2odo2.0 dopt ¼ 0.96 m 5.2

h ¼ 0.05 �90oio90 iopt ¼ �231
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Table 4

Results of different cases of optimization with three or four parameters optimized

Case number ds dr Constrained

parameters

Variables Optimized parameter(s) Efficiency (dB(A))

Units m m s in kPa sm�2 d in m

h in m s in kPa sm�2

i in 1 h in m

i in

9 8 32 h ¼ 0.05 0.2odo2.0 dopt ¼ 0.98m 5.2

1oso20000 sopt ¼ 30 kPa sm�2

�90oio90 iopt ¼ �241

10 8 32 i ¼ 0 0.2odo2.0 dopt ¼ 0.90 m 5.0

1oso20000 sopt ¼ 10 kPa sm�2

0:01oho0:1 hopt ¼ 0.1 m

11 8 32 0.2odo3.0 dopt ¼ 1.02 m 5.7

1oso20000 sopt ¼ 10 kPa sm�2

0:01oho0:1 hopt ¼ 0.1m

�90oio90 iopt ¼ �231
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5.1.1. One-parameter optimization

The simplest optimization (case 1) is the one-parameter optimization of d, the distance between the lateral
edges and the central rigid straight barrier, in the configuration with a single source 8m away from the barrier
and a single receiver located 32m after the barrier. The other parameters are constrained: s ¼ 30 kPa sm�2,
h ¼ 0.05m, i ¼ 01. The algorithm gives the following result: the best efficiency is 4.5 dB(A) and is reached for d

equal to 0.90m.
The second case of optimization is the same as case 1 except the value of constrained flow resistivity which is

100 kPa sm�2 instead of 30 kPa sm�2. The optimal efficiency is a bit lower (4.3 dB(A)) and the optimal
distance d is nearly the same: 0.94m instead of 0.90m.

Case 3 shows the influence of the source location on the optimization results: when the source is located
15m in front of the barrier instead of 8m, the maximal efficiency changes from 4.5 to 4.2 dB(A) which
corresponds to an optimal distance d of 1.26m.

Cases 4 and 5 show the influence of considering a grid of receivers instead of a single receiver (details on
receivers’ locations are given in Fig. 9). Case 4 is a one-parameter optimization of the distance d from 0.2 to
3m and case 5 is the same but from 0.2 to 2.0m. The results are an optimal distance d equal to 2.35m (for an
efficiency of 5.0 dB(A)) in the fourth case and an optimal distance d equal to 1.89m (for an efficiency of
4.6 dB(A)) in the fifth case.

5.1.2. Two-parameter optimization

Cases 6–8 are simultaneous optimizations of two parameters among the four considered in this paper.
Case 6 is the optimization of d and s simultaneously: the optimal values obtained are a distance d equal to

0.9m and a flow resistivity s equal to 30 kPa sm�2; it corresponds to an efficiency of 4.5 dB(A).
Cases 7 and 8 are the optimization of d and i simultaneously.
For case 7, d can vary from 0.2 and 3m and i from �90 to +901, the optimal values are a distance d equal to

3.0m (one of the accepted limit) and an inclination i equal to �311 (details about the sign and the inclination
are given in Fig. 8), it corresponds to an efficiency of 5.3 dB(A).

For case 8, d can vary from 0.2 to 2m and i from �90 to +901, the optimal values are a distance d equal to
0.96m and an inclination i equal to �231, it corresponds to an efficiency of 5.2 dB(A).

5.1.3. Three-parameter optimization

Cases 9 and 10 are three-parameter optimizations.
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Case 9 is the simultaneous optimization of the distance d, the flow resistivity s and the inclination of lateral
edges i. The optimal values are d equal to 0.98m, s equal to 30 kPa sm�2 and i equal to �241; it corresponds to
an efficiency of 5.2 dB(A).

Case 10 is the simultaneous optimization of the distance d, the flow resistivity s and the thickness h of
absorbent material. The optimal values are d equal to 0.9m, s equal to 10 kPa sm�2 and h equal to 0.1m (one
of the accepted limit); it corresponds to an efficiency of 5.2 dB(A).

5.1.4. Four-parameter optimization

The last case presented in this section, case 11, is a four-parameter optimization. The optimal values
resulting are: a distance d equal to 1.02m, a flow resistivity s equal to 10 kPa sm�2, a thickness h of absorbent
material equal to 0.1m (one of the accepted limit) and an inclination i equal to �231; it corresponds to an
efficiency of 5.7 dB(A).

5.2. Influence of the sound power spectrum

It is important to note that the choice of the road traffic noise spectrum has a high influence on the results of
the optimization of the parameters. This choice has also an influence on the value of the efficiency of the added
edges as it is shown with the comparison of a single parameter optimization with two different spectra. The
two road traffic noise spectra used for this comparison are: the one used in previous calculations (calculated
with the EN 1793-3:1997 standard and given in Table 2) and another one calculated with the Nord2000
method [27,28] given in Table 5. They are both plotted in Fig. 11.

The results for the single parameter optimization of the distance d between lateral edges and the central rigid
straight barrier are given in Table 6. The first line gives the results for the optimization using the road traffic
noise spectrum calculated with the EN 1793-3:1997 standard (case 1, presented in previous section). The two
following lines (optimization cases 12 and 13) give the results using the Nord2000 road traffic noise spectrum.
Case 12 is the optimization of the distance d from 0.2 to 3m, the optimal value found is equal to 2.35m, it
corresponds to an efficiency of 8.5 dB(A). Case 13 is the optimization of the distance d from 0.2 to 1.5m, the
optimal value found is equal to 0.97m, it corresponds to an efficiency of 7.5 dB(A). These results show that the
choice of the sound power spectrum has an influence on the optimal parameters found and on the best value of
the efficiency of the crowning.

Although the resulting efficiency is higher with the second spectrum, the first one had been kept for most of
optimization calculations (especially those presented in Section 5.1) because it is calculated with the European
standard EN 1793-3:1997.
Table 5

Road traffic noise sound power spectrum: LwA from Nord2000 method

Df (Hz) Lw (dB) from Nord2000 method Weights to calculate dB(A) LwAðDf Þ (dB(A))

100 97.7 �19.1 78.6

125 94.4 �16.1 78.3

160 92.8 �13.4 79.4

200 92.2 �10.9 81.3

250 92.6 �8.6 84.0

315 92.5 �6.6 85.9

400 92.7 �4.8 87.9

500 93.6 �3.3 90.3

630 95.5 �1.9 93.6

800 98.4 �0.8 97.6

1000 101.4 0 101.4

1250 101.7 0.6 102.3

1600 101.3 1 102.3

2000 99.8 1.2 101.0

2500 96.6 1.3 97.9
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Fig. 11. Comparison of two different road traffic noise spectra. Typical road noise spectrum from European standard EN1793-3:1997

(————) and road noise spectrum of Nord2000 method (- - - - - - -).

Table 6

Results of the influence of the road traffic noise spectrum

Case number ds dr Constrained parameters Variables Optimized

parameter(s)

Efficiency

(dB(A))

Units m m s in kPa sm�2 d in m

h in m s in kPa sm�2

i in 1 h in m

i in 1

1 8 32 s ¼ 30 0.2odo3.0 dopt ¼ 0.90m 4.5

h ¼ 0.05

i ¼ 0

EN 1793-3 spectrum

12 8 32 s ¼ 30 0.2odo3.0 dopt ¼ 2.35m 8.5

h ¼ 0.05

i ¼ 0

Nord2000 spectrum

13 8 32 s ¼ 30 0.2odo1.5 dopt ¼ 0.97m 7.5

h ¼ 0.05

i ¼ 0

Nord2000 spectrum
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5.3. Global comparison

In this section, vertical noise maps are presented in order to show in a large 2D area the efficiency of
multiple-edge noise barriers. The maps comparison allows to show the benefit of the optimization process.
Maps have been created taking receivers every 50 cm in both directions x and z (defined in Fig. 2). Previous
calculations have shown that it gives accurate maps for those multiple-edge barriers with a precision of
0.05 dB(A). The window considered is 60m wide (from 10m before the barrier until 50m after) and 20m high
(from 0 to 20m above the ground).

Fig. 12 gives four maps of efficiency resulting of optimization cases 2, 8, 9 and 11 (results and details for
each case are given in Tables 3 and 4). It shows the impact of optimizing several parameters simultaneously.
Those four maps show that the more parameters are optimized the higher is the final optimal efficiency of the
protection.
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Fig. 12. Influence of the number of optimized parameter. Efficiency of several optimization cases: (a) 1-parameter optimization (case 2);
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Fig. 13. Map of the efficiency of the multiple-edge crowned barrier with the four optimal parameters. d ¼ 1.02m; s ¼ 10 kPa sm�2;

h ¼ 0.1m; i ¼ �231.
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The noise maps, given in Figs. 13 and 14, represent the efficiency (calculated with Eq. (4)) of two different
multiple-edge barriers whose shapes are determined by the four parameters considered in this paper (Fig. 7).
Fig. 13 gives the efficiency of the optimal multiple-edge barrier in the following source-receiver configuration:
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Fig. 14. Map of the efficiency of the multiple-edge crowned barrier with other parameters. d ¼ 1.5m; s ¼ 300 kPa sm�2; h ¼ 0.05m;
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lateral edges). d ¼ 0.5m; s ¼ 20 kPa sm�2; h ¼ 0.1 m; i ¼ 01.
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a single source on the ground, 8m away from the barrier and a single receiver on the ground and 32m away
behind the barrier. The four optimal values of parameters are those obtained from the four-parameter
optimization (case 11 in Table 3) that is to say: d ¼ 1.02m; s ¼ 10 kPa sm�2; h ¼ 0.1m; i ¼ �231.

The map in Fig. 13 shows that the optimal multiple edge crowning induces an efficiency up to 6 dB(A) in
some parts of the shadow zone and higher than 4 dB(A) in a large area behind the barrier.

Fig. 14 gives the efficiency of another multiple-edge barrier in the source–receiver configuration chosen
in order to show the impact of the optimization process. The four parameter values are: d ¼ 1.5m;
s ¼ 300 kPa sm�2; h ¼ 0.05m; i ¼ 01.

A third global map is given in Fig. 15 for a calculation with parameters chosen in order to fit in with cases of
previous studies presented in Ref. [16]. The four-parameter values are: d ¼ 0.5m; s ¼ 20 kPa sm�2; h ¼ 0.1m;
i ¼ 01. The absorbing materials cover the central straight barrier and lateral edge are rigid.
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The comparison between the three maps clearly shows the effect of using optimization algorithm. It is
obvious that the optimal multiple edge crowning (Fig. 13) is more efficient than others.
6. Conclusion

An original optimization method coupled with a 2D BEM code has been presented with application to the
case of multiple edge barriers. The results show that the lateral edges improve significantly the efficiency of
the noise barrier without increasing its height. The improvement reaches more than 6 dB(A) in some parts of
the shadow zone. The optimization method chosen has allowed us to optimize several parameters
simultaneously and consequently to avoid long and fastidious parametric study of such protections.

Here calculations have been achieved in 2D. It has already been shown [23,29] that in this case tops
efficiencies are underestimated in comparison with more realistic 3D simulations: an optimization approach
with oblique propagations over the barrier is being developed using a 2D1/2 BEM approach [23,30,31], the
main problem still being a high calculation time.

Another important point here is the use of an impedance model [25] which fails at lowest frequencies: some
more sophisticated and accurate approaches are being implemented in our optimization code in order to
improve the impedance part of it.

Moreover, work is still in progress on other types of complex protections such as random edged barriers and
louvred covers, as well as on the introduction in the optimization of other important parameters such as the
local aerodynamic conditions above the barrier edge and global meteorological effects. It is also planed to
perform scale model measurement in order to validate the results.
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