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Application of Evolutionary Algorithms and the
Boundary Element Method in the Optimization of
Noise Barrier Profiles

Abstract. My original contribution to knowledge is to develop a general,
robust methodology that may cover any type of 2D acoustic optimization
problem. A procedure involving the coupling of Boundary Elements (BE)
and Evolutionary Algorithms is proposed for systematic geometric modi-
fications of road barriers that lead to designs with ever-increasing scree-
ning performance. With the exclusive implementation of the classical BE
formulation, the assessment of certain configurations are, in most cases,
unaffordable in terms of both the evaluation of the topological feasibility of
designs of diverse geometric nature and the faithful representation of the
shielding efficiency of barriers that often reveal fictitious natural frequen-
cies. In this respect, the Dual BE approach proposed in this work is the
most appropriate strategy involving BE that allows the methodology 1) to
assume a simplification of reality by idealizing very thin elements (widely
present in diverse barrier designs) as null-thickness type and 2) to mit-
igate the fictitious eigenfrequencies associated with the inner domain of
barriers with real dimensions. The solution to these challenges, especially
the null-thickness idealization, enables an easier, more general procedure
in obtaining barrier designs that normally cover a large range of possible
geometries along the optimum search process. Numerical simulations in-
volving single- and multi-objective optimizations of noise barriers of varied
nature have been included in this document, considering the influence of
both surface treatments and barrier locations on the screening behavior.
Results disclosed justify the implementation of this methodology by lead-
ing to optimal solutions of previously defined topologies that, in general,
greatly outperform the acoustic efficiency of classical, widely used barrier
designs normally erected near roads.

Keywords: Noise barriers; Very thin bodies; Shape optimization; Evolu-
tionary Algorithms; Dual Boundary Element Formulation

PACS numbers: 43.28.Js, 43.50.Gf, 47.11.Hj







Aplicaciéon de Algoritmos Evolutivos y el Método de los
Elementos de Contorno en la Optimizacion de Perfiles
de Pantallas Actsticas

Resumen. La contribucién original de este trabajo se encuentra en el
desarrollo de un procedimiento general, robusto y versatil que permite el
estudio de cualquier problema de optimizacion acistica en 2D. Mediante
el uso acoplado de Elementos de Contorno (EC) y Algoritmos Evolutivos se
realiza una bisqueda guiada de geometrias basadas en modelos topolégi-
cos de pantallas anti-ruido que conduce a disefios cada vez mas eficientes.
El analisis de ciertas configuraciones desde la formulacion cléasica de los
EC supone, a menudo, un problema inabordable en términos tanto de la
determinacién de la validez topolégica de los disefios como de la correcta
evaluacion de la eficacia acustica de pantallas que menudo manifiestan
falsas frecuencias de resonancia. En este sentido, la formulacién Dual
de EC propuesta es la estrategia méds apropiada desde los EC, al per-
mitir 1) adoptar simplificaciones geométricas sobre el disefio real de la
pantalla mediante la idealizacién de elementos muy delgados (muy pre-
sentes en muchos disefios) como cuerpos sin espesor y 2) evitar las fre-
cuencias espurias asociadas al dominio interior de la barrera. La solu-
cion a estos planteamientos, sobre todo la idealizacién de elementos muy
delgados, permite un procedimiento méas general y sencillo en la mejora
sistematica de modelos que, a menudo, gozan de completa libertad ge-
ométrica de acuerdo a su patrén topolégico. Se presentan simulaciones
numéricas sobre la base de optimizaciones mono- y multi-objetivo de pan-
tallas de distinta naturaleza, considerando la influencia de tratamientos
superficiales y la localizacién de la pantalla en su eficacia. Los resulta-
dos mostrados justifican la necesidad de implementar metodologias como
la que aqui se presenta para mejorar la calidad de apantallamiento de
disefios clasicos de pantallas que normalmente se erigen en el entorno de
carreteras.

Palabras clave: Pantallas acusticas; Elementos con y sin espesor; Opti-
mizacion de la eficacia acustica; Algoritmos Evolutivos, Formulacién Dual
de los Elementos de Contorno

Referencias PACS: 43.28.Js, 43.50.Gf, 47.11.Hj
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Introduction and background 1

Among the byproducts derived from the industrial and technological
development the environmental degradation arises, undoubtedly, as one
of the most damaging. Unfortunately, this deterioration has increased
considerably over the recent years with the rapid growth of cities and
the associated activities of urban areas. The disruptive effects of these
activities may have serious consequences on people health by affecting
them both physically and psychologically [1, 2], which has ultimately con-
tributed to raise awareness on citizens engagement.

Although increasingly omnipresent form of pollution, noise is yet un-
derestimated in some cases. For the sake of greater precision, according
to the Organization for Economic Cooperation and Development (OECD),
noise pollution is defined as sound at excessive levels that may be detrimen-
tal to human health. In other words, it is either excessive amount of noise
or an unpleasant sound that causes temporary disruption in the natural
balance. This definition is usually applicable to sounds or noises that are
unnatural in either their volume or their production.

Roadway traffic is, by far, the most common source of noise pollution in
cities and urban areas by representing 80% of the overall noise pollution.
An estimated 80 million people suffer unacceptable levels of continuous
outdoor transport noise within the European Union (EU). Consequently,
one of the issues citizens usually complain most in opinion surveys is the
noise associated with motor vehicles.

Urban noise management is a major concern for politicians, urban
planners and municipal officials. In this line, the tasks involved in man-
aging noise include solving noise complaints, noise mapping and policing
noise limits as well as noise abatement and zoning. This has also been
a matter of concern for International Organizations, such as the OECD,
the EU and the World Health Organization (WHQO), among others, which
have been establishing and promoting diverse directives, guidelines and
recommendations for the noise mitigation over the recent years, especially
for the minimization of noise impact derived from existing and new trans-
port infrastructures.

Fortunately, proactive steps are being taken toward silencing existing
noise problems and preventing new ones before lives are disrupted. Once
noise levels are known (either by measurement or prediction) today’s plan-
ners can minimize the effects of noise on surrounding areas by introduc-
ing, when possible, corrective measures. In this respect, it is important to
underline that planners are often reminded during detailed design stage

Shape optimization of noise barriers | Instituto Universitario SIANI 3



1 Introduction and background

that sufficient space should be allowed for the erection of noise barriers.
It is therefore not surprising the prominent role that sound barriers have
gained lately, particularly in scenarios in which the desired degree of noise
reduction cannot be achieved by at-source measures. In such cases, these
elements (normally termed as Direct Technical Remedies) are considered
the most reasonable noise mitigation measures available.

The primary function of noise barriers is to shield receivers from ex-
cessive noise generated by road traffic, generating a shadow region in the
intended protected area. An adequate design should contemplate aspects
of varying nature. Acoustical design considerations include barrier ma-
terial, barrier locations, dimensions and shapes. They are not the only
requirements leading to an acceptable design, though. As is often the
case, the solution of one problem (noise attenuation in this case) may cause
other problems, such as unsafe conditions, visual blight, maintenance dif-
ficulties and lack of maintenance access due to improper barrier design,
among others. The consideration of these non-acoustical related factors is
also advisable prior the erection of the barrier. It is for these reasons that
the research and development of all types of road barriers is currently on
the rise. In this sense, companies continuously endeavor in the develop-
ment and patent of their own commercial designs and surface treatment
products.

But unfortunately, noise nature highly differs from light’s. Due to
sound diffraction noise can easily surpass the top of the barrier (the lower
the frequency the easier), so the shadow region is generally far from per-
fect. Despite progress in this area, further steps should be taken on the
research and development on the top edge of road barriers, the weakest
point in the shielding efficiency due to diffraction. It is precisely in the mit-
igation of the negative effects of this phenomenon that efforts should focus
with the challenge of achieving acceptable levels of background noise.

1.1 Literature review

Among all of the different numerical methods available concerning the
issue, the Boundary Element Method (BEM) is one of the broadly used.
Remarkable works using BEM for assessing the acoustic efficiency of noise
barriers have been carried out to date. As a brief background, Seznec [3]
implements this methodology to assess the diffracted sound field behind

4 Shape optimization of noise barriers | Instituto Universitario SIANI



Introduction and background 1

a barrier. Hothersall et al. [4] perform 2D numerical calculations to pre-
dict the sound pressure level in the region of balconies of a tall building
near a road with different absorbing treatment scenarios, concluding that
reflections from ceilings and rear wall of balconies affect adversely the
shielding efficiency. However, the application of sound absorbing materi-
als to the aforementioned walls is found to be the best strategy in terms
of noise reduction. Watts et al. [5] use the method to predict the leak-
age of sound through louvred road barriers featuring different gaps, an-
gles and sets of absorbing treatments. Martin and Hothersall [6] conduct
a study to predict the ground attenuation effects using coherent and in-
coherent line source models in scenarios with both roadside and median
barriers. Hothersall et al. [7, 8] make use of this technique to study the
performance of a vertical screen and compare it with different types of
barriers with diffusive elements on their top. Within the same research
line, Ishizuka et al. [9] assess the performance of reflectors installed at bal-
conies of tall buildings, concluding that a noise reduction by up to 10 dB(A)
may be achieved when compared with ordinary balconies. The study is
complemented with 3D scale-model experiments. Watts and Morgan [10]
predict the acoustic behavior of a sound-interference-type device added
on the top of an existing straight barrier, yielding a significant improve-
ment in the screening performance. Crombie et al. [11] study the per-
formance of multiple-edge barriers, concluding that the addition of side-
panels leads to a significant increase in acoustic efficiency over a simple
vertical screen. Fujiwara et al. [12] assess the shielding efficiency of thin,
volumetric, T-shaped and cylindrical edge barriers featuring rigid, absorb-
ing and soft boundary surfaces. This latter condition (a surface with a
null sound pressure level) is achieved by considering a plane surface of
varying impedance which is ideally equivalent to the performance of real
wells with different depths installed on the top edge of such a surface.
Monazzam and Lam [13] carry out a comparison study between T-, Y-,
cylindrical- and arrow-shaped barriers and the same designs simulated
with different quadratic residue diffuser (QRD) sequences on their tops,
for both rigid and with absorptive coverage. In the same line, Ishizuka and
Fujiwara [14] conclude that providing the top of noise barriers with soft
edges significantly improves their efficiency. Configuration modifications
provide only a slight improvement, though. Okubo and Fujiwara [15] as-
sess the acoustic efficiency of the so-called waterwheel cylinder installed
on the top-edge of noise barriers to produce an approximate soft surface,
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1 Introduction and background

concluding that these designs are strongly frequency dependent. Jean et
al. [16] study the influence of both source and ground type on the assess-
ment of the efficiency of a straight, a T-shaped and a cylindrical top ba-
rrier. Jean and Gabillet [17] study the interaction between train and very
thin, small screens placed very close to rails in addition to a 2 m height
vertical roadside barrier. The highest levels in noise reduction were found
for absorbing treatments of both the screens and under the train, for the
considered sources-receivers scheme. To supplement this compendium,
other notable works for assessing the acoustic efficiency of noise barriers
conducted by Maeso and Azndrez can be consulted in [18]. Other inter-
esting works concerning the use of BEM in outdoor acoustic problems are
presented in the bibliography [19-39].

From a broader point of view, there are some noteworthy works involv-
ing Dual BEM formulations in the literature. This approach has been pro-
posed in the study of crack problems in elasticity by Hong and Chen [40]
and Portela et al. [41]. Afterwards, other interesting works involving the
use of this strategy were developed by Krishnasamy et al. [42], Chen and
Chen [43] and Wu [44]. A comprehensive, detailed review of the use of this
approach, with special consideration on the regularization techniques for
hyper-singular integrals, is reflected in Chen and Hong [45]. More re-
cently, Chen et al. [46] make use of a Dual BEM formulation in water
wave problems to suppress the fictitious frequencies that arise when han-
dling with non-thin elements. Particularly in outdoor acoustics, de Lac-
erda et al. [47] present a 2D Dual BEM formulation for the treatment of
non-thickness configurations and applied it to the assessment of a verti-
cal and a T-shaped noise barrier, modeled as thin bodies over an absorbing
ground. Tadeu et al. [48] propose a coupled BEM-TBEM (Traction BEM)
formulation to model the propagation of sound in the presence of very thin
elements. Other noteworthy works involving Dual BEM formulations can
be consulted in [49-56].

Concerning experimental research works, May and Osman [57] con-
duct a study concerning acoustic measurements of scale-model tests on
various barriers in different highway scenarios, highlighting the benefits
of T-profile models and the effectiveness of sound absorptive materials,
depending on the case. In [58-60] the study of the incidence of traffic
noise on buildings in the vicinity of roads is performed. Again May and
Osman [61] test the acoustic behavior of a 4 m height vertical screen with
first an absorptive side and then with a reflective side, and compare it with
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a T-shaped barrier of the same height to finally show that this latter con-
figuration outperforms the shielding efficiency of the simple screen. Jung
et al. [62] perform reduced-scale model tests to measure the screening be-
havior of simple and T-shaped barriers with reactive surfaces near a high-
speed train track. Watts et al. [63] carry out full scale tests of 2-m height
T-shaped, multiple edge and double barriers featuring different set of di-
mensions and surface treatments, concluding that the proposed designs
perform better than a simple vertical screen of the same height. Hother-
sall et al. [64] address scale model tests of diverse railway noise barriers
considering different surface conditions of both the barrier and the ground,
highlighting the importance of considering rigid ground and absorptive
surfaces (especially on the track-facing side of the barrier) to increase the
screening performance. Watts [65, 66] experiment with the shielding effi-
ciency of both parallel and multiple edge traffic noise barriers. With the
intention of faithfully determining the effect of sound absorptive materi-
als in noise reduction, Watts and Godfrey [67] study two sites where noise
barriers had already been erected, concluding that differences in noise
reduction less than a decibel were observed when changed from sound ab-
sorptive to reflective barrier surface.

Among the different metaheuristic / bioinspired / swarm intelligence
optimization methods (e.g., Evolution Strategies, Particle Swarm Opti-
mization, etc.), Genetic Algorithms (GAs) are chosen in this thesis as rep-
resentatives of the Evolutionary Algorithms paradigm. Generally speak-
ing, any of the previously mentioned optimization algorithms may pro-
vide a satisfactory solution within the proposed framework of this work.
However, the proven suitability of GAs for the application here described,
largely present in the literature, supports its use in this study. Some re-
markable works combining the use of BEM and GA in shape design opti-
mization have been carried out in the past decade and are referenced in
the bibliography. For instance, Duhamel [68] starts off with a rectangular
volumetric structure built of equally-sized bricks to lead to the final opti-
mized shapes with non-inner holes and fillings. Baulac et al. [69] carry out
a multi-criteria optimization of multiple edge barriers. Later on, the same
authors [70] assess the performance of T-shaped barriers with a reactive
surface on the top. Greiner et al. [71, 72] conduct the study of a single-
and a multi-objective design optimization of a Y-shaped noise barrier; the
consideration of uncertainties in the optimum designs have also been han-
dled in [73]. Grubes$a et al. [74] address a 3D optimization of both acoustic
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performance and economical feasibility of a noise barrier built from dif-
ferent modules with varying cross-sections. A more recent research also
covers the inclusion of an innovization procedure for multi-objective noise
barrier optimum design in Deb et al. [75].

1.2 Background

The approach of this dissertation is conceived as a part of an ongo-
ing research line within the Institute of Intelligent Systems and Numer-
ical Applications in Engineering (SIANI institute), involving the shape
design optimization of road acoustic barriers by coupling Boundary Ele-
ments with Evolutionary Algorithms.

As abackground, Prof. Orlando Maeso and Prof. Juan J. Aznarez (both
supervisors of this thesis) have been working in previous years on the de-
velopment and application of numerical methods for solving wave propa-
gation problems in elastic media. The codes developed so far, based prin-
cipally on BEM, have successfully allowed addressing diverse, complex is-
sues. In this regard, it is worth mentioning the research works imple-
menting either the multi-region BEM or the coupled use of this technique
with Finite Elements (BEM-FEM) for solving structural dynamics prob-
lems (seismic response of embedded and pilled foundations [76-83] and
of arch dams [84-90], soil - structure interaction by substructure meth-
ods [91, 92], soil - foundation - structure interaction [93, 94], fluid - struc-
ture interaction [95], fluid - soil - structure interaction [96] and structure
- soil - structure interaction [97]). Prior the research work presented in
this thesis, a numerical model for the realistic simulation of outdoor sound
propagation problems induced by any type of noise source had been con-
tinuously developed and improved over years. This bi-dimensional model
was coded according to the Standard Boundary Integral Equation (SBIE)
of the Method and was initially intended for the study of a practical, con-
temporary issue: the assessment of the shielding efficiency of road acous-
tic barriers. Based on this code, some studies for the assessment of the
screening behavior on various barrier designs in different scenarios are
collected in [18]. Another interesting work entirely on the basis of this
code is found [98].

Later on, the scope of this research line was extended to the system-
atic improvement of the screening performance of commonly used barrier

8 Shape optimization of noise barriers | Instituto Universitario SIANI



Introduction and background 1

configurations. In this respect, these studies were complemented with
the knowledge of Prof. David Greiner (also supervisor of this document),
contributor in some prior works concerning the use of Evolutionary Al-
gorithms (EAs) and, in particular, Genetic Algorithms (GAs) applied to
different optimization problems in engineering. These include works in
structural optimum design [99-104] and in other engineering fields [105—
107]. In this regard, prior this document, the supervisors of this thesis had
successfully developed and implemented a general, systematic procedure
coupling BEM with EA for the shape design optimization of road barriers.
As a result, the first joint application of both numerical approaches within
the Research Group where this thesis is developed is found in [71]. In such
work, the maximization of the acoustic efficiency of Y-shaped barriers with
respect to a reference barrier featuring the same topology is conducted.
Following, the shape design optimization of volumetric M-shaped barriers
with constrained effective height is proposed in [108]. Differently from
former work, the optimization is performed on the base of the minimiza-
tion of differences in shielding efficiency between the considered M model
and reference simple screens featuring higher effective height. In [73] a
robust multi-objective optimization is presented. Concretely, the proce-
dure focused on the search of Y-shaped designs with top absorbing surface
that better fit the acoustic behavior of a reference Y configuration for each
barrier length value, first including the consideration of multiple receiver
points. The minimization of both conflicting objectives is intended. Fi-
nally, a single- and multi-objective optimization of Y models with differ-
ent surface treatments, on the same line of previous works, is carried out
in [72].

1.3 Aims and objectives

Until this thesis, the methodology developed had successfully addressed
the systematic improvement of the acoustic efficiency of noise barriers.
However, the assessment of certain types of barrier geometries were chal-
lenging and, in most cases, just seen as unaffordable in terms of 1) the
evaluation of the feasibility of complex designs proposed by the optimizer
and 2) the faithful representation of the shielding behavior. This lack of
versatility and adaptability raises the need of implementing a more ro-
bust, general methodology that may cover any type of 2D acoustic opti-
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mization problem. In accordance with this, the aim of this PhD thesis is
twofold:

¢ To develop and implement more adequate BE formulations that al-
lows us to address the shape optimization of any type of 2D road
barrier in a more robust, flexible way than that from formulations
developed so far.

¢ To design and implement a methodology involving the coupled use of
BEM and EA that leads to road barrier designs with ever-increasing
acoustic efficiency.

For the sake of a more detailed description, this dissertation aims to
search for the best shielding solutions that help minimize the acoustic im-
pact of road traffic near residential areas. The introduced methodology
leads to optimal solutions of previously defined noise barrier topologies
that, in general, greatly outperform the acoustic efficiency of classical,
widely used designs normally erected near roads.

Along this document, the assessment of both innovative and existing
designs largely studied in the literature is proposed. By means of sys-
tematic geometric modifications, barrier configurations with ever higher
screening performance are obtained. The complexity normally associated
with such designs raises the need to consider some simplifications in or-
der to ease the optimization processes. In this sense, there are often ele-
ments in the barrier design (if not the whole barrier design itself) eligible
of both mathematical and geometric simplification that allows the consid-
eration of very thin elements as null-section bodies, for acoustic perfor-
mance evaluation distant from the barrier boundary. In this context, the
barrier typologies that can be addressed by the procedure here presented
are categorized as follows: i) volumetric barrier designs. It is the case of
real barriers featuring thick elements, such as M-shaped barriers; ii) very
thin barriers. The assessment of these types of barriers is performed by
idealizing the whole design as a single-wire configuration; iii) volumetric
barriers featuring very thin elements. It is a mixed case. The general
configuration remains its real geometry while the very thin elements are
idealized and studied as null-thickness type.
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1.4 Numerical approaches implemented in this thesis

The laws governing natural phenomena are normally expressed in
terms of differential equations. Unfortunately, the large majority of prob-
lems facing engineering applications cannot be solved directly, as just few
differential equations have solution in terms of elemental functions (the
differential equations that could be solved explicitly until the second half
of 20th century were limited) or, simply, systems described by differential
equations are so complex or large that a purely analytical solution to such
equations is not tractable. It is in these complex systems where computer
simulations and numerical methods are useful.

The numerical approach of these phenomena allows us both to obtain
the approximate solution easily, in the case of unknown exact solutions,
and to help reduce costs derived from real experimentation. Despite the
fact that these techniques were developed before programmable computa-
tion existed, the significant development of computers in the last decades
has enabled the easy and fast implementation of these methods based on
numerical approximations of the real solution.

The Boundary Element Method (BEM), also known as the Boundary
Integral Equation Method or Boundary Integral Method, is a numerical
approach for solving linear partial differential equations which have been
formulated as integral equations. During the last few decades, BEM has
gradually evolved to become one of the few widely used numerical tech-
niques for solving boundary value problems in engineering and physical
sciences. Due to this inherent ability to address infinite domains or free
field problems (in implementing the method, just the boundary of the so-
lution domain has to be discretized into elements. The solution at any ar-
bitrary point of the domain can be found after determining the unknown
boundary data, though), BEM arises as the most suitable technique in the
study of outdoor sound propagation prediction. However, the implemen-
tation of the standard formulation of the Method leads to insurmountable
obstacles in most cases of the problems studied in this work.

The accomplishment of the aims and purposes of this work (stated in
the previous section) demands a specific BE formulation that allows the
problem to be solved. Such a formulation combines the standard singu-
lar integral equality of the Method with a hyper-singular variant which
is obtained by derivation of the former, to finally get the so-called Dual
BEM formulation. The coupled use of both approaches in this Dual for-
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mulation allows us to avoid drawbacks associated with the exclusive im-
plementation of the standard BEM formulation. In this respect, the Dual
approach arises as the most appropriate strategy involving BE to address
the proposed problems numerically, by allowing us 1) to assume a simpli-
fication of reality by idealizing very thin elements as null-thickness type,
greatly facilitating the geometric definition of complex configurations with
no substantial influence on the acoustic performance for the considered
thickness of very thin sections [47] (widely present in diverse barrier de-
signs), 2) to mitigate the fictitious eigenfrequencies associated with the
inner domain of the barrier that may adversely affect to the assessment
of the screening efficiency. In dealing with these issues with BE often re-
sults, according to the individual case, in serious numerical drawbacks if
not to a singular system of equations when dealing with the idealization of
very thin elements. Both problems are properly addressed in the method-
ology presented in this work. The solution to these challenges, especially
the null-thickness idealization, enables an easier, more general procedure
in obtaining barrier designs that normally cover a large range of possible
configurations along the optimum search process.

Under this proposal, the real barrier can be then modeled, depending
on the case, as either a single-wire configuration, as representative of a
very thin barrier - Figure 1.1(a) -, or as a volumetric structure featuring
very thin sections idealized as null-thickness type - Figure 1.1(b) -. Based
on a frame of free geometric constraints, the definition of the barrier pro-
file is then easily accomplished. This approach results in faster computa-
tional times within a cumbersome process where every possible design is
assessed along the whole spectrum of frequencies.

The need of the implementation of the Dual BEM formulation in this
work is clarified in Figure 6.2. The strategy of the application of both for-
mulations varies depending of the nature of the element under consider-
ation. This way, with the purpose of mitigating the effects of the fictitious
eigenfrequencies when dealing with non-thin bodies, a Dual BEM formu-
lation based on the combined use of the standard boundary integral equa-
tion (SBIE) and the hyper-singular boundary integral equation (HBIE)
coupled by means of a frequency-related complex value is proposed [109].
The nature of the issue is different when dealing with very thin bodies.
In this case, numerical integration problems may appear affecting to the
barrier performance. As shown in Figure 6.2(b), the boundaries at both
sides of elements with null sections (featuring different values of sound
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(a) (b)

REAL VOLUMETRIC VERY IDEALIZATION AS A REAL VOLUMETRIC SOUND VOLUMETRIC GEOMETRY.
THIN SOUND BARRIER  SINGLE-WIRE GEOMETRY BARRIER WITH VERY IDEALIZED ELEMENTS
THIN SECTIONS AS SINGLE-WIRE TYPE

Ficure 1.1: Examples of complex designs eligible for geometric idealiza-
tions. (a) Fork-shaped barrier. The very thin cross-section along the
overall configuration suggests its modeling as a single-wire geometry. (b)
Quadratic Residue Diffuser (QRD)-based barrier with very thin elements
idealized as null-thickness bodies.

pressure and flux) are represented by the discretization itself. The ap-
plication of the SBIE on both sides of nodes yields a singular system of
equations that does not allow the solution to be obtained. However, the
joint implementation of the SBIE and its derivative on the collocation node
(HBIE) provides a compatible system of equation that allows us to know
the solution at both sides of the barrier. With this aim, the SBIE and the
HBIE are then applied separately. As a result, this formulation enables
the idealization of very thin elements as single-wire bodies. Such a simpli-
fication of reality is a real asset, especially when compared with the case
of the faithful, detailed definition of real complex volumetric.
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Ficure 1.2: Example of the discretization with parabolic elements (3
nodes) for =500 Hz of a QRD-based design. (a) Discretization of the real
geometry. (b) Discretization after idealization of very thin bodies as null-
width elements.

Optimization methods arise as a worthwhile strategy that help us reach
our goals in accordance with the stated objectives. Generally speaking,
any of the optimization methods available may provide a satisfactory so-
lution within the proposed framework of this thesis. Howeve, as previously
stated, Evolutionary Algorithms have been chosen in this work in pursuit
of barrier designs with increasingly higher efficiency. These are relatively
new, but very powerful techniques used to find solutions to many real-
world search and optimization problems. Many of these problems have
multiple objectives, which leads to the need to obtain a set of optimal so-
lutions known as non-dominated solutions. In this line, the implementa-
tion of EAs has been found to be a highly effective way of finding multiple
effective solutions in a single simulation run [110, 111].

With the aim of benefiting the existing research line in the Group con-
cerning shape optimization, Genetic Algorithms are chosen in this work
as representatives of the evolutionary algorithms paradigm. Among EAs,
GAs have largely proven suitability in problems and methodologies similar
to the ones introduced here [68—75].

Results concerning single- and multi-objective frame optimization of
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different noise barriers are included in this document. The EA software
used in the single-objective optimization of the shielding efficiency of such
road barriers applies the GAlib package [112], a collection of C++ genetic
algorithm components from which it is possible to quickly construct GA’s
to deal with a wide variety of problems.

The increasing relevance and utility of evolutionary multi-objective op-
timization (EMO) [110, 111] in recent years can be attributed to its role
in successfully solving an important number of science and engineering
problems and applications [113]. EMO algorithms are very practical and
efficient tools when the optimization of two or more conflicting objectives
is required. This is what occurs in the multi-objective optimization per-
formed in this work. One of the criterion involves maximization of the
noise attenuation efficiency, while the remaining one deals with the min-
imization of the total length of the barrier, as representative of manufac-
turing costs. It is easy to see that no one objective can be improved without
degrading performance on the other. In other words, in this case, reduc-
tion in length of barriers is associated, in the vast majority of cases, with
lower shielding efficiency. The code used in this multi-objective optimiza-
tion is an own implementation of the NSGA-II algorithm [114], widely
used in research works by the SIANI institute (e.g., [72, 73, 103, 108]).

1.5 Structure of the dissertation

After these introductory remarks, Chapter 2 focuses on the fundamen-
tal aspects of acoustics. More precisely, a brief introduction on the basis
of the physics of the problem and the notation of the most common acous-
tic variables used along the chapter are provided at first, followed by a
detailed description of the assumptions taken into consideration and the
presentation of the governing equations. The definition of the boundary
conditions applicable on sound wave propagation problems is also han-
dled, with emphasis on partially absorbing boundaries (Robin condition)
and the determination of its acoustic impedance by means of the Delany
and Bazley model [115]. This chapter concludes with the definition of the
most common acoustic magnitudes and the characterization of noise by its
frequency content and related information.

The main issue of this work is the Dual BEM formulation for the ana-
lysis of any type of 2D acoustic problem. Chapter 3 is devoted to this BE
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approach. Firstly, the bases of both the standard formulation (SBIE) and
the hyper-singular boundary integral equation (HBIE) of the Method is
introduced as a previous step to the presentation of the Dual formulation
in its different variants for the problems addressed here. In this sense,
a detailed description of the approach for 1) avoiding the fictitious eigen-
frequencies that may appear when dealing with barriers featuring real
dimensions, 2) the idealization of very thin elements as single-wire bodies
and 3) dealing with volumetric barriers featuring elements with small sec-
tions that can be idealized as null-thickness type is provided. Validation
examples for the aforementioned approaches are found at the end of this
chapter.

Chapter 4 deals with the theoretical bases of Evolutionary Algorithms
and, in particular, of Genetic Algorithms and the convenience of this op-
timization method in the framework of this thesis. After the overview of
these paradigms, a contextualized description of the GA applied in the
single-objective optimization performed in this work is provided. Follow-
ing a brief introduction to the evolutionary multi-objective optimization,
the description of the chosen EMO algorithm closes off this chapter.

Chapters 5 through 7 are devoted to results. More specifically, Chapter
5 collects the results on the numerical shape optimization of two studies
involving very thin barriers idealized as single-wire configurations. Dif-
ferent barrier topologies of practical interest are presented in the first
study, covering overall shape and top edge configurations; spline curves-
and polynomial-shaped designs; rigid and noise absorbing boundaries ma-
terials. Given the strong theoretical nature of the presented topologies,
easier-to-build designs are proposed based on slight geometric modifica-
tions from optimal barriers. While results are achieved by using a specific
receivers’ scheme, the influence of the receivers’ distribution on the acous-
tic performance is also addressed. It is precisely on this latter point, but
with a broader perspective, where the second study focuses: the influence
of the screening performance through distance. In this case, two differ-
ent barrier models are proposed in the analysis, for two different receivers
configurations and three clearly distinguishable regions in terms of close-
ness to the barrier. The most remarkable insights of both studies are also
found in this chapter.

Still within the framework of single optimization, Chapter 6 presents
numerical results on the basis of three well-based barrier topologies de-
fined by a general volumetric structure featuring very thin top elements
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eligible of geometric simplification as null-thickness bodies. With the in-
tention of both determining how important the role of wells at the top is
in the shielding behavior and leading to more practical designs, similarly
to previous chapter, some geometric modifications are performed on the
optimal designs of one of the proposed models. This chapter ends with the
partial conclusions derived from the analysis of the presented results.

Results on the multi-objective optimization are shown in Chapter 7.
The analysis performed in this chapter focuses on the simultaneous opti-
mization of two objectives in conflict: the maximization of noise attenu-
ation and the minimization of the costs of all barrier material used, rep-
resented by the overall length of the boundaries. The topologies to be op-
timized are those presented and described in the first study of Chapter
5, with the same 2D configuration but just considering perfectly reflecting
barrier surfaces. Under this scenario, two simulation cases are considered
for the optimization: 1) when starting off with a random initial population
and 2) when including the best single-objective optimal design obtained in
Chapter 5 in the initial population. In the analysis of the results, the ben-
efits of this latter case in the improvement of the best found solutions is
discussed.

Chapter 8 summarizes the most outstanding achievements and the
most remarkable conclusions derived from this Study. Specific recommen-
dations for future research directions and developments that may shortly
follow this work are also suggested.

Following the main content of the text, Appendix A includes the numer-
ical aspects concerning the hyper-singular integrals involved in the Dual
BEM formulation presented in Chapter 3. In addition, a long summary in
Spanish covering information relating to Chapters 1, 3, 6 and Chapter 8
is provided at the end of the presented document.

Finally, this document concludes with the bibliographic references ar-
ranged by order of appearance.

1.6 Published works derived from this thesis
The findings derived from the development of this dissertation over
the past four years have resulted in publications and presentations in dif-

ferent events. To end with this chapter, details concerning this scientific
production are presented below.
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Fundamentals of acoustics 2

Noise can be defined as disagreeable or undesired sound or any other
kind of sound disturbance. Acoustically speaking, the phenomenon un-
derlying both noise and sound is the same: the distortion of the propa-
gation medium (the air in exterior acoustic problems) with respect to its
at-rest state. More precisely, both terms are the result of pressure vari-
ations or oscillations in an elastic medium (e.g., air, water, solids, etc.),
generated by a vibrating surface or a turbulent fluid flow. These changes
in medium obey to an energy propagation mechanism denominated wave.
Sound waves are perceived by the auditory system and transformed into
electric impulses whose information is properly interpreted in the brain
to finally get this perception that we call sound. How wished a particu-
lar sound seems to one person sets the limit between sound and noise. In
other words, what is sound and what is noise is determined by the atti-
tude toward the noise source. The differentiation between them is indeed
purely subjective.

The human being is able to detect just sounds within a specific range
of both amplitudes and frequencies. However, the range to which the hu-
man auditory system responds is quite remarkable. Although this capac-
ity may vary between individuals and is adversely influenced by many
factors (age, auditory disorders, temporary or permanent loss hearing by
exposure to high noise levels, etc.), the frequency range associated with
a healthy human varies from approximately 20 to 20 000 Hz, meaning
more than nine octaves (each octave representing a doubling of frequency).
Sound waves below and above these limits are known as infrasound and
ultrasound, respectively. Human vision is also quite remarkable, but far
from comparison with human hearing. The frequency range of vision is
a little less than one octave (about 4x1014 — 7x101* Hz). Within this one
octave range we can identify more than 7 million colors. Making a paral-
lel with auditory system and recalling that the frequency range of the ear
is nine times greater, one can imagine how many sound colors might be
possible. The sensitivity of the auditory system is frequency depending,
though. Furthermore, two sounds with identical pressure levels may be
perceived differently in intensity, according to its spectral content. As an
essential role throughout evolution, it is not surprising that human hear-
ing is most sensitive over the frequency range covered by human speech
(between 2 000 and 5 000 Hz) [116].

The characterization of noise demands, however, a proper definition
of its related waves. As a starting point, an overview of the sound propa-
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gation phenomenon in terms of physical and mathematical aspects when
the sound disturbances are, in some sense, small are presented in this
chapter. As essential in the precise definition of the road acoustic pro-
blem and in the following assessment of screening strategies, a general,
necessary background covering basic definitions and magnitudes related
to the physics of sound and noise are also introduced.

2.1 Introduction

Assuming that the viscosity of the propagation medium (air) is consid-
ered negligible, sound waves can be modeled as elastic waves, that is, that
particles feature both forward and backward lineal movements accord-
ing to direction of propagation around their initial position (the so-called
undisturbed or at-rest position), leading to overpressure and subpressure
regions in the vicinity of each particle. These changes in pressure, caused
when the fluid expands or shrinks, give rise to internal recovery forces
responsible for the pressure wave propagation.

In this way, the term fluid particle has been introduced. Such a par-
ticle is represented by a volume element that is large enough to enclose a
large number of molecules but, at the same time, small enough to enable
the consideration of the acoustic variables as constant along this elemen-
tal volume. In other words, the acoustic variables are properly defined
as an average of the corresponding values of the molecules of air (con-
tinuum medium model). These molecules enter and leave the volume ele-
ment while the overall number of them is considered, on average, constant.
Therefore, the macroscopic properties of the fluid particle are uniform, so
we can speak of particle velocity, particle acceleration, etc., when dealing
with acoustic waves in fluids, similarly to the study of elastic waves in
solids.

Below, the notation of the most common acoustic variables used along
this chapter is provided:

t: time variable.
x=z1i+y]j+ z k: vector that defines the particle position in the undis-
turbed condition. i, j, k are the unit vectors corresponding to the coordi-
nates directions.
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u=ulx, t) =u; i +uyj+ u, k: particle displacement from the equilib-
rium state.

v =V(X, t) = v, i+ vy, j + v, k: particle velocity.

po(x): constant representing the fluid density in the undisturbed state.
p(X) = p(x, t): instant density.

po(X): fluid pressure field in the undisturbed state.

pr = pr(X, t): instant pressure at any point.

p(X,t) = pr — po: acoustic pressure at any point.

c: wave propagation or phase-wave velocity.

2.2 Assumptions and governing equations

The derivative formulation to be obtained can be understood as equiv-
alent to the derivative approach seen in the elastic problem in solids (or,
in general, in any continuum medium), with the same basic relations and
meaning: 1) kinematic equations, 2) constitutive equations and 3) equilib-
rium equations.

Before dealing with the governing equations approach, the fundamen-
tal assumptions taking into consideration in the framework of the intended
formulation are introduced:

* As the viscosity of the medium (air) is negligible, dissipative effects
involving this condition are neglected.

¢ In all the studies addressed we consider the case of propagation of
sound waves through the air and in the vicinity of the noise source.
This allows us to neglect the influence of the gravity, so we assume
that pressure and density are uniform in the domain. This means
assuming that the medium is homogeneous.

¢ The air is considered as a perfectly elastic, isotropic medium. This
means neglecting some effects, such as thermal gradients, on the
sound propagation.

¢ Itis assumed that distortions in the medium due to sound waves are
small enough, so changes in density and pressure are equally small
in comparison with their values when at rest. Under this assump-
tion, changes in both density and pressure levels around a particle
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are well mathematically represented by considering just linear terms
of the series.

¢ It is accepted that the air is initially at rest, with no wind effects.

With these assumptions, the simplest formulation involving the wave
propagation in fluids is obtained. Fortunately, results disclosed from this
model are largely supported by experimental evidence for a wide variety of
acoustic problems. It should be recalled, however, that there are scenarios
of great interest where such assumptions are unacceptable.

2.2.1 Continuity equation

Let us imagine a volume element df2 that, for the sake of simplicity, it
is considered as a parallelepiped of volume d) = dx dy dz. The continuity
relation establishes that for a continuum medium with neither source nor
sink of matter, the net quantity of fluid that enters df2 has to be the same
than the mass increment in df2. This condition relates the fluid movement
to its dilation and compression. Assuming a lineal variation of the velocity
around the origin, the total amount of matter that enters df? in = direction
is equal to:

d(pvz) 9(pvz)
or ox
Thus, the total amount that enters d) due to the flow in the three
coordinate directions is:
Apvg) | O(pvy)  O(pvs)

- |75t 5 +=5 dQ = -V(pv)dQ (2.2)

dQ 2.1)

dz(dydz) = —

where the divergence operator is applied V = a%i+ %j +%k. As previously
stated, the total amount from (2.2) must be equal to the mass increment
in dQ. Thus:

% AQ = —V(pv)dSQ (2.3)

so, finally, the continuity equation is obtained:

% AQ+ V(pv)dQ =0 (2.4)
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dy
P U PV + —a(g:”) dx
ds2

>
>
xT
dz

dx

Ficure 2.1: Fluid flow through elemental volume df2 in z direction.

As usual, the density increment around a particle is expressed in terms
of its at-rest value, by means of the so-called condensation (s) variable:

s=L"F0 (2.5)
<]
thus:
p=po(l+s) (2.6)
Therefore, (2.4) can be re-written (pg is constant) as follows:
% +Viv(l+9)]=0 2.7

With the assumed hypothesis of small disturbances |s| << 1, the pre-
vious equation can be then linearized:

% +Vv+V(sv) =0 (2.8)

The last term is negligible, as corresponds to a high-order infinitesimal
term:
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Js
E + Vv=0 (29)

that corresponds to the linearized continuity equation. The integra-
tion of (2.9) along time must be null (a constant with value different from
zero would mean that the acoustic variables present non-null values when
at rest). This way:

0s
/ (5 + vV) dt =0 2.10)
s0:
s
/ (E) dt = —/(Vv) dt = —V/vdt =—Vu (2.11)
and finally:
s=-Vu (2.12)

This final expression relates unit density fluctuations (and therefore,
the occupied volume) with particle position variations.

2.2.2 Constitutive or state equation

This equation relates the deformations in the fluid medium to the in-
ternal recovery forces, in terms of changes in density (or condensation).
Given its inherent nature, this equation must be defined by any constant
characterizing the properties of the considered continuum medium. Once
assumed both the isotropy of the medium and the absence of shear waves,
the fluid medium is clearly well determined by knowing the value of just
a constant.

At this point it is worth emphasizing that it is the medium behavior
what determines the kind of formal expression for the state equation. In
this sense, experimental evidence allows one to deduce that the acoustic
propagation is governed by a slightly adiabatic process. That is to say,
heat exchanges between nearby particles are negligible. Considering the
assumed elastic behavior of the fluid, with small values of disturbance
in comparison with their values when at rest, we conclude that the fluid
behavior is, additionally, reversible.
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As a perfect gas, the usual form to obtain the isentropic relation be-
tween pressure and changes in density in air can be expressed by means
of a Taylor’s series expansion:

— Ipr 1 (&pr 2
prO+<30)p0(p_p0)+2(8p2 po(p—po) +... (2.13)

where the partial derivatives are constants for the determination of both
expansion and compression of the fluid around its density when at rest.
Within a state with small disturbances the high-order terms can be ne-
glected. This way, a linearized expression is obtained:

0
pr=po+ (%) (p— po) (2.14)
p PO
Defining the adiabatic compression module (K):
0
K = po+ (ﬂ> (2.15)
8’0 Po

the isentropic state equation for small disturbances (|s| << 1) can be writ-
ten as:
p=Ks (2.16)

that, as intended, relates changes in pressure to changes in relative den-
sity by means of a medium-dependent constant. Finally, combining (2.12)
and (2.16) we get:

p=—-KVu (2.17)

that it can be considered as a behavior or compatibility equation.

2.2.3 Equilibrium equation

Under the framework of the assumptions considered (the viscosity and
the adiabatic behavior of the medium is negligible, as well as gravitational
effects), the equilibrium equations are immediately achieved after the ap-
plication of the Newton law on a volume element d? = dz dy dz which flows
with the fluid.
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dy

pr pr + —ng) dx
dQ

.
>

T

dz

dx

Ficure 2.2: Elemental forces on df) in z direction.

In the absence of volume forces, the equilibrium condition along z di-
rection is established as follows:

dfy = dm% (2.18)
with dm being the fluid mass within df2. In the remaining coordinate di-
rections similar expressions are obtained. Considering, as before, a state
featuring small disturbances, a lineal variation of the pressure can be ad-

mitted:

vy

dp

f%d:c(dydz) = ppdQ 5t (2.19)

dp vy

it : 2.2
oz~ Mot (2.20)
and finally in three coordinate directions:
ov

- = po—=— 2.21
VP =rpog, (2.21)

that corresponds to the intended linearized equilibrium equation.
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In the light of expression (2.21), it is worth noting that the internal
forces involved in the process to make particles back to their at-rest po-
sition (the internal recovery forces) are not conditioned by the pressure
values but by their spatial variation.

2.2.4 Wave equation

The continuity (2.9), state (2.16) and equilibrium (2.21) equations, along
with initial boundary conditions (issue discussed in detail in the next sec-
tion), mathematically define the approach of the problem. However, it
is also straightforward to obtain a more simple derivative formulation,
involving just an equation and a variable. While this equation can be
expressed in terms of any acoustic variable (pressure, density, displace-
ment/velocity, etc.), it is decided to express it using pressure as dependent
variable, the most common way to do so. Applying divergence on equilib-
rium equation:

av

— V% =pV 2.22
P=roVo (2.22)
Deriving continuity equation with respect to time:
9%s 0 9?%s ov
Yoy Yygy=2° i 2.23
o2 T o T Var (2:23)
Thus, from both latter expressions:
0?5
2
= po—>5 2.24
Vop = po 2 (2.24)
Using the state equation, we obtain:
2y 0P (2.25)
P=K o :
Introducing the following constant:
c= K (2.26)
Po

with dimensions of velocity, we finally obtain:
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2 1 &p

P= 292
that corresponds to the so-called wave equation. This expression gov-
erns the acoustic propagation in non-viscous fluids and in lineal range of
small disturbances.

The c constant represents the velocity of propagation of waves or phase
velocity. As it can be seen, it is independent from the frequency of the
disturbance what implies that it is assumed that the considered medium is
non-dispersive. c defines the elastic properties of the fluid and depends on
the thermodynamic characteristics of the medium (temperature, pressure
and density). In dry air conditions at 20°C the value of this constant, that
is, the speed of sound in air, can be taken as 343 m/s.

In the presence of either sources/sinks of matter or internal sources of
pressure, expression (2.27) is no longer homogeneous. In both cases, the
continuity and the equilibrium equations are modified. It is possible in
these scenarios, however, to obtain a more general expression of the wave
equation. This generalist wave equation can be conveniently written as
follows:

(2.27)

1
Vi + gb(x, t) =S+ (2.28)

2.2.5 Plane harmonic waves

In the cases when the spatial variation of any acoustic variable is de-
pendent exclusively on just a coordinate direction (so that all points con-
tained in a plane perpendicular to the propagation direction vibrate in
phase) we are dealing with a plane harmonic wave problem. If, in addi-
tion, the boundary conditions and the possible internal sources of pressure
feature a harmonic temporal variation with pulse w, all acoustic variables
also feature the same harmonic variation with the same pulse. Choos-
ing a coordinate system coincident with the wave propagation along the x
coordinate, the following can be written:

plx,t) = pla; w)e™ (2.29)
b(z,t) = b(x; w)e (2.30)
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Substituting these latter expressions into (2.28) leads immediately to
the wave equation in frequency domain:
d’p

1
Tzt kp + C—Qb =0 (2.31)

where p = p(z; w) is the complex response function and the wave number
k = w/chas been introduced. In absence of volume forces (internal forces),
the homogeneous equation to be solved is the so-called Helmholtz equa-
tion:
2
% +kp=0 (2.32)
The dynamic equilibrium equation (2.21) allows us to obtain the fol-
lowing:

— Vp = ipowv (2.33)

For a determined direction 7, the associated displacement v, can be
then written:

op
on
vy = Wy (2.35)

= —ipowuy (2.34)

The general solution of equation (2.32) is a complex expression of type:

p(7; w) = Ae'@t=ha) | geilwtthe) (2.36)

That is to say, it is the contribution of two plane waves featuring, in
general, complex amplitudes. In other words, a forward and a backward
wave, respectively, according to the x propagation direction:

zt: pt = Aeiwt—kz) (2.37)
T p = Beilwtthe) (2.38)
(2.39)

The particle velocity is obtained by derivation:
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vV = U(.ZC' w)l _ 7L@ — iei(wtfkm) - Eei(wﬂrkm) i (240)
’ iwpo 0z | poc poc

Both the forward and the backward wave can be then expressed in the
form:

+

o= P (2.41)
Poc

v = -2 (2.42)
pPoc

The constant value pgc corresponds to the characteristic impedance, a
property of the medium represented by a real number. It therefore follows
that pressure and velocity are in phase for plane waves.

The generalization of the plane harmonic wave in an arbitrary spatial
direction yields the derivative form of the expression:

VZp+k*p =0 (2.43)
with solutions of type:

p(x; w) = Pel@tkx) (2.44)

with x being the position vector and k a vector representing the propaga-
tion direction:

k| =2 (2.45)
C

This way, the constant value kx corresponds to constant phase planes,
that is, parallel planes to the wave front.

2.3 Boundary conditions

The integration of the wave equation (2.43) requires the consideration
of the boundary conditions. In other words, the solution involving any
sound propagation problem in frequency domain must comply with both
this expression and the conditions imposed at the boundaries of the do-
main under study. Three types of boundary conditions are applicable:
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¢ Dirichlet condition (p = p). The sound pressure is known on the
boundary. This is the case of a radiant boundary, that is, a boundary
pulsing with a particular wave amplitude.

¢ Neumann condition (g—ﬁ = ¢). The flux is known on the bound-
ary. The most characteristic example corresponds to a completely
reflective boundary, which features a null flux.

¢ Robin condition (% = —ikpBp). Partially absorbing boundary
(mixed condition). This is the most commonly presented condition
and represents boundaries with capacity of absorbing a portion of
the incident acoustic wave.

The sound pressure and the pressure flux in absorbing boundaries
(Robin condition) are related, in the case of normal wave incidence, by
an absorbing boundary coefficient 5. The next lines are devoted to the
obtainment of such coefficient.

2.3.1 One-dimensional fluid interaction problem

Let us consider two fluid mediums separated by a plane inter-phase.
In one of them (medium 1) a harmonic wave plane propagates with a fre-
quency w towards the medium 2 perpendicularly to the inter-phase (nor-
mal incidence) as seen in Figure 2.3. The acoustic properties of the medi-
ums are characterized by their corresponding acoustic impedances: r| =
poc for medium 1 (the air in this case) and ro = pacy for medium 2. Af-
ter reaching the inter-phase, the incident wave is divided into a reflected
wave (that propagates along medium 1) and a transmitted wave (that prop-
agates along medium 2). Under conditions described above, both the re-
flected and the transmitted waves are also logically plane waves propa-
gating perpendicularly to the inter-phase. Therefore, the problem under
investigation is monodimensional.

In permanent state, the overall wave pressure in medium 1 is the sum
of the incident p; and the reflected wave p,. In the frequency domain, using
complex notation and omitting the temporal variation e** the following
can be written:
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Incident wave

Medium 1
(air: pgc)

Inter-phase

Medium 2
(paca)

Transmitted wave

Ficure 2.3: Transmission and reflection of plane waves (normal incidence)
after changing mediums.
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pi(y;w) = Pi(w)e 1y (2.46)
pr(y;w) = Po(w)e™v (2.47)
ply;w) = pily;w) +pr(y;w) (2.48)

with k; = w/c being the wave number in the medium 1. In the medium 2
just the transmitted wave is considered:

pe(y;w) = Pyw)e *v (2.49)

with k2 = w/co being the wave number in the medium 2, with the expo-
nent signs being properly chosen according to the wave propagation sense.
The plane nature of these waves permits to establish the stiffness of the
mediums as follows:

P Pl P, (2.50)
V; Uy Ut

Note that the transmitted and the incident waves propagate with the
same frequency w but with different wave numbers, as a consequence of
being in mediums with different wave propagation speed. In the inter-
phase, the following conditions must be satisfied for every point and at
every moment (Vz, Vt):

¢ Equilibrium. It demands that sound pressure at both sides of the
inter-phase is the same:

pi(0;w) 4+ pr(0;w) = pi(0;w) (2.51)
¢ Continuity of velocities. This ensures the contact between fluids:
v (0;w) + v (0;w) = v(0;w) (2.52)

Dividing both latter expressions, the continuity of the acoustic impe-
dance normal to the inter-phase (y = 0) is obtained:

pi + Dr _ bt (2.53)

v; + Uy Ut
and the substitution of (2.50) into (2.53) leads to:
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2P, (2.54)

Pi — Pr

It is possible to obtain a relation between sound pressure and sound
flux in the inter-phase by applying relations (2.34), (2.50) and (2.53):

dp ipowv = —ikryw (2.55)
dy
p(0;w) _  p(0;w)ikry _ pe(0;w) — 1y (2.56)
'U(O; w) d£(0 UJ) ’Ut(OQ w)
dy*’
and finally:
(22 _ _ikﬁp> (2.57)
Y ] y=0

and, in general, for any 7 direction perpendicular to the inter-phase:

dp = —ikfBp (2.58)
dn
where the boundary admittance 5 = - has been introduced.

Expression (2.58) corresponds to the previously seen Robin boundary
condition. It relates both the sound pressure and the flux pressure for par-
tially absorbing boundaries and is of application when the medium 2 is a
porous solid instead of a fluid. In this case, the specific acoustic impedance

ro and, therefore, the admittance are normally complex numbers [115].

2.4 Determination of the acoustic impedance of partially
absorbing boundaries. Delany and Bazley model [115]

The application of expression (2.58) as boundary condition on absorb-
ing boundaries involves an estimation of the admittance § of the consid-
ered boundary. To do so, the model developed by Delany and Bazley [115],
widely and successfully used over years in many works, arises as an ad-
equate solution. These researchers propose an empiric relation to deter-
mine the boundary admittance for porous materials, typically used as ab-
sorbing materials. This relation is expressed below:
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—0.75 —0.73
1 149.08 (1031) —i-11.9 <103i) (2.59)
B o o

where f represents the excitation frequency, in hertzs, and o is the air
flow resistivity of the porous material (the inverse to the medium perme-
ability), expressed in Nsm~* in SI units. This latter parameter only de-
pends on the characteristics of absorbing material. The relationship (2.59)
is intended for absorbing materials with considerable thickness and fea-
turing values of ¢ ranging from 103 to 5210° Nsm~*. However, very thin
absorbing materials are normally used in many applications, particularly
in coatings of reflective surfaces. In theses cases, the admittance of the
boundary corresponds to the expression:

Be = ftanh(vye) (2.60)

being 3 the admittance value obtained from (2.59), e the thickness of the
coating, in meters, and « the wave number associated with the wave prop-
agation across the absorbing medium. This latter variable responds to the
following relationship:

v f —0.59 ) f —0.70
1=103 <1o3f> +i-|1+10.8 <10~L> (2.61)
k o o

with k being the wave number of the wave propagation in air.

2.5 Acoustic magnitudes of interest

2.5.1 Sound pressure level

The acoustic pressure is an easily assessable variable. However, hu-
man ear does not respond linearly to the acoustic pressure but does it ap-
proximately linear to the received energy, with the acoustic energy being
proportional to the square of the acoustic pressure.

The lowest acoustic pressure that can be detected by human ear corre-
sponds to 20 Pa, while the highest bearable value before reaching pain
tolerance is about 60 Pa. The pressure range is, as may be seen, fairly
wide. The marked dynamic range of human ear suggests to use a com-
pressed scale to properly represent it. Logarithmic scale fits more ade-
quately than linear scale with the subjective response of human ear, by
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expressing the acoustic energy in units that better adapt to the ear nature.
To avoid a too compressed scale, a multiplying factor of 10 is applied. By
doing this, the decibel (dB) is defined.
The acoustic pressure level p is L decibels higher or lower than a spe-
cific reference pressure p,.s according to the following expression:
L. = 1010 <r>
P = 210 < p2

dB] (2.62)
ref >

with < p? > being the quadratic temporal mean value.

When absolute values (no relative ones) of the acoustic pressure are
intended, the lowest acoustic pressure detected by human ear is used as
reference. The obtained value is defined as sound pressure level (SPL):

<p?>
(20-10-6)2
SPL = 10log;, < p* > +94 [dB] (2.64)

SPL = 10logy, (2.63)

As areference, Table 2.1 enables one to have a notion about the acoustic
annoyance levels associated with every SPL.

TaBLE 2.1: Sonorous sensations and their corresponding sound pressure
levels (SPL).

SPL (dB) Noise source description Sonorous sensation
0 Absolute threshold of hearing -
20 Recording studio Quite noiseless
40 Quite conversation Noiseless
60 Restaurant, mall Noisy
80 Scream, nearby highway Noisy
100 Textile industrial chain Very noisy
120 Ship engine room Unbearable
140 Artillery fire at shoot location Unbearable

2.5.2 Insertion loss coefficient

With the intention of impeding the natural propagation of the sound
wave in the free field, road barriers are placed between the noise source
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and the intended protected area. This strategy leads to the attenuation
of the acoustic energy behind the barrier according to the propagation di-
rection (the so-called shadow region) as a consequence of the reflection of
the incident wave on the obstacle (just a fraction of the incident wave is
diffracted over the top of the barrier - the energy transmission across the
barrier is negligible in practice -). The measurement in decibels of the
referred sound loss is one of the most common strategies to assess the
shielding efficiency of noise barriers. This represents the insertion loss
(IL) by the barrier and determines the difference in acoustic pressure lev-
els at a particular point of the domain in the situation before and after the
inclusion of the screen:

IL = SPLBarrier - SPLHalf—space (2.65)
P Pla-
IL = 1010g10<];)a2"m>1010g10<}251m (2.66)
ref ref
PZ
IL = 10logy| 52 (2.67)
PHS
Py
IL = 201og10(—) (2.68)
Pus

with Pg and Pyg being the acoustic pressure assessed at a particular point
in the situation with an without considering the inclusion of the barrier,
respectively. As can be noted, IL values are, most of the times, negatives
in the shadow region, as the sound pressure in the free field is expected to
be higher with respect to the scenario with the presence of the barrier.

2.5.3 Broadband insertion loss

With the purpose of representing in a number the global efficiency of
the barrier along the whole range of frequencies under study, the broad-
band insertion loss (ILy,1) takes into consideration the complex, subjec-
tive response of human ear in such evaluation. Thus, the assessment of
this parameter for a particular point of the domain is easily accomplished
once both the screening performance of the barrier and the corrections in-
troduced (in terms of decibels) to better represent the human perception
of sound levels at each frequency are known for the considered spectrum:
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NF
Z 10(Ai~1L)/10

ILigger = —10- logyp [ =m———— | [dB(A)] (2.69)

Z 104:/10
i=1

with NF being the number of frequencies considered, A; the A-weighted
noise level according to the noise spectrum (see Table (2.3) and (2.4) as
examples), and IL; the insertion loss value for sources pulsing at every
frequency, in agreement with (2.68).

2.6 Frequency noise characterization

The frequency range associated with a healthy human varies, as previ-
ously seen, from approximately 20 to 20 000 Hz. Such a quite wide range
covers a large variety of noise that, in general, is comprised of many dif-
ferent acoustic components featuring different vibes according to the fre-
quency to which they belong (within the audible frequency range). Noise
characterization demands, therefore, to know the sound pressure level as-
sociated to each mono-frequency component. In practice, however, the ex-
tensive nature of the cited audible range recommends to assemble the in-
formation in bands of frequencies. In this way, each frequency band (of
variable amplitude) represents all frequencies enclosed in such a band.
The resulting noise is in practice well represented if the intensity acous-
tic level associated with each band of the whole audible range is known.
This is what is known as noise spectrum. Depending on the width of the
bands, these can be categorized as one-octave, one-third, one-fifteenth,
etc., bands. A band has a width of one-octave when the highest frequency
value, in hertzs, of such a band is twice the lowest value.

2.6.1 One-third octave bands spectrum

If the logarithmic scale band is evenly divided into three, a one-third
octave band is obtained. Every band is then represented by its central
frequency value. Although the definition of these frequency bands may
be a quite open issue, the fact is that the International Standard Organi-
zation (ISO) recommends the harmonization of bands used in acoustics.
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Table 2.2 represents the octave and one-third octave bands for a specific
frequency range.

TaBLE 2.2: Octave bands, one-third octave bands and their corresponding
central frequencies.

o Octave band 1/3 octave band Band limits
Band n®
central frequency central frequency Lower Higher
17 50 44 57
18 63 63 57 71
19 80 71 88
20 100 88 113
21 125 125 113 141
22 160 141 176
23 200 176 225
24 250 250 225 283
25 315 283 353
26 400 353 440
27 500 500 440 565
28 630 565 707
29 800 707 880
30 1000 1 000 880 1130
31 1250 1130 1414
32 1600 1414 1760
33 2 000 2000 1760 2250
34 2500 2250 2825
35 3 150 2825 3530
36 4000 4000 3530 4400
37 5000 4400 5650

However, as previously mentioned, human ear does not respond equally
to all audible frequencies. The marked subjective character of the sonorous
sensitivity is not only dependent on the acoustic pressure but also to the
frequency. Thus, a particular sound at a certain frequency may be more
unpleasant than other featuring the same sound intensity but with differ-
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ent frequency. That is why some corrections (or weights) are introduced in
frequency spectra, so that the final value may better reflect the subjective
way that frequencies affect us. The A-weighting, the most common used
standard weighting of the audible frequencies, has been proposed to prop-
erly reflect the response of the human ear to noise. In other words, the
A-weighted value of a noise source is an approximation to how the human
ear perceives the noise. Measurements made using this type of correc-
tion are expressed in terms of dB(A), to show that noise is characterized
in terms of A-weighted decibels. Table 2.3 collects the corrections corre-
sponding to the A-weighting normalized traffic noise spectrum, generating
pure tones ranging from 100 to 5 000 Hz corresponding to one-third center
band frequencies, used by the UNE-EN 1793 standard [117].

2.6.2 One-fifteenth octave bands spectrum

The election of one-third octave bands is normally adequate for cov-
ering the information relative to each frequency band. In cases in which
the noise level along the spectrum is strongly frequency-dependent this
discretization, however, may be not enough and the consideration of nar-
rower bandwidth is advisable instead. To properly represent the noise
information along the finer spectrum, the weights associated to such nar-
rower bands must be calculated. As the intensity sound level (ISL) of each
band remains constant (see Figure 2.5), the new corrections are obtained
straightforward according to:

A; =ISL; + 10 loglo w; (2.70)

with w; being the considered width of the new band. As an example, Ta-
ble 2.4 collects the corrections associated to every 1/15 octave interval af-
ter expanding the normalized 1/3 octave band spectrum considered in Ta-
ble 2.3.
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TaBLE 2.3: Corrections (A;) for the A-weighting normalized traffic noise
spectrum by the UNE-EN 1793 standard [117], bandwidth (w;) and inten-
sity sound level (ISL;) of each center band frequency.

£ [Hy Bandlimits . \ipy o [Hzl ISL [dB]

Upper 1
fl fl ower

100 88 113 -20 25 -33.98
125 113 141 -20 28 -34.47
160 141 176 -18 35 -33.44
200 176 225 -16 49 -32.90
250 225 283 -15 58 -32.63
315 283 353 -14 70 -32.45
400 353 440 -13 87 -32.40
500 440 565 12 125 -32.97
630 565 707 -11 142 -32.52
800 707 880 -9 173 -31.38
1000 880 1130 -8 250 -31.98
1250 1130 1414 -9 284 -33.563
1600 1414 1760 -10 346 -35.39
2000 1760 2250 -11 490 -37.90
2500 2250 2825 -13 575 -40.60
3150 2825 3530 -15 705 -43.48
4000 3530 4400 -16 870 -45.40

5000 4400 5650 -18 1250 -48.97
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TaBLE 2.4: A-weighting one-fifteenth noise spectrum derived from the nor-
malized one by the UNE-EN 1793 standard [117] for one-third octave
bands. Corrections A;, bandwidth (w;) and intensity sound level (ISL;)
of each center band frequency.

£ [Hz)  Dandlimits 1 ISL [dB] A; = ISL; + 10logiow; [dB]

upper l
fl f1 ower

100 97 102 5 -33.98 -27
104 102 107 5 -33.98 -27
109 107 112 5 -33.98 -27
114 112 117 5 -34.47 -27
120 117 122 5 -34.47 -27
125 122 128 5 -34.47 -27
131 128 134 6 -34.47 -27
137 134 141 7 -34.47 -26
144 140 147 7 -33.44 -25
151 147 154 7 -33.44 -25
158 154 161 7 -33.44 -25
165 161 169 8 -33.44 -25
173 169 177 8 -33.44 -24
2895 2828 2962 134 -43.48 -22
3031 2962 3102 140 -43.48 -22
3150 3102 3249 147 -43.48 -22
3325 3249 3403 154 -43.48 -22
3482 3403 3564 161 -43.48 21
3647 3564 3732 168 -45.40 -23
3819 3732 3909 177 -45.40 -23
4000 3909 4093 184 -45.40 -23
4189 4093 4287 194 -45.40 -23
4387 4287 4490 203 -45.40 -22
4595 4490 4702 212 -48.97 -26
4812 4702 4925 223 -48.97 -25
5000 4925 5157 232 -48.97 -25
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Ficure 2.4: One-third octave bands and corresponding corrections accord-
ing to the normalized traffic noise spectrum by the UNE-EN 1793 stan-

dard [117].
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Ficure 2.5: Some one-fifteenth octave bands and corresponding correc-
tions after expanding the normalized traffic noise spectrum by the UNE-
EN 1793 standard [117] .
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Dual boundary elements formulation 3

The improvement of the acoustic performance of standard, commonly
used road barriers without increasing the effective height is a challeng-
ing task. These simplest form of noise barriers are based, very often, on
a simple vertical screen. Although such configurations can perform well
under particularly good conditions, the fact is that the noise reduction by
diffraction associated with these highly reflective barriers is almost neg-
ligible. There is then a real need of proposing alternative shapes that
raises the shielding efficiency of these regular barriers. In this direction,
some designs have been proposed over the past years with varying degrees
of success. Generally speaking, it was found that configurations showing
higher levels of sound reduction were those presenting some kind of mod-
ification on the barrier top, e.g., tilted, multiple-edge, T-, Y-, M-, cylinder-,
arrow-shaped barriers, etc. Other more complex designs have addressed
the issue by considering well-based designs on the basis of sequence num-
ber series, such as Maximum Length Sequence (MLS), Quadratic Residue
Diffuser (QRD), Primitive Roots Diffuser (PRD), etc.

The geometric nature of many of the aforementioned designs is diverse.
Some of them are very thin barriers whose section along the overall config-
uration can be idealized as a single-wire body, for shielding efficiency un-
affected by such simplification of reality. In other cases, the road barrier
is comprised of a general volumetric configuration featuring very thin ele-
ments eligible of geometric simplification, as commented above, in which
the section is neglected.

The appropriate treatment of these designs from Boundary Elements
(BE) demands an approach that permits to overcome the main drawbacks
arising from the direct application of the standard formulation of the
Boundary Element Method (BEM). In this respect, the so-called Dual BEM
approach arises as the most appropriate strategy involving BE to address
the subject by 1) mitigating the fictitious eigenfrequencies revealed when
dealing with volumetric structures and 2) permitting to consider the ideal-
ization of very thin elements as single-wire bodies. Both difficulties have
strong presence in the barrier models studied in this work.

Depending on the geometric nature, this approach is applied differ-
ently. The features of the classical, the hypersingular and the Dual BEM
formulations (according to the different approaches) are described in de-
tail in the next sections.
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3.1 Singular boundary integral equation (SBIE). Classical
BEM formulation

The SBIE for the boundary point : to be solved by BEM can be ex-
pressed as follows:

cip; +][p% dl' = Go(k,r) + / %G(k,r) dar 3.1)
r nj

T TL]

This integral equality just involves the boundary of the barrier under
investigation. The { symbol represents the integral along the boundary
to be understood in the Cauchy principal value sense, once the singularity
around the collocation point i has been extracted (¢;), as shown in Fig-
ure 3.1. In (3.1), p is the acoustic pressure field over the barrier surface
and G(k,r) is the half-space fundamental solution (the acoustic pressure
field when the source is placed at the collocation point i over a plane with
admittance 3, - ground admittance -) and ¢; is the free term. As a general
rule: ¢; = 6/27, where 60 represents the inner angle to the boundary mea-
sured in radians. It is easily shown that ¢; = 0.5 for smooth boundaries.

The expressions of the fundamental solution and its derivative for a
perfectly reflecting ground (5, = 0) for bi-dimensional, harmonious prob-
lems are:

Glk,r) = % (Ko (ikr) + Ko(ikT)] (3.2)
oGUr) k. O o oF
le =5 Kl(zkr)anj + K (ikF) an, (3.3)

being i the imaginary unit, & the wave number and r, 7 the distances to
the observation point from the collocation point and its symmetric point
with respect to the ground plane, respectively (see Figure 3.1). Ky and K;
are the Bessel modified functions of order 0 and 1, respectively.

By applying (3.1) on a node i of the boundary discretization and interpo-
lating the variable with quadratic elements, the following can be written:

NE 3 NE 3

Cz"pﬂrZZPf-hfk=p8+Zqu~gfk (3.4)

k=11=1 k=11=1
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with N FE being the overall number of elements. The repeated application
of (3.1) on each node of the boundary discretization leads to the following
system of equations:

(C°+H)-P=G Q+ Gy (3.5)

where C? is a diagonal matrix whose entries involve the free term val-
ues at the nodes of the discretization, P, Q are the pressure and the flux
(the derivative of the pressure with respect to the normal at each boundary
node) vectors, Gy vector stores the values of the fundamental solution con-
cerning the external noise source and H, G are matrices whose entries are
associated with the integration cores of the BEM formulation, involving
just the variables of the problem along the barrier boundary:

: oGk, e [
h;k:/ %@dfk ; glk:/ G(k,r) ¢y dT (3.6)
Ty Nk Tk

with ¢ being the collocation point, k£ the element under integration and
¢; the shape functions with quadratic approximation of the local variable
¢ along the element under integration, both to get the acoustic pressure
level along the boundary (3.7) and to fit the barrier profile (isoparametric
elements). The sound pressure in the element % can be then expressed as
follows:

3
PF =Y dipf = é1pf + b2 ph + d3ph (3.7)
=1
being:
1
GO =26 (€~
P =1-¢€ (3.8)
Ba(€) = 1€ (€+1)

3.2 Hyper-singular boundary integral equation (HBIE)

The HBIE for the boundary point i to be solved by BEM can be written
as follows:
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Unbounded
domain € (air)

Estrategy to avoid
singularity around i

Element k under  Shape functions
integration of the element

01(6) 2(6) 6a(6) |

0
0
0
Source point T
(T yi) =¥
Half-space (needs
not to be discretized) By=0

Image point
(@iryi)

Ficure 3.1: Source-image collocation after discretization of a M-shaped
barrier with quadratic elements (3 nodes). Integration over a generic ele-
ment k. The collocation point is denoted by i while the observation point in
the element under integration is denoted by j (after element discretization
with Gauss point distribution).

. 2 . . .
o ((9171) pa G(k,7)dr :][ 8G(k77)@dr+ 0Gy(k,r) 3.9)
T 8”1877/] r

on; on; On; on;

where the f and f symbols represent the integral along the boundary to
be understood in the Hadamard finite part integral and in the Cauchy
principal value sense, respectively. As the Holder condition [118] must be
satisfied at the collocation point i, the numerical treatment of the hyper-
singular formulation can be conducted either 1) by using discontinuous
boundary elements or 2) by moving the source towards inside the element
in a non-nodal point (see Figure 3.3). In both strategies and in all situa-
tions ¢; = 0.5 in (3.9).
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Expressions (3.10) and (3.11) show the values of the derivatives of the
fundamental solution implied in the hyper-singular integral equation (3.9):
OG(k,r) ik

or L OF
o, on {Kl(zkr) on; + K, (ik7) 87711} (3.10)

PG(k,r) _ (ik)? or or
“omon; 2w KKQ(”")(? an, v Ka(ikr) s m)+ (3.11)

or or 1 o
<K2 (zkr)a—rlé + = Ky (ikF)ny - r@)}
j

As in (3.1), i is the imaginary unit, k¥ the wave number and r, 7 the
distances to the observation point from the collocation point and its sym-
metric point with respect to the ground plane, respectively. It is worth
making a distinction here regarding the normal vectors involved in the
expressions above. n; is the normal to the boundary at the integration
point and n; (n’,n}), nr (n,-n},) represent the normal vectors to the real
boundary at the collocation point (i) and at its symmetric point (I) placed
on a fictitious, symmetric boundary with respect to the ground plane, re-
spectively. K7 and K, represent the Bessel modified functions of order 1
and 2, respectively.

By applying (3.9) on a node i of the boundary discretization and inter-
polating the variable with quadratic elements, the following can be writ-
ten:

NE 3 ) aGo k ’f’ NE 3
ciogit Y,y pfomit= +3 N gt (3.12)
k=11=1 k=11=1

with N FE being the overall number of elements. The repeated application
of (3.9) on each node of the boundary discretization, as in the classical
formulation, leads to the following system of equations:

aG" (3.13)

M.P:<L—ch)

where C" is a diagonal matrix with entry values of 0.5, P, Q are the pres-
sure and the flux (the derivative of the pressure with respect to normal
at each boundary node) vectors, %—%’ array stores the values of the deriva-
tive of the fundamental solution coﬁcerning the external noise source, and
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M, L are matrices whose entries are associated with the integration cores
of the hyper-singular BEM formulation involving just the variables of the
problem along the barrier boundary:

. P2G(k, . Gk,
mik = TGET) 4 ar, ik = / #@ dry, (3.14)
Ty i

JTy, 877,2 n;

with i being the collocation point, k¥ the element under integration and ¢,
the shape functions with quadratic approximation, with £ representing the
local coordinate within the element with side limits (-1, 1) (see Figure 3.3).

The numerical strategies employed in the evaluation of both the sin-
gular and the hyper-singular BEM integrals have been developed and im-
plemented in a computer code by following the patterns proposed by Saez
et al. [119].

3.3 Dual BEM formulation

Once the SBIE and the HBIE have been presented, the following sub-
sections focus on the different approaches involving the combined use of
these formulations in the so-called Dual BEM formulation. As previously
stated, this variant of the BEM is the most appropriate strategy from the
Method for the treatment of the road barriers assessed in this document.

3.3.1 Approach for avoiding fictitious eigenfrequencies

Some undesirable problems may arise at certain frequencies when deal-
ing with volumetric elements in exterior problems. These mathematically-
related effects reveal the eigenfrequencies of the interior acoustic problem
(the eigenvalues of the classical BEM matrices) and may seriously dis-
tort the screening performance of the barrier. An appropriate solution to
this problem is that derived from the formulation proposed by Burton and
Miller [109] for the exterior problem featuring a fictitious resonances-free
solution. This formulation is based on the combined use of both the SBIE
and the HBIE coupled by a frequency-related complex value (). In this
case, the expression for the boundary point i to be solved by BEM can be
written then:
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N N PYe
0
0.5 (pi + aq) +]E:1 (hj +amj) p ]221 (95 + aly) (Go—l—a an,-)

(3.15)
In (3.15), p is the acoustic pressure field over the barrier surface, g is
the flux (the derivative of the pressure with respect to the normal at each
boundary node) and G and aGO the half-space fundamental solution and
its derivative concerning the external noise source, respectively. Finally,
h and g are the integration cores of the BEM formulation and [ and m the
integration cores of the hiper-singular one, involving just the variables of
the problem along the barrier boundary with N nodes after the discretiza-
tion process. The most commonly used value for the coupling parameter is
found to be o = i/k [120, 121], being ¢ the imaginary unit and k the wave
number. The hyper-singular formulation of the method demands the collo-
cation point j to be inside the element. This way, the free term is assumed
as 0.5 in all cases.
The absorptive capacity of the barrier boundary is usually determined
by means of the Robin boundary condition, so the pressure value and its
derivative at each node are related:

q; = —ik Brp; (3.16)

This way, (3.15) can be written matricially:

05 (18 I+H+ (i/k)M + (ikG—L) 8] - P = Gol(z'/k) % 0
with I being the identity matrix.

3.3.2 Approach for the idealization of for very thin elements as single-
wire bodies

The nature of the issue is different when dealing with very thin bod-
ies. In this case, numerical integration problems may appear affecting,
equally, to the barrier performance. The idealization of such boundaries
as non-thickness bodies not only solves the problem but also contributes
to ease their geometric representation. With this aim, the SBIE and the
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HBIE are applied separately ([47, 54]). Figure 3.2 facilitates comprehen-
sion. The boundaries at both sides of the idealized null-thickness bod-
ies are represented by the discretization, with disparate values of acous-
tic pressure and flux. The application of the classic formulation of the
method, based on the SBIE applied at both sides of null-width elements,
yields a singular system of equations that does not allow the solution of
the problem to be obtained. However, the use of both the SBIE and the
HBIE (hyper-singular boundary integral equation) leads to a Dual BEM
formulation that offers a proper solution to address this issue.

(a) (b)

Ficure 3.2: (a) Geometric idealization as single-wire configuration of a
barrier featuring a very thin section. (b) Strategy used to avoid the singu-
larity around the collocation point in the Dual approach for the treatment
of elements idealized as null-thickness type (see e.g. [95, 122]).

Figure 3.2(a) represents an idealization of a generic thin body to be
solved by the Dual BEM formulation. After a discretization process, each
node holds the values of pressure and flux with respect to the bound-
ary normal (p™, g7, p~, ¢~ hereinafter). The strategy used to isolate the
singularity of the method in this type of domains can be seen in Fig-
ure 3.2(b) [95, 122]. Thus, the BEM expression for these boundaries can
be written as follows:
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0.5 (57 +py ) +2N:< S H ) = EN:( F+Gray) + Golk,r)
j=1

j=1
(3.18)
being N the overall nodes number of the discretization over the boundary.
Taking into account that nt = —n~, it is easily shown that:

+ - .
Hf =-H;

GJr Gy (3.19)

Considering the Robin boundary condition (3.16), the following matrix
expression is obtained:

051 +H+ikBG) P =Gy (3.20)

being I* a matrix with the following form:

110000 00
00110000

r=1. .. ... . .. (3.21)
000000 -+ 11

that allows us to consider the contribution of the free term at both sides
of the discretization nodes.

As previously mentioned, the application of the SBIE at each collo-
cation point of the discretization (nodes) yields an incompatible system
of equations (two unknowns exist for each node), making the problem
intractable. However, the application of the HBIE as a complementary
formulation permits us to address the subject successfully by introducing
the remaining equations that allows the problem to be solved. The hyper-
singular expression concerning these types of geometries is then obtained:

05 (2P, On - al
. <an+ >+Z( FMipy ) =Y (Lfaf +Lay) (3:22)

Jj=1 Jj=1
where:

Op;

+
on,;
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Considering the Robin boundary condition (3.16), the following matrix
expression can be written:

Gy
8TLZ'

Finally, gathering expressions (3.20) and (3.24) the following matritial
system is obtained for the proper assessment of noise barrier configura-
tions idealized as bodies with null section:

[ikB (05T +L)+M]-P= (3.24)

051 +H+ikBG Go
~{P} =1 96, (3.25)
ikB(0.5T +L)+M on;

3.3.3 Approach for volumetric configurations featuring very thin bod-
ies idealized as null sections

This general Dual BEM approach incorporates both versions of the
Dual formulation, permitting us to assess the shielding efficiency of road
barriers based on volumetric structures featuring very thin elements. Ac-
cording to some of the expressions obtained in previous sections and de-
noting:

Ay = 051+ I+H+(i/k)M+ (ikG-L) B (3.26)

Ay = 05" +H+ikpG ; A3=ikpB(05I"+L)+ M (3.27)
_ . 0Go . ) _ 0Gy

B] = G().(Z/k)TnZ ; B2—G() ; B3— 8ni (328)

the final Dual BEM matrix expression for barriers with thin and non-thin
bodies may be written as follows:
Ay

B,
{P3={By (3.29)
A B;

In (3.29), Ay is a Nppicr © Nyp, matrix and Ag, Ag are Nypin © Nynk
ones. In this case, Nyp;.x and Nrpyp;, represent the number of nodes in-
volving the discratization of elements with real sections and those ideal-
ized as null-thickness type, respectively, while Ny, is the unknowns of

Ay
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the problem (Npp;cr + 22 N7pin). In accordance with this nomenclature,
P is a Ny,,-dimension array that stores the pressure values according to
the barrier discretization, By is a Npp;-dimension array and By, Bg are
Nrpin-dimension ones.

3.4 Sound pressure in the domain

Once the variables on the barrier boundary are known, the acoustic
pressure values at any internal point (receiver position) can be easily ob-
tained, as usual, by applying the standard BEM formulation:

NUnk
P =Golk,r) = > (hj+ikBg)) p, (3.30)

=1

3.5 Discretization criterion applied

At this point it is important to note that the discretization process is
frequency-dependent. In this regard, all simulations in this work have
been performed with barrier boundary discretization featuring four ele-
ments per wavelength at least. A good convergence of results by applying
this meshing criterion has been observed in previous numerical experi-
ments carried out by the researcher of this work. Furthermore, this crite-
rion is in line with other works [7, 123].

Some special procedures to tackle both sharp-angled boundaries and
sharp angles between boundaries are considered. In order to assure the
convergence of the numerical integrations of nearly singular integrals, the
computing code used in this work implements two strategies. One of them
is based on the procedure proposed by Telles [124], consisting in the re-
allocation and concentration of the Gauss points around the point with
the minimum r distance within the element under integration. The other
strategy consists in the subdivision of the associated element from the
barrier discretization into multiple sub-intervals, depending on the mini-
mum r distance to the quasi-singular point. The final result is the overall
sum of the numerical integration applied to each sub-interval of the ele-
ment.
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3.6 Collocation point strategy performed

As for the SBIE formulation, the code that implements this formula-
tion for the studies of this work makes use of nodal collocation with the
exception of the nodes placed at non-connected extremes of boundaries,
where a non-nodal collocation strategy is employed.

Figure 3.3 represents the strategy used in the implementation of the
hyper-singular BEM formulation when assessing the acoustic efficiency of
the road barriers presented in this document. As previously mentioned,
a non-nodal collocation is required in the extreme nodes of the elements.
Extensive references concerning the choice of § value can be found in sci-
entific literature (e.g., [123, 125]) for discontinuous elements.

(1)

Natural coordinate &
along the element

PC1
(6= -09)

@
£=-1

Ficure 3.3: Non nodal collocation points at the bound limits of the element
when dealing with the hyper-singular BEM formulation: (1) collocation
point PC1; (2) collocation point PC2; (3) collocation point PC3.

For the cases here presented, the collocation point strategy has been
carried out with a well-proven distance of 6 = 5% of the element length
for the point displacement towards inside. The election of this value has
been substantiated by previous numerical experiments carried out by the
authors of this work. Even so, differences in results associated with the
election of § (within the framework of the ranges used in the bibliography)
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are not significant, particularly given the fact that sound pressure levels of
interest here are those neither at the barrier boundaries nor at the barrier
corners but at the receiver points.

3.7 Validation studies

This section collects the validation cases conducted of the Dual BEM
approaches introduced above. Analyses are presented in terms of the
acoustic behavior of road barriers when assessed both with the reference
classical BEM formulation and with the corresponding Dual BEM ap-
proach.

The need of implementing the Dual BEM formulation when dealing
with volumetric structures is clarified in Figure 3.4. As easily observable,
the Dual BEM approach provides an efficient, adequate solution to avoid
the resonance frequencies associated with the inner structure of the ba-
rrier. In spite of the problems studied here are outdoor-type, these ficti-
tious frequencies are revealed when applying the standard formulation of
the Method, greatly distorting the shielding efficiency (high peak values
of IL in the graphic) of the barrier at such frequencies. The importance of
the issue is undisputed, especially within an optimization process where
the best individuals may be selected according to this unrealistic screening
performance.

The convenience of representing very thin road barriers as single-wire
bodies is highlighted in Figure 3.5. In this case, the Dual BEM approach
greatly eases the geometry generation of the barrier profile when com-
pared with the real representation. This effect is more noticeable as the
topological complexity of the barrier increases. Besides, and no less im-
portant, the idealization of very thin sections as null-thickness type helps
mitigate numerical integration problems that may appear when dealing
with quasi-singular points. As observed in the graphic, this latter issue,
however, is not of concern for this particular case.

Finally, Figure 3.6 represents the acoustic performance evolution de-
rived from the analysis of a road barrier previously studied in the liter-
ature by Monazzam et al. [13] (the so-called Quadratic Residue Difffuser
(QRD) top). In accordance with the results presented in such work, the val-
idation is performed on the basis of 1/15 octave band center frequencies.
The Dual BEM approach proposed is truly convenient when dealing with
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complex configurations eligible for some sort of geometric simplification,
as in the presented case. For the ease of viewing, the general volumetric
structure of the QRD-based barrier is represented in blue, while very thin
sections are idealized as single-wire bodies and depicted in red. As ob-
served in the graph, despite the differences observed at some frequencies,
results derived from the Dual BEM formulation agree well with numerical
outcomes from the aforementioned work with the standard BEM formula-
tion.

M-SHAPED BARRIER
WITH REAL DIMENSIONS SHIELDING EFFICIENCY EVOLUTION. FREQUENCY RANGE WITH STEPS OF 1 Hz
3.5 0
Standard BEM formulation (SBIE) ———
-5 Dual BEM approach for avoiding fictitious eigenfrequencies
3.0
-10
25 15
_ 20 2
£ 3 25
> =
5 -30
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Ficure 3.4: Validation of the Dual BEM approach in a volumetric M-
shaped barrier. Noise source and receiver are located at (-10.0, 0.0) and
at (50.0, 0.0), respectively.
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Ficure 3.5: Validation of the formulation in a benchmark very thin Y-
shaped barrier. Noise source and receiver are located at (-10.0, 0.0) and
at (50.0, 0.0), respectively.
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Ficure 3.6: Validation of the presented Dual BEM formulation for volu-
metric barriers with very thin elements. Comparative results with those
by Monazzam et al. [13]. Noise source and receiver are located at (-5.0,
0.0) and (50.0, 0.0), respectively.
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Fundamentals of evolutionary optimization 4

In the pursuit of imitating nature, an adequate approach on the basis
of natural evolution arises to both solve and optimize problems leading to
results no achieved to date by any other known method. This is the case
of Evolutionary Computation, currently presented as a powerful tool for
Sciences and Engineering.

Under the umbrella of Search Optimization Techniques, Evolutionary
Computation (or Evolutionary Algorithms) covers a wide range of problem-
solving methods based on principles of biological evolution (see Figure 4.1),
such as natural selection and genetic inheritance, in which the survival of
the fittest along time leads to the predominance of the best individuals.
In other words, Evolutionary Computation Techniques incorporates evo-
lutionary principles into algorithms that may be used to search for optimal
solutions to a given problem.

These techniques are being increasingly applied to a variety of prob-
lems according to the development of computers. This way, the high time-
consuming task of resolving a problem several times can be easily ad-
dressed by computers permitting, after the proper codification of the pro-
blem, the convergence to optimal solutions within the frame of the require-
ments defined.

Evolutionary | EVOLUTIONARY tion-
programming ALGORITHMS Oppos™ ‘d
pase

variations

Ficure 4.1: Taxonomy of Evolutionary Optimization Techniques (based
on [126]).

As an essential part of the methodology developed in this document
in the pursuit of improved noise barriers, this chapter presents a brief
overview of Evolutionary Algorithms (EAs) and, more specifically, of Ge-
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netic Algorithms (GAs). In this line, a brief, general description of the
bases of the selected GAs and the main features of the codes that imple-
ment them are detailed.

4.1 A brief introduction to Evolutionary Algorithms

Evolutionary Algorithms (EAs) are stochastic search methods that
have become popular for solving many engineering problems, including
search, optimization and design problems, among many others. Based on
the imitation of natural biological evolution (simulated evolution), these
algorithms are an excellent tool when searching for solutions to complex
problems, where the mathematical functions that describe them are, very
often, unknown. Broadly speaking, EAs operate on a population of poten-
tial solutions applying the principle of survival of the fittest to produce
better and better approximations to a solution.

As seen in Figure 4.1, there are different types of evolutionary algo-
rithms. Genetic algorithms (GAs) and evolution strategies are two of the
most basic forms of evolutionary algorithms. GAs were developed in the
United States by J. Holland and his students [127] focusing mainly on the
genetic operators: selection, crossover and mutation. Evolution strategies
were developed in the mid 1960’s at the Technical University of Berlin un-
der the leadership of P. Bienert, I. Rechenberg and H.-P. Schwefel. These
strategies tend originally to real-valued representation [128] of optimiza-
tion problems, prioritizing mutation over crossover. Population size is, in
general, smaller than that normally used in genetic algorithms. While
these both paradigms have been widely used for optimization, GAs have
had a prominent role in search, optimization and machine learning [127,
129], while evolution strategies have focused mainly on optimization [130—
132]. Later on, genetic programming was conceived as an evolutionary
methodology for automatic programming and machine learning [133, 134],
gaining a considerable importance in the field of Evolutionary Compu-
tation. The remaining strategy of interest in this field corresponds to
evolutionary programming. These strategies were first developed in the
1960’s [135] but were inactive until 1990’s [136], when were redefined in
a way very similar to evolution strategies. Each of this paradigms has its
own strengths and weakness, though.

Evolutionary algorithms differ substantially from traditional search
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and optimization methods. In a traditional search algorithm, a number of
possible solutions to a problem are available with the purpose of finding
the optimum in a given time. When the search space (the space where the
entire range of feasible solutions are) is reduced, the optimal solution may
be obtained in a reasonable amount of time. This search greatly compli-
cates as the search space grows in size, though. The main benefit of EAs,
and that distinguishes them from traditional ones, lies in the fact that
they are categorized as population-based search algorithms. More specif-
ically, through the adaptation of successive generations of a large number
of individuals (population) an EA performs an efficient directed search.

Below, by way of a summary, the most significant differences between
evolutionary algorithms and more traditional search and optimization tech-
niques are listed:

¢ EAs feature a search of points in parallel instead of a single point
search.

¢ The direction of search is guided just by the objective function and
the corresponding fitness levels so they do not require additional in-
formation or knowledge.

¢ EAs use probabilistic transition rules instead of deterministic ones.

¢ Their application is straightforward in the sense that no restrictions
in the definition of the objective function are required (within a well
defined search space of feasible solutions).

* These algorithms, when used with the proper tools, can cope with
multi-modal functions so a number of equally valid potential solu-
tions are provided for the decision-makers.

As selected strategy in the improvement of the shielding efficiency of
the noise barriers studied in this thesis for their proven suitability in find-
ing optimal solutions relatively shortly, the bases of Genetic Algorithms
paradigm are briefly introduced in the next section.

4.2 Genetic Algorithms: an overview

The most popular technique in Evolutionary Computation research is
the Genetic Algorithm (GA). The concept of GA was first developed by Hol-
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land and his colleagues in the 1960s and 1970s [127], inspired by the evo-
lutionist theory explaining the origin of species. In short, in nature weak
and unfit species within their environment are faced with extinction by
natural selection.

These algorithms are metaheuristic, search-based global, adaptative,
iterative and robust methods inspired, generally speaking, on the process
of nature evolution, a scientific theory based on considering that some
species are derived from others after DNA sequence alterations along time.
Among all living beings result of both natural combination (crossover) and
mutation, a wide variety of individuals, on which natural selection oper-
ates prioritizing the best adapted forms to the environment (survival of
the fittest), is obtained. In other words, the fittest ones have greater op-
portunity to pass their genes to future generations via reproduction. In
the long run, species carrying the best combination in their genes become
dominant in their population. Sometimes, during the slow process of evo-
lution, random changes may occur in genes. If these changes provide ad-
ditional advantages in the challenge for survival, new species evolve from
the old ones. Unsuccessful changes are eliminated by natural selection.

Every problem to be optimized following this paradigm must be prop-
erly defined according to the so-called representation scheme: the set of
possible solutions that form the search space codified in arrays of bits
(chromosomes). This way, the process starts off with the creation of the
initial population, based on a certain number of individuals or possible
solutions (random-based or specifically included by the user). The whole
optimization process is comprised of a series of iterative steps until a so-
lution satisfies a pre-defined termination criterion, either convergence or
generation limit. Each individual of every population (of the initial pop-
ulation and the successive ones along the process) is evaluated according
to the so-called fitness function, that is defined according to the intended
requirements of the problems under study and determines how well an
individual is adapted. Based on this parameter, a certain number of in-
dividuals are chosen (selection) to be parents and produce new individu-
als (offspring) after the information exchange (crossover) between them by
means of their chromosomes and/or the random variation of such infor-
mation (mutation). The fitness function of these new individuals are then
determined. Finally, survivors (the best adapted individuals) are selected
from the old population and the offspring to form the new population of
the next generation. Thus, the average quality of the chromosomes (rep-
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resentatives of the solutions of the considered problem) of the population
is progressively improved in terms of fitness. The outline of the basics of
this paradigm is shown below:

1. Start. Generate either a random-based or a specifically included
population of n individuals (chromosomes), that is, feasible solutions
of the problems.

2. Fitness. Evaluate the fitness of each chromosome in the population.

3. New population. Create a new population by repeating the follow-
ing steps until the new population is complete:

(a) Selection. Select two parents’ chromosomes from a population
according to their fitness (the better the fitness, higher the
chances to be selected).

(b) Crossover. With certain probability, cross over the parents to
form new offspring (children). If no crossover is performed, off-
spring is an exact copy of their parents.

(c) Mutation. With certain probability, mutate new offspring by
varying some information of the chromosome.

(d) Acceptance. Place the modified offspring into the new popula-
tion, after being assessed in terms of their fitness.

4. New run. Use the new generated population for a further run of the
algorithm.

5. Test. If the end condition is satisfied, stop and return the best so-
lution in the current population; if not, repeat the process from step
3.
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Seed population
Generation of n individuals

Evaluation of the fitness
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Ficure 4.2: Generic flow diagram of the basis of a genetic algorithm.
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4.3 Description of the performed genetic algorithm (GA)

The single optimization algorithm used in the studies presented in this
document deals with the GAlib package [112], a collection of C++ GA com-
ponents from which it is possible to quickly construct GAs to address a
wide variety of problems. The main features of the algorithm and the pa-
rameters used in the GA code implemented in such studies are described
below.

4.3.1 Chromosome representation

The representation of the feasible solutions to our problems (the valid
geometries for a particular noise barrier model) is performed in the style of
a string of binary bits that map to real numbers: binary-to-real represen-
tation. Each position in the string (chromosome) is assumed to represent a
particular feature of an individual, called genes (the design variables in the
case of the design optimization of noise barriers), and the value stored in
that position represents how that feature is expressed in the solution (the
overall geometry configuration of the barrier). GA operates with a collec-
tion of chromosomes, called population (set of different barrier configura-
tions), which is normally randomly initialized. As the search evolves, the
population includes fitter and fitter solutions and eventually it converges,
meaning that it is dominated by a single solution.

As the number of feasible solutions is endless, the representation
should be precise enough to perform a good equilibrium between the con-
sideration of a reasonably large number of possible solutions and an ad-
equate, fast convergence of the problem. In this line, all barrier models
introduced in this document are represented by chromosomes determined
by design variables coded with binary precision no longer than 8 bits.

Let us introduce an explanatory example, based on references [71, 72],
to ease comprehension of the process involving the geometrical definition
of the barrier designs proposed by the optimizer. Figure 5.2 represents
a simple procedure to mathematically represent the barrier geometry, in
this case, a Y-shaped model. The design points of this model are defined in
a systematic, simple way in a reference domain - Figure 5.2(a) - as a pre-
vious step to the barrier profile generation in the real space - Figure 5.2(c)
-. As shown, the characterization of this specific profile is performed on
the basis of the design variables of points P;, Po and P3 that define the
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geometry in the GA search space of feasible solutions: &1, 1, &2, 12, £&3 and
n3. More specifically, the encoding of such design variables (genes) in this
particular case is made by using binary variables of 8 bits precision. This
way, the total length of the chromosome (n,) is 48 bits (see Figure 4.4).

(a) (b) (c)
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Ficure 4.3: Bi-dimensional coordinate systems and transformation pro-
cess from the transformed domain into the Cartesian domain. Example
of a particular Y-shaped barrier geometry (individual) based on six design
variables (genes).

The search space, according to the codification of the design variables
with 8 bits, is discretized into 255 elements in both orthogonal directions of
the domain, representing £ and 7 ranges. Thus, the transformed domain
is divided into 256 values (2%) ranging from 0 to 255 (in representation
of 00000000 and 11111111 binary numbers, respectively) in both coordi-
nates, so the binary representation of every design variable (a particular
point in the grid) has a direct (£, ) point image. By repeating the process
for every binary representation (genes) of the chromosome, a set of real
values representing the coordinates of the design variables of the barrier
in the transformed domain is obtained by applying a proper transforma-
tion - see Figure 5.2(b) - of such coordinates into the 2D Cartesian domain.

Using the chromosome value from Figure 4.4 as starting point, the final
Y-shaped geometry can be obtained following the steps above. Figure 4.6
shows the real barrier geometry and the corresponding values in the real
space of every design variable according to seen in Figure 4.5.

76 Shape optimization of noise barriers | Instituto Universitario SIANI



Fundamentals of evolutionary optimization 4

Chromosome
&lm]&[n[&]n]
I()l100000|10001000|00000011 11111111|11111111|11110010|
— R S
Gene #1 cee Gene #6
— _
~

Chromosome length (ne)
ney, = n° of genes x bit encoding per gene = 6x8 = 48 bits

Ficure 4.4: Example of chromosome encoding with binary variables of 8
bits precision.
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Ficure 4.5: Mesh discretization of the GA search space into 255 elements
in both orthogonal directions (design variables £ and 7 coded with 8 bits).
Each point of the mesh has its (¢, ) image.
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Ficure 4.6: Chromosome encoding representation and process to obtain
the final barrier geometry.
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4.3.2 Overview of the GA applied

For a good balance between exploration and exploitation, a steady-state
GA is applied in the improvement of the sound attenuation of noise ba-
rriers. This genetic algorithm uses overlapping populations with a user-
specifiable amount of overlap (2% for the cases studied here). The algo-
rithm performance roughly follows these steps:

1. Population initialization. The initial population P, of size N (over-
all number of individuals or feasible solutions) is created based on
the problem range and constraints.

2. Sorting of the initial population. P, is sorted according to fit-
ness criteria (objective function value of each individual of the popu-
lation).

3. Temporary population. A temporary population 7T of size n is ob-
tained, with n being a value representing either a percentage or a
low number of individuals of the parent population P, (¢ is the gener-
ation counter) to be replaced in the current population. Such individ-
uals are probabilistically selected from P; according to their fitness
score (the higher the value, the higher the chance of being selected)
to produce, after crossover and mutation operations, the offspring
contained in 7.

4. Replacement of worse individuals. After evaluation of popula-
tion T, the offspring is added to the parent population P, and the
worst individuals are removed in order to return this latter popu-
lation to its original size. In order words, the best individuals are
directly selected from population 7" according to fitness score and
replace the worse individuals from population P, in case of fitness
improvement.

5. Test. If the generation limit is met (¢ = ¢,,4..), the algorithm stops

and returns the optimum solutions in the current population. If not,
t =t + 1 and the process continues running from step 3.
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4.3.3 GA operators

The simplest form of genetic algorithm involves three types of opera-
tors: selection, crossover and mutation. Following, a brief description of
the GA operators used is provided.

Selection

Selection is used to pick individuals from a population (comprised of
100 individuals in the studies performed in this document) before mating
and mutation occur. The implemented code applies a useful and robust
selection mechanism commonly used by genetic algorithms: tournament
selection. This method picks two individuals randomly. Finally, the one
with the higher score (the winner), that corresponds to the better fitness
value, is selected for crossover.

Crossover

The crossover operator defines the procedure for generating a child
from two parents. Depending on the study under consideration, two differ-
ent crossover operators have been used for the single-objective optimiza-
tion analysis presented in this document: single- and two-point crossover
operators. In both cases, a crossover rate of 0.9 is applied (a probability of
90% of parents to be crossed over).

In the single-point crossover, two strings are used as parents and new
individuals are formed by swapping a sub-sequence between these two
strings from a crossover point selected arbitrarily - see Figure 4.7 (a) -.
The two-point crossover differs from the single-point one in the fact that
two crossover points are selected randomly - see Figure 4.7 (b) -.

Mutation

The mutation operator determines the patterns through which the in-
formation (bits) contained in the offspring chromosomes is mutated or var-
ied. The studies performed in this document apply the bit-flipping muta-
tion, in which a single bit in the string is flipped to form a new offspring
string (see Figure 4.8).

The considered mutation rate is 1/n,, with ng, being the chromosome
length of the barrier under study depending, as seen before, on both the
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number of design variables and the precision of the binary bits codification
(see Figure 4.4).

(a) (b)
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Ficure 4.7: Scheme of the crossover operators used in the single-objective
optimization of barrier models presented in this document. Bit string
crossover of parent #1 and #2 to produce offspring (child #1 and #2). (a)
Single-crossover. (b) Two-point crossover.
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Ficurk 4.8: Scheme of the mutation operator used in the single-objective
optimization of barrier models presented in this document.
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4.4 Introduction to multi-objective optimization and re-
lated concepts

In optimization, the general approach can be summarized as follows:
the search of the optimum through either the maximization or minimiza-
tion of the considered objective function. However, such a paradigm present
serious shortcomings that distances it greatly from real processes. Gener-
ally speaking, it can be said that real optimization is multi-objective type.
More specifically, real problems normally involve more than just an objec-
tive simultaneously and are possibly in conflict with each other.

In the case of road barriers, the multi-objective optimum design arises
as an adequate strategy that allows the decision-makers to take various
relevant factors into account when selecting the final design. Firstly, un-
doubtedly, barriers must be acoustically adequate in terms of sound at-
tenuation. But, focusing just in acoustical design considerations, there
are other requirements leading to proper design of noise barriers. These
include the height, the location and the cost of the barrier to be built,
among others.

Under this proposal, after some concepts and a brief description of
the bases of multi-criterion optimization, the main features of the multi-
objective genetic algorithm and the code implemented for the multi-
objective optimization of noise barriers presented in Chapter 7 are de-
tailed. A comprehensive, more technical description of aspects involving
this issue are provided in [110, 137], both books of reference in the EMO
field.

4.4.1 Concept of dominance

The optimization of a problem from a multi-criterion point of view is a
common need in Engineering. In contrast to the single-objective optimiza-
tion, where the search of either a global optimum or a very close solution
to that optimum is the desired aim, in the multi-objective optimization
the improvement of one of the intended goals normally leads to the de-
terioration of the remaining objective. There is, therefore, not a unique
valid solution but a set of solutions where the enhancement of one cri-
terion yields the detriment of the other. These sets of solutions are ar-
ranged in the so-called non-dominated fronts, with the optimal solutions
lying on the optimal Pareto front (see Figure 4.9). In this respect, these
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solutions are considered non-dominated, as it does not exist another feasi-
ble solution better than the these ones in some objective function without
worsening other objective function. More precisely, it can be said that a
solution x dominates other solution y if two of the following conditions are
simultaneously satisfied:

¢ Solution z is not worse than solution y for all the considered objec-
tives. For instance, in the case of minimization of both the sound
pressure level (concept introduced in Chapter 2) and the overall
boundary length, a specific barrier configuration (solution x) dom-
inates other barrier configuration (solution y) if presents equal or
lower values of both parameters.

¢ Solution x is strictly better than solution y in at least one of the objec-
tives considered. Following the above example, solution = presents,
at least, a lower value of either sound pressure level or barrier length
than solution y.

If any of the above conditions is not satisfied, then solution x does not
dominate solution y. Otherwise, x dominates y (mathematically x <= y)
and:

* y is dominated by x or;
* 1 is non-dominated by y or;

® 1 is non-worse than y.

In this case, z is better than y in terms of multi-objective optimization.

4.4.2 Concept of Pareto optimality

The Pareto optimality or Pareto efficiency is an economic concept of ap-
plication in Engineering. It is achieved when the intended objectives are
optimized in the most efficient manner. In other words, it is obtained, as
previously stated, when one criterion cannot be improved without making
the other goal worse. This concept receives the name of the economist Vil-
fredo Pareto, an Italian economist of the late 19th and early 20th century,
who allocated economic resources in the most efficient way.
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The set of non-dominated solutions within a set of solutions P are those
that are non-dominated by any member of the P set. In case that the P set
consists of the feasible space as a whole, the set of non-dominated solutions
is called Pareto optimal or Pareto front/surface (see Figure 4.9).
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Ficure 4.9: Generic scheme of a multi-objective optimization by minimiz-
ing both objectives.

As explanatory example of the search direction of the Pareto front in
terms of minimization or maximization of two conflicting goals, the pos-
sible combinations involving bi-functional optimization processes (double
minimization, double maximization, f; maximization and f> minimization
and vice versa) are shown in Figure 4.10.

In contrast to single-objective optimization, in multi-objective optimiza-
tion fitness assignment and selection have to take into account all the dif-
ferent objectives. Among the different fitness assignment strategies, the
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one applied in the study presented in Chapter 7 deals with Pareto domi-
nance (PD). This strategy has been the most commonly adopted relation
to discriminate among solutions and have been successfully applied in the
optimization of bi- and three-objective problems, becoming the basis to
develop most of the multi-objective evolutionary algorithms (MOEASs) pro-
posed until recently.

Basically, the PD applied in this work is based on the division of the
population into several fronts with different ranking numbers that reflects
the closeness to the optimal Pareto front: the lower the ranking number,
the closer to the optimal front (labeled as 0). This fitness assignment is
related to the whole population, in contrast to the individual raw fitness
value calculation independently of other individuals (see Figure 4.11).

Pareto Optimality

P
A: min. f; and max. f,

B: max. f; and max. f,
C: max. f; and min. f,

D: min. f; and min. f,
R /

»
’
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Ficure 4.10: Simplified representation of Pareto fronts according to the
optimization criterion applied to each objective.
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Ficurk 4.11: Fitness assignment based on Pareto dominance method with
the division of population into rank-based fronts.

4.4.3 Measuring performance of an evolutionary multi-objective (EMO)
algorithm

The methods for measuring performance of an EMO algorithm are nu-
merous. In this line, different metrics have been proposed to evaluate and
compare the performance of different Pareto fronts in terms of 1) how well
solutions are guided towards the Pareto front and 2) how diverse, uniform
and wide population is around this front. Some metrics focus on each of
the aforementioned aspects independently. However, there are also met-
rics that intend to incorporate several of these aspects and express the
performance of the algorithm in a overall scalar number. Such is the case
of the so-called hypervolume indicator, proposed in [138, 139]. It measures
the area covered by the dominated portion of the objective space (with re-
spect to a user-specifiable reference point), as shown in Figure 4.12. The
analysis carried out in the performance of the Pareto fronts of the multi-
objective optimizations conducted in this document apply this measure.
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Ficure 4.12: Illustrative representation of the comparative metric used
in this work: hypervolume measure with area covered by non-dominated

solutions and a user-specifiable reference point (both f; and f; are mini-
mizing objectives).

4.4.4 Aims of an EMO algorithm

After the definition of some key concepts in EMO, the aims to be taken
into consideration when designing a multi-objective genetic algorithm are
finally pointed out. These should achieve the following purposes: 1) guid-
ing the search to a set of solutions as close as possible to the optimal Pareto
front, 2) keeping a diverse, homogeneous set of non-dominated solutions
to prevent population from containing mostly identical solutions. In all
the above aims there is an underlying characteristic that guide the whole

process towards the success: elitism to prevent non-dominated solution
from being lost.
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4.5 Description of the performed multi-objective genetic
algorithm (MOGA)

The MOGA used in the multi-objective optimization presented in this
document applies the NSGA-II [114, 140] algorithm, the second version of
the famous Non-dominated Sorting Genetic Algorithm (NSGA [141, 142])
based on the work of Prof. Kalyanmoy Deb.

The basis of this algorithm has been implemented in a computer code
developed by Prof. David Greiner, one of the supervisors of this thesis,
and successfully applied on the multi-objective optimization in many en-
gineering research works [72, 99-103, 107] at the Institute of Intelligent
Systems and Numerical Applications in Engineering (SIANI) of the Uni-
versidad de Las Palmas de Gran Canaria. The main features of the al-
gorithm as well as the parameters used in the code implemented in such
studies are described below.

4.5.1 Chromosome representation

The representation of feasible barrier configurations is performed in
the style of a string of binary bits that map to real numbers, with barrier
models featuring design variables coded with binary precision of 8 bits.

4.5.2 Overview of the MOGA performed
As previously stated, the MOGA used deals with the NSGA-II. The

main features of the algorithm are summarized below:

¢ This algorithm implements elitism, which stores the solutions from
the best non-dominated front and include them in the next genera-
tion.

* The sorting of each individual is based on the non-domination crite-
rion, the same implemented by the NSGA algorithm. More specifi-
cally, this algorithm performs a population sorting into non-
dominated fronts by means of a rank value, which is dependent on
the location of each front with respect to the overall population (see
Figure 4.11).
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¢ It incorporates an adequate mechanism based on the crowding dis-
tance (see Figure 4.13) to guarantee diversity and spread solutions
within the same non-dominated front (i.e., this operator favors solu-
tions with lesser domination rank when two solutions lie on different
fronts. When both belong to the same front, the one in a less dense
region, corresponding to a higher crowding distance, is preferred,
though).

¢ No penalty functions are considered. Constraints are applied by
means of a modified definition of dominance, though (unfeasible so-
lutions violating different constraints are classified as members of
the same non-dominated front).

e It implements a fast sorting algorithm that requires just O(mN?)
operations instead of O(mN?3) calculus needed in the former algo-
rithm, with m being the total number of objectives and N the size of
the population.

Roughly speaking, the performance of this algorithm can be summa-
rized in the following steps:

1. Population initialization. The initial population P, of size N (over-
all number of individuals or feasible solutions) is created based on
the problem range and constraints.

2. Sorting of the initial population. P, is sorted according to non-
domination criteria and crowding operator. A fitness value equal to
its non-domination level is assigned to each individual of the popu-
lation (the lower the value, the better the level).

3. Initial offspring. An offspring population Q, of size N is created
through recombination based on selection of parents from P and by
cross over and inducing mutations to new children.

4. Combined population. A combined population R; (¢t representing
the generation counter) of size 2V is obtained as the result of the
union of populations P; and Q; (R; = P, U Q). This resulting pop-
ulation is then sorted according to a fast non-domination procedure
(population is sorted in Pareto fronts with ranking values according
to non-domination criteria by means of a fast sorting algorithm).
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Crowding distance operator criterion

Solution i-2 is preferred over solution i.
Solution i is preferred over solution j.
Solution j is preferred over solution k.

Solution i-2 is the most preferred solution.
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Ficure 4.13: Crowding distance cuboid example. This parameter is rep-

resented by the average side length of such cuboid formed by the closest
neighbors of a point sharing the same non-dominated front.

5. Crowding distance. The individuals of the population are then
sorted in terms of the crowded comparison operator.

6. New improved population. The new parent population P, is
comprised of the N best solutions of R;, starting off picking individ-
uals from the first front (the non-dominated) until completing the

90
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population size, based on crowding distance comparison.

7. Test. If the end condition is satisfied (generation limit), the algo-
rithm stops and returns the optimum solutions in the current pop-
ulation. If not, t = ¢ + 1 and former P,;; becomes the new parent
population P, and a new offspring population Q; is created from ge-
netic operations on parent population. The process continues run-
ning from step 4.

4.5.3 Genetic operators
Selection

Mechanisms involving the selection process are inherent to the basis
of the NSGA-II algorithm and were described in previous section.

Crossover

The crossover used in these studies applied the uniform crossover op-
erator. In this case, as shown in Figure 4.14, offspring is the result of a
random selection of bits from both parents according a random crossover
mask (a binary string with the same size of chromosome) with each bit
featuring a probability of 50% to be 0 or 1.

Mutation

The studies performed in this document apply the bit-flipping muta-
tion, in which a single bit in the string is flipped to form a new offspring
string (see Figure 4.8).

The considered mutation rate is 1/ng,, with n.y, being the chromosome
length of the barrier under study depending, as seen before, on both the
number of design variables and the precision of the binary bits codification
(see Figure 4.4).
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Ficurk 4.14: Scheme of the uniform crossover operator used in the multi-
objective optimization of barrier models presented in this document.
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Results derived of the implementation of the methodology briefly in-
troduced in Chapter 1 for the search of the the best shielding designs of
very thin barriers are presented in this chapter. As already mentioned,
the procedure deals with the shape design optimization of noise barriers
by coupling a Dual BEM formulation with an evolutionary algorithm.

The key aspect of this approach lies in the fact that a proper Dual BEM
formulation is applied in the study of noise barriers featuring very thin
boundaries, idealized as null section models (the section of the barrier is
neglected). This simplification of reality greatly facilitates the geometric
definition of barrier profiles, having no major influence on the acoustic
performance [47]. The special nature of these types of barriers makes ev-
ery node of the discretization hold both the pressure and the flux value at
each side of it, i.e., 2n unknowns per n nodes. The inclusion of an addi-
tional BEM formulation (based on the hyper-singular boundary integral
equation) combined with the classical one (singular) provides a compati-
ble system of equations that allows the problem to be solved. The coupling
of an evolutionary algorithm with the Dual BEM code allows us to obtain
interesting acoustic solutions avoiding the complexity associated with the
geometric generation of volumetric structures. To the researcher’s knowl-
edge, this approach is the first joint implementation of evolutionary algo-
rithms and a Dual BEM formulation concerning this issue. Figure 5.1
shows the usefulness of representing complex volumetric structures as
single-wire configurations.

As an application, two studies addressing issues of interest in sound
attenuation are performed. In all of them, two-dimensional sound prop-
agation problems concerning an infinite, coherent mono-frequency source
of sound, placed parallel to an infinite noise barrier that stands on a flat
plane (ground) of uniform admittance are considered. The sound prop-
agation analysis is performed in the frequency domain with the usual
assumptions: the medium (air) is modeled as homogeneous, elastic and
isotropic with no viscosity, under small disturbances and initially at rest
with no wind effects. Expression of the objective function to be maximized
throughout the shape optimization process is written in terms of this re-
sponse.

In one of the studies, different barrier configurations of practical in-
terest, proposing more efficient designs in each case, are assessed. These
profiles cover a wide range of designs, from complex straight boundary
configurations to curve-shaped profiles, featuring rigid and noise absorb-
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ing surface treatments. While results are achieved by using a specific re-
ceivers’ scheme, the influence of the receivers’ location on the acoustic per-
formance is also addressed.

The second study aims at estimating the influence of the screening
performance through distance. Two different receivers configurations for
three clearly distinguishable regions in terms of closeness to the barrier
are considered in this analysis.

A numerical model validation of the proposed methodology on the ba-
sis of experimental results from a scale model test present in the bibli-
ography [12] is also performed. Finally, this chapter concludes with the
analysis drawn from the results disclosed.

5.1 Description of the shape optimization framework

Before disclosing the results of the analysis mentioned above, the bases
of the methodology used in the numerical simulations need to be intro-
duced. As is well known at this stage, the systematic improvement of the
sound attenuation in the shadow region requires a versatile, robust pro-
cedure that includes incremental geometric changes on barrier topologies
previously defined. Along the process, road barriers with ever-increasing
shielding performance are found to finally lead to the desired optimum
solution, within the frame of the conducted analysis.

Shape design optimization analyses are conducted by the combined use
of an evolutionary algorithm and a code that implements a Dual BEM
formulation. A detail description of this Dual approach of the Method for
the proper assessment of the very thin barriers is found in Chapter 3.
The evolutionary algorithm software used in the studies applies the GAlib
package [112]. This library is a collection of C++ genetic algorithm (GA)
components from which it is possible to quickly construct GA’s to deal with
a wide variety of problems. Additional information of the GA implemented
in this code refers to Chapter 4.
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Ficure 5.1: (a) Generic thin barrier modeled as a volumetric structure. (b)
Idealization of the former barrier as a null section profile.
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5.1.1 Determination of the acoustic efficiency of the barrier

As underlined in Chapter 2, the determination of the shielding effi-
ciency of a barrier is well defined by means of the insertion loss coefficient
(IL) that in the harmonic problem, for every frequency from the analyzed
noise source, is defined as:

IL = —20 - logyg (&> [dB] (5.1)
Pus

on every frequency of the band spectrum. As can be seen, this coefficient

represents the difference of sound pressure levels at the receiver points in

the situation with (Pg) and without (Pyg) considering the barrier.

With the purpose of conducting an optimization process where the ex-
citation is represented by a noise source pulsing at every frequency of the
band spectrum, the efficiency of the barrier for a specific receiver can be
written in terms of the broadband insertion loss (ILiytq)):

NF
Z 10(Ai—1L)/10

ILigte1 = —10 - logyo [ m———— | [dB(A)] (5.2)

Z 10Ai/10
i=1

being NF the studied spectrum number of frequencies (in the analyses
conducted here, NF = 14), A; the spectrum A-weighted noise level and IL;
the insertion loss value for sources pulsing at every frequency of the spec-
trum, according to (6.1).

Concerning the estimator taken into account along the shape optimiza-
tion processes, it is worth noting that it is based on the overall IL mean
value of all receiver points:

NR
OF = > TLia,/NR (5.3)
j=1

being ILta, the broadband IL for each receiver - see (5.2) - and NR the
total number of receivers. This value corresponds to the so-called objective
function (OF) to be maximized, according to the proper terminology used
in the field of evolutionary algorithms.
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5.1.2 Applied spectrum

In all the studies performed in this chapter, the noise source is charac-
terized by using the UNE-EN 1793 [117] normalized traffic noise spectrum
for third-octave band center frequencies, ranging from 100 to 2 000 Hz, the
same used by the Spanish Technical Building Code (CTE) [143].

5.1.3 Representation of the barrier models

Following [71, 72], a simple procedure to mathematically represent the
geometry of barriers is proposed. The design points of the screen model
are defined in a systematic, simple way in a reference domain as a previ-
ous step to the barrier profile generation in the real space. In short, the
transformed domain holds the set of design variables of the model under
study, denoted by (&;, 7;), and represents the rectangular search space for
the GA - see Figure 5.2(a) -. Every (&;, n;) point in the transformed domain
has its image (xj, y;) in the Cartesian space, that is the real domain where
the barrier operates.

(a) (b)

Transformed Domain
(GA search space)

Cartesian 2D barrier domain
3 (x5, v5)

4 (-0.5,1) 3 (0.5,1)

n

Feasible region

1(-0.50) £ 2(050) Ly X 2 (R

d,=1.0

Ficure 5.2: Bi-dimensional coordinate systems. Dimensions expressed in
meters.

The transformation of Figure 5.2 can be expressed as follows:
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The maximum effective height of all barrier models is limited to
hesr = 3 m in the studies here presented. This value and the maximum
barrier projection to the ground d, have been chosen according to the
geometric dimensions of the barriers studied herein and present in the
bibliography. Both latter parameters define the feasible region by gen-
erating a trapezoidal search space in the Cartesian barrier domain - see
Figure 5.2(b) -. Its final dimensions are dependent, logically, on the place-
ment of the noise source ds (see Figure 5.1).

m __ m
X1 =Xy4

2

5.1.4 Overview of the process

To facilitate understanding of the methodology, Figure 5.3 shows a
flow diagram concerning the evolutionary process on the search of the best
acoustic solutions of two barrier models, by way of example, in a generic
bi-dimensional scenario. The procedure makes use, for a good equilibrium
between exploration and exploitation, of a steady state GA [144, 145] that
starts off with an initial population of 100 individuals initially based on a
proposal on random design variables of the model under assessment. Such
design variables form the chromosome of the individual proposed by the
GA (see bottom part of models in Figure 5.5) shaping, therefore, the geom-
etry of the barrier. At this point the screening behavior of each individual
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is performed using the aforementioned Dual BEM code. This requires a
proper discretization of the barrier boundary with ever-increasing num-
ber of elements along the frequency spectrum. In this work, parabolic
elements are coded with a maximum length of half the wavelength of the
frequency under study for adequate convergence of the results (see Chap-
ter 3). The initial population is then ranked in terms of acoustic perfor-
mance, here represented by the objective function value (OF) character-
ized, in turn, by the broadband insertion loss (IL;y4)) - see (5.2) -. In this
way, each individual is more likely to be selected according to its screening
behavior (OF). Therefore, by using the tournament selection operator, two
individuals are chosen (parents in proper terminology of evolutionary algo-
rithms) and are to be crossed with a probability of 90% by the single-point
crossover operator, leading to an offspring comprised of two new individ-
uals (children) whose chromosomes are eligible for mutation according to
probabilistic criteria. After mutation, offspring individuals replace the
two worst in the parent population (in case of better value of OF, that is,
improvement of the acoustic behavior). This iterative process continues
until reaching the stopping criterion, which is met after a certain number
of evaluations of the objective function.

5.2 Numerical shape optimization

All numerical optimization analyses presented in this chapter are based
entirely on the GA parameters mentioned above and can be consulted in
the flow diagram of Figure 5.3. Bi-dimensional configurations, barrier
models and source-receivers schemes differ from one study to another,
though.

The procedure previously described is applied to the study of different
barrier designs in this section. The diversity of the models chosen has been
intended to highlight the robustness and flexibility of the methodology, as
well as the wide range of possible geometric designs to be assessed.

Five independent runs of the optimization process featuring 20 000
evaluations of the objective function (OF) are considered for each model of
the following studies.
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GENETIC ALGORITHM

o GAlib libraries (M. Wall, 1996)
o Steady state GA

o Population of 100 individuals
o Generational replacement: 2%
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Ficure 5.3: Overview of the GA used, layout of a generic bi-dimensional
configuration and optimization flow diagram.
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5.2.1 Study #1. Noise barriers with improved performance

The vertical screen is the simplest form of protection against noise.
However, its simplicity implies some drawbacks in terms of sound atten-
uation when compared with other barrier designs with the same effective
height. Increasing the height of a screen can increase its effect but brings
other problems so, in many cases, the implementation of alternative, more
complex designs appear to be suitable solutions to improve the shielding
efficiency.

This study intends to outline the most common and effective geometric
patterns, acoustically speaking, present in noise barriers. To do this and
to expose the scope and features of the method, eight different designs are
studied (see Figure 5.5), based either on an overall shape or in a top edge
optimization of the barrier model, depending on the case.

Figure 7.1 represents the general configuration of the study. It deals
with a source of sound placed on a ground with a perfectly reflecting sur-
face (8, = 0) at ds = 9.5m from the feasible region, parallel to an infinite
thin cross-section noise barrier. A trapezoidal section holds the area for
feasible profiles, defined by the limited barrier projection to the ground,
that is d, = 1.0 m, and the maximum effective height to be achieved, that
is hegr = 3.0 m at the median of the rectangle trapezium.

me \\x&\
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Ficure 5.4: Bi-dimensional configuration for the shape optimization of
noise barriers with improved performance. Dimensions expressed in me-
ters.

A grid of 4x4 receivers is considered. The first line of receivers lays on
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the ground and the remaining ones are placed at different heights, verti-
cally separated by Ay = 1.0m. A horizontal distance of Ax = 2.0 m among
them is considered. The nearest receivers to the side limit of the feasible
region are d, = 2.0m away. The proximity of the receivers to the barrier
is motivated by the fact that the barrier performance in near regions is
more affected by the shape design rather than by the effective height, as
occurs in non-near regions.

As for the overall shape design optimization, five barrier models are
proposed: models a) and b) (polygonal-shaped designs), models ¢) and d)
(splines-based models) and model e) (Y-shaped barrier) (see left part of
Figure 5.5). As for the optimization of the top edge of the barrier, model
f) (tree-shaped barrier), model g) (Y-variant model) and model h) (fork-
shaped model) are studied (right part of Figure 5.5). Such models are
based on a set of points defined by design variables in a transformed do-
main proposed by the evolutionary algorithm, according to the geometric
model definition. It is worth stressing that contrary to the general ap-
proach (Figure 5.2), the feasible space is constrained to the barrier top in
the Cartesian domain for models f), g) and h). The models previously cited
will be referred as their corresponding names in brackets hereinafter. At
this stage, it is not hard to reach the conclusion that some of the optimum
designs obtained clearly lack of practical implementation. Considering
the strong theoretical nature of these configurations, this study should be
understood as an attempt to find acoustic principles of interest underly-
ing such models that leads to easier-to-build barrier designs, as proposed
in some of the models studied. The considered configurations depicted in
Figure 5.5 are described in more detail below.

Polygonal-shaped barrier

This design is based on a set of points through which straight bound-
aries are consecutively connected. These points feature a completely free
movement inside the feasible region with the exception of the first and the
last one, placed on the ground and at the effective height line, respectively.

Two different configurations of this design are studied. The first one
is a 3-sided polygonal-shaped barrier - model a) -; the second is a 5-sided
polygonal-shaped one - model b) -.

The geometric feasibility of the individuals is constrained to the condi-
tion of non-cut-off points among boundaries.
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OVERALL SHAPE DESIGN OPTIMIZATION
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Ficure 5.5: Proposed models for the shape optimization of noise barriers

with improved performance.
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Splines-based-shaped barrier

A set of splines-based curves is proposed as barrier model. The points
through which the curves pass are proposed by the evolutionary algorithm
to generate the cubic segmental interpolation that leads to the desired pro-
file. These points feature a completely free movement inside the feasible
region with the exception of the first and the last one, placed on the ground
and at the effective height line, respectively.

These continuous, differentiable curves are defined as natural cubic
splines, meaning that the second derivative is null at both the starting
and the ending point of the overall resulting curve.

For the sake of convenience, the splines expressions are written in
parametric form. This choice is in the interest of the geometric feasibil-
ity of the individuals proposed by the evolutionary algorithm, by ensuring
that the tangent vectors to the curve at both sides of the common points
between splines have the same sense (see Figure 5.6).

The sharp changes in direction that frequently arise when dealing with
this sort of curves require some considerations. For both faithfully repre-
senting complex configurations and guaranteeing a good convergence of
numerical integrations, the implementation of mesh-related strategies is
needed. These criteria are implemented in the meshing algorithm of the
code. In this way, a more refined mesh around critical points of the splines
is generated for each frequency to perfectly fit the geometric discretiza-
tion to the barrier profile (see Chapter 3). As parabolic elements are used
for the boundary discretization, the placement of, at least, one element is
considered around critical points (with the central node of such elements
located at these points , i.e., at maximums and minimums).

Two different configurations of this design are studied: a 3 and a 5
cubic splines-shaped barrier - model c¢) and d), respectively -.

The geometry feasibility of the designs is also constrained to the con-
dition of non-cut-off points among boundaries, obviously.

Y-shaped barrier

A commonly used Y-shaped barrier is studied - model e) -. This model is
based on three points (1, 2 and 3) that feature a completely free movement
inside the feasible region. Point 0 lays on the ground and is fixed at the
median of the feasible region.
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Ficure 5.6: Convenience of the choice of a parametric representation to
generate a multiple splines-based curve.

Tree-shaped barrier

This design is a tree-shaped model with four arms on its top - model
f) -. Points from 1 to 4 can be placed anywhere inside the domain. This
enables the tilt of the arms to cover a free range of angles.

The barrier model stands on a vertical, fix bar of 2.5 m height placed
on the median of the feasible region from which the four arms are born.

Y-variant-shaped barrier

This model - model g) - can be understood as an evolution of the Y-
shaped design - model e) - by adding two branches at each arm of such
design. Two of the branches are born from the ending points of the main
arms (points 1 and 6) while the remaining ones do it from the middle.
The design variables responsible for the inclination of the main arms are
constrained to vertical movements (; and 74) through the left- and right-
side limits of the feasible region. The barrier model stands on a vertical,
fix bar of 2.5 m height placed on the median of the feasible region.
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The geometry feasibility of the model is constrained to both the condi-
tion of non-cut-off points among boundaries and the fact that points from
2 to 5 are always in the upper region enclosed by the main arms in the
search domain.

Fork-shaped barrier

This model - model h) - represents a barrier with seven vertical
branches that are born from a horizontal tray. The distance among branches
remains constant (d, /6) while their lengths vary throughout the optimiza-
tion process. As in the previous cases, this barrier model stands on a ver-
tical bar of 2.5 m height.

Considered surface treatments

In relation to the surface treatment of the barrier models to be ana-
lyzed, two different cases are proposed. In one of them (Case 1), a shape
optimization considering perfectly rigid boundaries (5r = 0) for all mod-
els is performed. As a reference comparing design, Case I absorbing deals
with the assessment of the acoustic efficiency of the best profiles of models
tree-, Y-variant- and fork-shaped from Case 1, on whose top edge bound-
aries a specific sound absorbing treatment is considered (marked with a
grey line in the right part of Figure 5.5). The airflow resistivity and the
thickness of the absorbing material are ¢ = 30kPa - s/m?, which corre-
sponds to mineral wool, and t = 0.05 m, respectively. In Case 2, a top edge
optimization of barriers tree-, Y-variant- and fork-shaped with the same
surface treatment on crowning boundaries than in Case I absorbing is con-
ducted. These research cases aim at determining whether or not absorbing
boundary conditions are needed to be considered within the optimization
process in order to find the best affordable design solutions in terms of
acoustic efficiency.

Acoustic performance of the introduced models

Results are shown for the best individuals from the optimization pro-
cesses. The left part of Figures 5.7-5.10 illustrates the best optimum de-
sign found along the five optimization runs for each model. The objective
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function and the standard deviation with respect to the broadband IL dis-
tribution values of the receivers configuration (SD) are on the upper side
of their corresponding barrier profiles. The rightmost graphs show the
results concerning the acoustic efficiency of the aforementioned models.
One of them displays the average frequency-related IL - from (6.1) - of the
grid of receivers. The other graph shows the broadband IL spectrum -
from (5.2) - mean value for the set of receivers at the same height. This
latter assessment is conducted considering a set of four groups of ten re-
ceivers each for Figures 5.9 and 5.10. The first group lays on the ground
and the remaining ones are placed at different heights, vertically sepa-
rated by Ay = 1.0m. A horizontal distance of Ax = 1.0 m among them is
considered, being the nearest ones at d. = 0.5 m from the feasible region.
In the case of Figures 5.7 and 5.8, this analysis is restricted to the consid-
eration of just a set of receivers placed at 2 m over the ground.

Figures 5.7, 5.8 and 5.9 show the results concerning the optimization
of the models under the consideration of perfectly rigid boundaries (Case
1). Figure 5.10 shows the results concerning the top edge optimization of
models featuring boundaries with absorbing surface (Case 2).

Table 5.1 shows both the shielding efficiency of the best optimums and
their acoustic efficiency gain with respect to a 3 m height straight barrier
with rigid boundaries. Finally, Table 5.2 collects the coordinates in the
transformed domain of the design variables of the best optimum designs
featuring rigid and absorbing treatment surfaces (Case 1 and Case 2, re-
spectively).
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TaBLE 5.1: Acoustic performance of the best optimum designs, in dB(A).

Model Case 1 Case 1 absorbing Case 2

OF AOF* OF AOF* OF AOF*

a) 3-sided polygonal 19.27 +4.73 - - - -

b) 5-sided polygonal 20.54 +6.00 - - - -

c) 3-cubic splines 19.03 +4.49 - - - -

d) 5-cubic splines 19.32 +4.78 - - - -

e) Y-shaped 19.29 +4.75 - - - -

f) Tree-shaped 20.52 +5.98 20.94 +6.40 2141 +6.87

g) Y-variant-shaped 21.29 +6.75 21.13 +6.59 22.00 +7.46

h) Fork-shaped 21.20 +6.66 20.82 +6.28 21.78 +7.24

*AOF = OFModel - OFStraight Rigid Barrier

TaBLE 5.2: Design variables of the best optimums for each model and case.

Case 1 Case 2

a) b) c) d) e) ) g) h) f) g) h)
& 0.1784 -0.5000 0.1039 0.1588 -0.1235 -0.1118 - - 0.3078 - -
m - - - - 0.0588 0.8784 0.0431 0.9882 1.0000 1.0000 1.0000
& 0.5000 -0.3431 0.4647 0.1471 -0.3078 -0.4726 -0.4532 - -0.5000 -0.3024 -
n2 0.9451 0.6980 0.9647 0.6314 1.0000 1.0000 1.0000 0.4863 1.0000 1.0000 1.0000
3 -0.4608 0.4647 -0.1706 0.4765 0.5000 0.5000 -0.2250 - 0.5000 -0.0878 -
ns 0.0628 0.9529 0.5647 0.7843 0.9647 0.7294 0.7686 1.0000 0.8353 1.0000 0.9255
&4 -0.3314 0.1235 -0.4922 0.3078 - 0.2177 0.1081 - 0.0608 0.1552 -
un - 0.8902 - 0.8980 - 0.8824 1.0000 0.2549 1.0000 0.9686 0.8353
&s - -0.3941 - -0.2098 - - 0.3315 - - 0.3827 -
5 - 1.0000 - 0.2392 - - 0.9255 0.8353 - 0.8667 0.7412
& - -0.0608 - -0.4569 - - - - - 0.7490 -
N6 - - - - - - 0.8039 0.8471 - - 0.5686
n7 - - - - - - - 0.7255 - - 0.2431

Iy
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Ficure 5.7: Overall shape design optimization for polygonal- and Y-shaped
models - model a), b) and e), respectively -. Case 1 (rigid boundaries).
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Ficure 5.8: Overall shape design optimization for multiple cubic splines-
based models - model ¢) and d) -. Case 1 (rigid boundaries).
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Ficure 5.9: Top edge optimization for f) tree-, g) Y-variant- and h) fork-
shaped model. Case 1 (rigid boundaries).
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Ficure 5.10: Top edge optimization for f) tree-, g) Y-variant- and h) fork-
shaped model. Case 2 (absorbing boundaries).
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Sensitivity of the acoustic performance to receivers’ location

The influence of the receivers’ placement on the barrier performance
is a widely known fact. However, the search of profiles with low sensitiv-
ity to this condition is a desirable aim. In this line, a study concerning
the shape design optimization of model h) is conducted for 20 different
receivers configurations. These sets have been chosen randomly, with a
scope of application defined by enclosed regions of dimensions 1.0 m x 0.5
m around each original receiver point over the ground. The scope of ap-
plication for receivers on the ground is restricted to a horizontal range of
+0.5 m from their positions in the original configuration (see an example
of a random-enclosed receivers configuration in the upper graph of Fig-
ure 5.11).

The results obtained from this sensitivity analysis disclose a good agree-
ment between the sound performance of optimized profiles when consid-
ering random set of receivers configurations and that from the original re-
ceivers scheme. The bottom bar graphs of Figure 5.11 show the objective
function values under each optimum profile. The geometric similarities
of many of them with the optimum barrier for the original receivers con-
figurations, and the homogeneity in the acoustic performance (less than
a decibel in difference among them) highlight the suitability of this latter
receivers scheme in the shape design optimization.

Discussion

From the analysis of the results obtained some conclusions on the re-
sponse of the models studied and, most importantly, on the procedure de-
scribed in this study are drawn:

¢ In line with other authors (e.g., [13-15, 66, 70]), acting on the top of
the barrier is found to be an appropriate strategy to minimize the
acoustic impact. This is illustrated by the fact that, on the whole,
models based on their top edge optimization feature a better acous-
tic performance than those whose overall shape has been optimized.
Furthermore, the latter models equally display a tendency towards
the modification of their top edge in the search for the best acoustic
performance.
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¢ Roughly speaking, the overall shape optimization of models with a

strong theoretical nature reveals a geometric convergence to the com-
monly used and largely studied Y-shaped barrier. Its importance lies
in the fact that such complex designs can be simplified as easier-to-
build configurations without having major influence on the acoustic
performance (see Figure. 5.7 and 5.8).

The barrier performance when applying sound-absorbing materials
to some boundaries of its optimized reflecting profile (Case I absorb-
ing) may lead to unexpected results, as the configuration of the top
of sound reflecting barriers plays an important role by producing
reflected waves that help partly offset the incident ones. The inci-
dence of this effect largely depends on the crowning configuration of
the models studied here, ranging from a gain of 0.4 dB(A) for the
tree-shaped barrier - model f) - to a loss of the same value for the
fork-shaped barrier - model h) - when compared to their respective
performance for rigid boundaries condition (Case I).

Considering absorbing boundaries condition within the optimization
process (Case 2) is necessary to give assurance that the search leads
to the best affordable profiles in terms of acoustic efficiency. This
is supported by the fact that the performance of the best individ-
uals from the top edge optimization of f) tree-, g) Y-variant- and h)
fork-shaped barrier under this consideration clearly outperforms the
acoustic efficiency of such models from Case 1 absorbing - between
0.5 and 1.0 dB(A) -.

The average IL spectrum values tend to remain roughly regular with
the receiver distance to the barrier for the range studied. The fork-
shaped barrier - model h) - shows a far better acoustic behavior for
close receiver points - between 5 and 10 dB(A) -, though.
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Ficure 5.11: Up: optimum barrier profile for the original receivers scheme
and example of random-enclosed receivers configurations. Bottom: best
model h) profile found along the optimization process for each receivers
configuration.
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5.2.2 Study #2. Influence of the barrier location on the screening
performance

To achieve optimal performance a general rule is to place the barrier
as close as possible to the road. Unfortunately, however, in many cases
this is just an aspirational target as it is not always possible place it as
close as desired. One solution is to increase the height of the screen but
this may cause great dissatisfaction due to visual obstruction.

The aim of this study is to asses the influence of the barrier placement
on the shielding efficiency and minimize its negative effects in far loca-
tions. Following this objective, two barrier models (one of them topologi-
cally similar to one already studied in a different scenario in previous sec-
tion) are studied in different locations and with different source-receivers
schemes.

Figure 5.12 represents the general 2D configuration applied in this
study. It deals with a source of sound, placed parallel to an infinite noise
barrier of thin cross-section that stands on a flat plane (ground) of uniform
admittance at ds = 9.5 m. Both the ground and the barrier feature a per-
fectly reflective surface in this analysis (3, = 5, = 0). A trapezoidal section
holds the area for feasible profiles, defined by the barrier projection to the
ground, that is constant and d, = 1m, and the maximum effective height
to be achieved, that is h.g = 3 m at the median of the rectangle trapezium.

Two different receivers configurations are studied. In one configura-
tion (Ca) a group of four receivers placed on the ground and separated
Ax from one another is considered. In the other configuration (Cb), four
groups of four receivers are studied. The first group is laid on the ground
and the remaining ones are placed at different heights, separated among
them by a distance of Ay. In accordance with the former configuration,
the horizontal distance among the receivers of a group is Ax.

In addition to this, three clearly distinguishable regions in terms of
closeness to the median of the feasible region (dr,) are proposed for both
receiver configurations. Table 5.3 holds the data concerning these regions.
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Ficure 5.12: Bi-dimensional configuration used in the assessment of the
influence of barrier location on the acoustic performance.

TasLE 5.3: Data concerning regions under study. Dimensions expressed
in meters.

Region ds[m] dp[m] dy[m] dy,[m] Ax[m] Ay[m]

1 0.0 10.0 2.0 1.0
2 10.0 1.0 10.0 40.0 8.0 2.0
3 50.0 50.0 10.0 5.0

As stated above, two acoustic barrier designs are proposed in this study
(see Figure 5.13). One of them (Model A) is similar to one of the designs
already study in previous section but based on six straight boundaries
with articulated connections (6-sided polygonal-shaped model). Model B
is based on a configuration created from patterns governing a 6" degree
Bézier curve (Bézier-curve-shaped model). The horizontal projection (d,)
and the effective height (h.g) are identical for each design. Both models
are built from seven points, being the first and the last one on the ground
and on the effective height line respectively. The vertical distance among
the points is d; = 1/6 in the search space (transformed domain) and they
are just allowed to feature horizontal movements. The polygonal model is
built from points through which straight slopes pass. Similarly, the Bézier
curve model is built from seven control points of which only the first (0)
and the last (7) belong to it.
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Reference Point in Barrier Profile analyzed ~ Reference Point in Barrier Profile analyzed
Transformed Domain in 2D Cartesian Domain Transformed Domain in 2D Cartesian Domain

Model A Model B
C D 7(7,1) C

Ficure 5.13: Design variables and models under study.

Results and discussion

Tables 5.4 collects the results of the best optimum designs found along
the five optimization runs. More specifically, the total boundary length
(L) and the overall screening performance of such optimums (OF.) as
well as their efficiency gain with respect a 3 m height vertical screen (AOF)
are shown for each receiver configuration (RC in the table), region and
model. The values of the design variables of these optimums can be con-
sulted in Table 5.5.

Figures 5.14 and 5.15 show the barrier profile of the best optimums in
terms of its acoustic efficiency, as well as the average frequential IL evo-
lution of the receivers for each region and model. In addition, Figures 5.14
and 5.15 shows the acoustic performance evolution of the presented mod-
els along the optimization process for Ca and Cb receivers configuration,
respectively. Solid lines represent the evolution graphs of Model A while
dotted lines involve the evolution graphs of Model B. The upper graph
represents the evolution of the OF mean value (OF pyerage) considering the
best individual of each run (5 individuals in all) at each generation. The
graph in the middle involves the evolution of the shielding efficiency of
the best individual found at each generation (OFg.), in terms of the ob-
jective function (OF), within the 5 runs considered. Finally, the standard
deviation mean value (considering just the best individual of each run)
is represented at the bottom. As observed, the graphs are shown in an
adjusted range in the ordinate coordinate. This facilitates viewing of the
results with no loss of relevant details.
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TABLE 5.4: Acoustic performance of the best optimum designs.

RC Region Model Ly, [m] ALj [m] OFyp [dB(A)] AOF* [dB(A)]
1 A 4.08177 +1.08177 17.92628 +4.32966
B 3.60547 +1.60547 16.77495 +3.17833
Ca 9 A 3.97839 +0.97839 12.93384 +1.02711
B 3.51863 +0.51863 14.08611 +2.17938
3 A 3.52785 +0.52785 12.46634 +1.04716
B 3.84417 +0.84417 13.57048 +2.15130
1 A 410065 +1.10065 16.95941 +2.41822
B 3.41333 +0.41333 16.83553 +2.29434
Cb 9 A 3.63842 +0.63842 14.36767 +0.92615
B 3.71865 +0.71865 14.87088 +1.42936
3 A 3.60034 +0.60034 13.64344 +0.88584
B 3.68994 +0.68994 13.75215 +0.99450

*AOF = OFbest - OFStraight Barrier

TaBLE 5.5: Design variable values of the best optimums.

Design variables

RC Region Model & & & & &s &e 134
1 A -0.48824 0.06078 0.01765 0.35098 0.02941 0.49608 -0.31961
B -0.01373 0.05882 -0.48235 -0.57647 0.17647 -1.23529 0.50000
Ca 9 A -0.39412 -0.02549 0.39020 0.08824 0.04902 0.48039 0.34314
B -0.50000 0.36471 -1.44706 -0.01176 0.38823 -1.02353 0.40980
3 A -0.44902 -0.08039 -0.22549 0.35490 0.44510 0.26078 0.32353
B 0.43726 -0.95294 0.15294 -1.30588 0.38824 -1.23529 0.31177
1 A 0.50000 0.22941 -0.15882 0.32745 -0.03333 0.37843 -0.44118
B -0.06078 -0.17647 0.10588 -0.92941 0.74118 -0.90588 0.50000
Cb 9 A -0.22156 -0.50000 0.29216 0.37451 0.50000 0.50000 0.31569
B -0.46470 -0.67059 2.05882 -0.95294 1.37647 -0.90588 0.50000
3 A -0.25294 -0.50000 0.24902 0.37843 0.50000 0.50000 0.29608
B -0.48039 -0.62353 2.01176 -1.04706 1.49412 -0.88235 0.50000
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Ficure 5.14: Ca receivers configuration. Left, barrier profile of the best
individuals for each region and model. Right, average frequential IL evo-
lution for both models and for the 3 m straight barrier.
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Ficure 5.15: Cb receivers configuration. Left, barrier profile of the best
individuals for each region and model. Right, average frequential IL evo-
lution for both models and for the 3 m straight barrier.
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Ficure 5.16: Evolution graphs of models for Ca receivers configuration.
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Ficure 5.17: Evolution graphs of models for Cb receivers configuration.
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In the light of the results the following analysis is drawn:

¢ The polygonal-shaped barrier outperforms the acoustic efficiency of
the 6 degree Bézier curve-shaped model for the near region when
the receivers are placed on the ground (Ca configuration). However,
the latter model performs a better acoustic behaviour for non-near
regions - over 1 dB(A) -.

¢ Both models under study display similar acoustic performances when
a grid of receivers is considered in the shadow region of the barrier,
with the exception of the intermediate region in which the Bézier
model outperforms the polygonal design in half a decibel.

¢ According to the comparative analysis between the optimized models
and the straight barrier the need to study designs alternative to the
latter is suggested, even for far regions.

¢ Model B displays a wider variety among best individuals of the popu-
lation when compared with Model A according to the evolution of the
highest standard deviation (Figure 5.16 and 5.17), meaning that the
convergence of the optimization process turns out to be more cum-
bersome in Model B (optimization process is easier in Model A).

5.3 Validation and application of the methodology on the
basis of an scale model test from Fujiwara et al. [12]

This chapter concludes with a numerical model validation of the intro-
duced methodology, on the basis of results present in the bibliography con-
cerning experimental scale tests featuring top devices similar than those
from the previously studied models. This analysis is conducted by using
the same code that implements the Dual BEM formulation applied in the
previous studies, with the purpose of both 1) validating the results here
presented and 2) improving the acoustic performance of the selected ex-
perimental scale model by slightly modifying its top geometry.

Some works concerning acoustic measurements of full scale and scale-
model of barriers can be found in the literature (e.g., [11, 12, 66, 146]).
Regardless the fact that any of these works are of evident concern in terms
of validation, the test conducted here aims at comparing both the experi-
mental and numerical results from Fujiwara et al. [12] for a specific scale
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model. For the sake of homogenization with the configurations analyzed
so far, the scale model in [12] has been adapted to a full-scale model in
this analysis. The barrier under testing deals with a 3 m height fork-like
shaped barrier featured with two types of wells, of depth 0.2 m and 0.4 m
(see upper part of Figure 5.18). For guaranteeing the acoustic intensity
along the spectrum to be the same, the 1/3-octave band center frequen-
cies used so far is adapted to fit the 1/15-octave spectrum applied in [12],
ranging from 200 to 630 Hz.

Figure 5.19 shows the good agreement in results between the Dual
BEM formulation and both the experimental and numerical results (us-
ing the classical BEM formulation) from the aforementioned work. It can
be proved that the thickness of the models plays an important role in the
small differences observed in the numerical results depicted. In addition,
results concerning the shape optimization of the tested barrier are dis-
played. The bottom part of Figure 5.18 represents the best individual
found after five independent runs. As observed from this configuration,
the top boundaries have been allowed, at most, to be as large as those
from the original configuration (upper part of Figure 5.18), without taking
advantage of the maximum effective height established for the feasible re-
gion. In conclusion, the optimum design clearly outperforms the acoustic
behavior of the reference scale model, illustrated by a difference in objec-
tive function values of over 3 decibels (19.73 dB(A) for the profile under
testing versus 23.41 dB(A) for the optimum profile) in the graph within
the frequency range analyzed.
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Ficure 5.18: Up: barrier profile under testing (Fujiwara et al. [12]). Bot-
tom: best design profile found along the shape optimization of the tested
barrier.
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Ficure 5.19: Validation of the results. Insertion loss evolution of both the
tested and the optimized barrier compared with the results obtained by
Fujiwara et al. [12].
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The approach of this study intends to broaden the versatility and adapt-
ability of the methodology presented in the previous chapter. In this line,
a more general Boundary Elements (BE) formulation is developed and
implemented in a computer code that allows a procedure with a broader
scope, allowing us to deal with any type of 2D acoustic optimization pro-
blem involving noise barriers in a more systematic, robust and flexible
way.

The introduced procedure makes use of a Dual BE approach coupled
with an evolutionary algorithm in the optimization of noise attenuation
of barriers with reactive surfaces. More specifically, numerical results on
the basis of three topological designs featuring wells with different depths
on their top are performed. Based on complex geometries, these designs
combine a general volumetric structure with very thin elements that can
be idealized as null-thickness bodies. In this respect, the Dual formulation
presented in this study arises as the most appropriate strategy from BEM
to address the problem, by allowing us 1) to assume such an idealization
of reality with no substantial influence on the acoustic performance for
the considered thickness of very thin sections [47] and 2) to mitigate the
fictitious eigenfrequencies associated with the inner domain of the volu-
metric structure. To the researcher’s knowledge, there are no works in the
bibliography that address the issue under the framework followed in this
study.

Two-dimensional sound propagation hypotheses are considered, i.e.,
an infinite, coherent mono-frequency source of sound and a noise barrier
with no geometric variation that stands on a flat plane (ground) of uniform
admittance. The problem is performed in the frequency domain with the
usual assumptions (Helmholtz equation): the medium (air) is modeled as
homogeneous, elastic and isotropic with no viscosity, under small distur-
bances and initially at rest with no wind effects. Expression of the objec-
tive function to be maximized throughout the shape optimization process
is written in terms of this response.

A study on the basis of leading to easier-to-build, more practical con-
figurations from barrier designs obtained after optimization is also per-
formed. In addition, a comparative study between the shielding efficiency
associated with one of the optimum designs and a same topological design
previously studied in the literature is conducted. Finally, this chapter
ends with the insights derived from the analysis of the results obtained.
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6.1 Diffuser-based top designs for sound attenuation in
exterior acoustic problems

For their unquestioned benefits for scattering sound field, the use of
diffusers has been the subject of many reviews and studies in indoor acous-
tic projects. Among them, those based on sequence number series (such as
maximum length sequence, quadratic residue diffuser, primitive roots dif-
fuser, etc.) have gained prominence for their excellent scattering proper-
ties, characterized by an approximately flat power spectral density. As the
power spectrum and surface scattering are closely related [147-149], the
far field scattering can be approximately predicted by taking the Fourier
transform of the surface reflection coefficients (in this case, a series of
wells with different depths that could be modeled as a flat surface of vary-
ing impedance). In short, any numerical sequence featuring good auto-
correlation properties (in other words, the auto-correlation function of the
reflection coefficients of the surface is a delta function) presents a Fourier
transform with a flat power spectral density, meaning that such a surface
exhibits an even scattering distribution of sound.

With the purpose of raising the acoustic performance, numerous and
innovative designs have been proposed and studied in the literature for
compensating the limitations normally associated with the parameter with
greatest influence on the barrier efficiency: the effective height. In this
way, despite the indoor-oriented application of well-based designs, the use
of such devices on noise barriers in exterior acoustic problems has evi-
denced a better performance when compared with both a vertical screen
and other classic top configurations. Some noteworthy works concerning
the use of diffusers installed on the barrier top can be found in the liter-
ature. Such is the case of Quadratic Residue Diffusers (QRDs) [13, 29,
30, 33] and Primitive Roots Difussers (PRDs) [32]. Other designs featur-
ing elaborated configurations eligible for either some kind of scattering or
screening behavior can be found in [15, 21] (see Figure 6.1).

All the aforementioned works address the problem with the standard
BEM formulation, considering the real geometry of the barrier comprised
of thick and very thin elements. Despite their remarkable contribution,
no shape design optimizations are performed in the referenced works. In
this regard, the methodology here presented proposes a general procedure
that aims at optimizing the shape design of edge-modified road acoustic
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barriers using BEM. This methodology offers an appropriate, ideal solu-
tion for complex configurations eligible for some sort of geometric simplifi-
cation. Under this proposal, the overall barrier configuration can be mod-
eled considering both thickness and null-thickness bodies as representa-
tives of very thin elements (the thickness of these elements is neglected).
Based on a frame of free geometric constraints, the definition of the ba-
rrier profile is then easily accomplished. This approach results in faster
computational times within a cumbersome process where every possible
design is assessed along the whole spectrum of frequencies.

(a) (b)

REAL VOLUMETRIC VOLUMETRIC GEOMETRY REAL VOLUMETRIC VOLUMETRIC GEOMETRY
GEOMETRY WITH IDEALIZED ELEMENTS GEOMETRY WITH IDEALIZED ELEMENTS

[—

Ficure 6.1: Examples of complex designs with elements eligible for ge-
ometric idealizations. (a) Waterwheel-top barrier from Okubo and Fuji-
wara [15]. (b) Complex barrier-top featuring wells with different lengths
and paths [21].

The need of the implementation of the Dual BEM formulation in this
work is clarified in Figure 6.2. The strategy of the application of both for-
mulations varies depending on the nature of the element under consider-
ation. This way, with the purpose of mitigating the effects of the fictitious
eigenfrequencies when dealing with non-thin bodies, a Dual BEM formu-
lation based on the combined use of the standard boundary integral equa-
tion (SBIE) and the hyper-singular boundary integral equation (HBIE)
coupled by means of a frequency-related complex value is proposed [109].
The nature of the issue is different when dealing with very thin bodies. In
this case, numerical integration problems may appear affecting, equally,
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to the barrier performance. The idealization of such elements as non-
thickness bodies not only solves the problem but also contributes to ease
their geometric representation, which greatly simplifies the optimization
process. With this aim, the SBIE and the HBIE are applied simultane-
ously but separately. Such a simplification of reality is a real asset, spe-
cially when compared with the case of the faithful, detailed definition of
real complex volumetric designs.

Ficure 6.2: Example of barrier discretization, after idealization of very
thin bodies as null-width elements, with parabolic elements (3 nodes) for
f=500 Hz of a QRD-based design. For the ease of viewing, non-thin el-
ements are represented in blue, while very thin bodies are idealized as
null-thickness type and depicted in red.

6.2 Description of the shape optimization framework
Shape design optimization is performed by the combined use of an evo-

lutionary algorithm and the mentioned Dual BEM formulation. A detail
description of the Dual approach used in this study is found in Chapter
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3. The evolutionary algorithm software used in this work applies the
GAlib package [112]. Additional information of the GA implemented in
this methodology refers to Chapter 4.

In the work presented in the previous chapter, a Dual BEM approach
coupled with a GA for the analysis and optimization of very thin noise ba-
rriers was introduced. Concerning the work here presented, the scope of
the Dual code is broaden to cope with the analysis of generic volumetric
barriers featuring, in addition, very thin elements. Under the framework
of the coupled use of this code and GAs, improved designs of top edge de-
vices are proposed in a way, to the researcher’s knowledge, not covered so
far in the bibliography concerning the issue. As an application, numerical
results on the basis of three models with complex top designs featuring
both thick and very thin bodies (idealized as null-thickness type) are per-
formed. The use of the Dual BEM formulation is justified in the sense
that is the most appropriate strategy to address the proposed problems
numerically, as reported by Hong and Chen [40], Krishnasamy et al. [42],
de Lacerda et al. [47], Chen and Chen [43], Chen and Hong [45], Wu [44],
Chen et al. [150] and Tadeu et al. [48]. Above all, the null-thickness ide-
alization greatly eases the geometric definition of configurations with no
substantial influence on the acoustic performance for the considered thick-
ness of very thin bodies [47].

6.2.1 Bi-dimensional configuration

Figure 6.3 represents the general configuration for just one of the mod-
els under study - model (a) -. It deals with, as previously stated, a two-
dimensional model concerning an infinite, coherent mono-frequency source
of sound, generating pure tones within the considered frequency spec-
trum, parallel to an infinite barrier with no geometric variation that stands
on a flat plane (ground) of uniform admittance. Both the ground and the
barrier boundary feature a perfectly reflecting surface (8, = 8, = 0). Just
one receiver in the shadow region is considered in assessing the overall
acoustic efficiency (to be maximized along the optimization process). Both
the noise source and the receiver are located on the ground at a horizon-
tal distance of 5.0 and 25.0 m of the barrier, respectively. The maximum
effective height to be achieved is hyg = 3.0 m at the median vertical axis
of the barrier.
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Ficure 6.3: Bi-dimensional configuration to be used in the optimization
process of the models presented in this work. Example of a QRD-inspired
top design (model (a) in this study) with different well depths d;.

6.2.2 Determination of the acoustic efficiency of the barrier

As is well known, the shielding efficiency of the barrier is measured for
every frequency from the analyzed noise source by means of the insertion
loss (IL), defined as usual:

IL = —20 - logyo <§i> [dB] (6.1)
HS

with its measure being representative of the difference of sound pressure
levels at the receiver point in the situation with (Pg) and without (Pyg)
considering the barrier.

With the purpose of conducting an optimization process where the ex-
citation is represented by a noise source pulsing at every frequency of the
band spectrum, the efficiency of the barrier for the considered receiver can
be written in terms of the broadband insertion loss as:

NF
Z 10(AI—IL1)/10

i=

ILtotal =-10- loglo [dB(A)} (62)

1
NF

Z 104:/10
i=1
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being NF the studied spectrum number of frequencies, here NF = 86, A;
the spectrum A-weighted noise level and IL; the insertion loss value for
sources pulsing at every frequency of the spectrum, according to (6.1).

6.2.3 Road traffic noise spectrum applied

In this study, the noise source has been characterized by using the
UNE-EN 1793 [117] standard involving the normalized traffic noise spec-
trum, generating pure tones ranging from 100 to 5 000 Hz corresponding
to one-third center band frequencies. Given the high frequency depen-
dence of the studied designs and to assess as accurately as possible the
broadband IL, the 1/3-octave bands are expanded to 1/15 octave intervals,
represented by band center frequencies. The normalized levels for 1/15
octave frequency bands in this corrected spectrum are calculated in such
a way that the total acoustic intensity is the same than that of the origi-
nal (Chapter 2). The estimator taken into account along the shape opti-
mization process, that is, the objective function, is entirely based on the
broadband IL value at the considered receiver point (OF = IL1). The
maximization of this latter parameter through the optimization process is
intended.

6.2.4 Used GA parameters

As each objective function evaluation requires the execution of a high
cost CPU for BEM, a high exploitative strategy with high selection pres-
sure has been taken into account: a steady-state genetic algorithm [144,
145] is used replacing the two worst individuals (in terms of their objective
function) at each generation. A population size of 100 individuals, with a
two-point crossover operator (crossover rate equal to 0.9) is used in this
study. The considered mutation rate is 1/ng,, where ng, is the chromo-
some length with design variables coded with different binary bit preci-
sion, depending on the model, according to the Gray code (see Table 6.1).
The stopping criterion condition is met for 1 000 generations.

6.2.5 Overview of the process

To facilitate understanding of the methodology, Figure 6.4 shows a flow
diagram concerning the evolutionary process on the search of the best
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TasLE 6.1: Description of the design variables (well length, coded with bi-
nary bits) of each topological model to be optimized and of the correspond-
ing chromosome.

Model Chromosome Bit precision Design variable Discrete values
length (ng,) per variable range [m] per variable
Symmetric: 15
(@) Non-symmetric: 30
. 5 (each well)  0.000-0.250 32
b) Symmetric: 60
Non-Symmetric: 120
Well #1: 5 0.000-0.808
Symmetric: 21 Well #2: 5 0.000-0.643 32
(c) Well #3: 5 0.000-0.350
Non-symmetric: 42  Well #4: 3
Well #5. 3 0.000-0.185 8

acoustic solutions. The procedure makes use of a steady state GA with
individuals initially based on a proposal on random design variables of
the topological model intended to be optimized, featured by discrete val-
ues of well length. A detailed description concerning the definition of both
the design variables and the chromosome of each model is collected in Ta-
ble 6.1. Such design variables form the chromosome of the individual pro-
posed by the GA shaping, therefore, the geometry of the top device of the
barrier. At this point, the screening behavior of each individual is per-
formed using the aforementioned Dual BEM code. This requires a proper
discretization of the barrier boundary with ever-increasing number of el-
ements along the frequency spectrum. In this work, parabolic elements
are coded with a maximum length of half the wavelength of the frequency
under study for adequate convergence of the results (see Chapter 3). The
initial population is then ranked in terms of acoustic performance, here
represented by the objective function value (OF) characterized, in turn, by
the broadband insertion loss (ILy41) - see (6.2) -. In this way, each individ-
ual is more likely to be selected according to its screening behavior (OF).
Therefore, by using the tournament selection operator, two individuals are
chosen (parents in proper terminology of evolutionary algorithms) and are
to be crossed with a probability of 90% by the two-point crossover oper-
ator, leading to an offspring comprised of two new individuals (children)
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whose chromosomes are eligible for mutation according to probabilistic
criteria. After mutation, offspring individuals replace the two worst in
the parent population (in case of better value of OF, that is, improvement
of the acoustic behavior). This iterative process continues until reaching
the stopping criterion, which is set at 1 000 generations due to balancing
an acceptable convergence of the results with invested computational re-
sources. Five independent runs of the optimization process are considered
for each model.

6.3 Numerical shape optimization

The shape optimization process aims at searching for series of wells
that maximizes the screening performance at the considered receiver point,
for both symmetric and non-symmetric configurations of the topological
models described below.

6.3.1 Description of the topological models

The models proposed in this work have been conveniently designed
with the intention of taking advantage of the potential screening prop-
erties underlying well-based top geometries (some of them inspired on
configurations previously studied in the literature). Figure 6.5 shows the
models under study. The upper model - model (a) - is a QRD-inspired top
configuration derived from that studied by Monazzam et al. [13]. Installed
on the top of a 0.10 m width vertical stem, it deals with a 1.00 m width, 0.30
m height box comprised of six wells of 0.12 m width and different depths
(d;) separated by very thin elements. The model in the middle - model
(b) - is inspired on the so-called waterwheel cylinder studied by Okubo et
al. [15]. It is based on a constant-radial top, over a 0.03 m width verti-
cal stem, comprised of two semi-circular cores with an outer diameter of
0.59 m from which a uniform distribution of very thin elements are born
that separate wells with different depths d;. The model at the bottom -
model (c¢) - is a novel design. It deals with a top configuration featuring a
series of straight and crooked-type wells separated by very thin elements
over a 0.10 m width vertical stem. With the purpose of easing the geo-
metric definition, the very thin elements featuring the top of the models
are mathematically considered as null bodies. As in the line of other works
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Ficure 6.5: Top designs of the models under study. Left, models featuring
just non-thin elements after filling the set of wells. Right, models fea-
turing both non-thin and very thin bodies in the scenario in which every
well is completely empty (for models (a) and (b): d;=0.250 m; for model (c):
d1=d10=0.808 m, d2=d9=0.643 m, d5=d8=0350 m and d4=d5=d6=d7=0.185
m). Dimensions in meters.
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(e.g., [71-73]), the effective height of these models is set to he=3.0 m at
the median axis. For this reason, despite models (a) and (b) are based on
models already studied in the literature, their effective height has been
modified to this value. As can be seen in 6.5, models (a) and (b) are com-
prised of wells with the same potential depth, while model (c) has been
designed with the purpose of featuring wells with different lengths. A de-
tailed description of the design variables of each model can be consulted
in Table 6.1.

Generally speaking, the models presented can be categorized as edge-
modified barriers, that is, barriers whose top edge has been conveniently
shaped with the aim of raising the screening performance of the reference
vertical screen. Based on different acoustic mechanisms, such as inter-
ference and resonance, the adequate shaping of these devices can lead to
significantly high noise reduction when compared with the reference ba-
rrier for a specific source-receiver scheme [14]. Consequently, despite the
apparent design complexity, models similar to those introduced here are
designed for practical use [15, 21]. Other interesting devices for practi-
cal applications and distributed as commercial products in Japan can be
consulted in [151].

6.3.2 Designs after optimization

Figure 6.6 illustrates the results concerning the best optimum indi-
viduals from the optimization processes. In the left part, the top geome-
tries of each model for symmetric and non-symmetric configurations are
shown. The right part depicts the IL spectrum evolution of such opti-
mum designs along the considered frequency range, in comparison with
their corresponding model for both completely filled and completely empty
wells (see Figure 6.5) and with a 3 m vertical screen, for the given noise
source-receiver scheme. The overall acoustic performance of the optimum
designs, according to (6.2), is also included in the figure (see graphic leg-
end). In addition, Figure 6.7 shows the acoustic performance evolution of
the presented models along the optimization process. Red lines represent
the shielding efficiency of the best individual found at each generation, in
terms of the objective function (OF), within the 5 runs considered. Blue
lines depict the OF mean value considering the best individual of each
run (5 individuals in all) at each generation. As observed, the graphs are
shown in an adjusted range in the ordinate coordinate. This facilitates
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viewing of the results with no loss of relevant details. The results achieved
suggest that further evolution is needed for a proper convergence, specially
in the case of non-symmetric configurations and, in particular, for model
(b).

Table 6.2 presents the well depths (d;) of the best optimum designs for
each model, configuration and run. As an example, the corresponding com-
puting time for model (a) cases is 97 hours on average, run in a CPU Intel®
Xeon® 2.60 GHz processor (RAM is not significant here). Row IL3mvert
collects the acoustic efficiency gain of such optimums in comparison with
the reference 3 m vertical barrier.

Finally, with the intention of illustrating the effects of the best opti-
mum designs of non-symmetric configurations, Figure 6.8 shows in col-
ormaps the broadband sound pressure level (SPLy,) in a domain with a
noise source intensity of 90 dB(A) (measured 1 m away in the free field)
pulsing at every frequency according to the spectrum considered so far [117].
Results are easily obtained through simple operations from the IL;,; val-
ues associated with such optimums.

6.3.3 Designs for practical use

With the intention of both determining how important the role of wells
at the top is in the shielding behavior and leading to easier-to-build, more
practical barrier designs, Figure 6.9 shows some geometric modifications
on the basis of the optimum symmetric and non-symmetric configuration
of model (b). Starting off from such designs after the GA optimization,
slight modifications, in terms of emptying-filling patterns of some wells,
are introduced (represented by Mod. #1 to Mod. #7). In brief, wells with
approximately the same depth are grouped: those at the bottom (wells
from #1 and #3, and symmetric ones), at the middle (wells from #4 and #9,
and symmetric ones) and at the top of the device (wells from #10 and #12,
and symmetric ones). In addition, a design previously studied in the liter-
ature by Okubo et al. [15] is included as reference. Results are presented
in terms of the broadband sound pressure level (SPL;4) in the vicinity of
a noise source pulsing with a sound intensity level of 90 dB(A) according
to the used traffic noise spectrum [117] for the considered source-receiver
scheme. This way, the lower the SPLg,a1, the better. As observed, the
practical designs outperform the reference case over a decibel in most
cases for the symmetric configuration.
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Ficurk 6.6: Results for the best individuals found along the optimization
processes for each model and configuration. Left, best optimum profiles.
Right, IL along the considered 1/15-octave band center frequencies for the
aforementioned geometries and their corresponding model for both com-
pletely filled and completely empty wells (see Figure 6.5).
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Ficure 6.7: Objective function (OF) convergence charts for both symmetric
and non-symmetric configurations of the studied models.
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Ficure 6.8: Broadband sound pressure level (SPLy,) colormaps for a
sound intensity level of 90 dB(A) at 1 m from the noise source pulsing
according to the considered traffic noise spectrum [117]. From top to bot-
tom, results for a 3 m vertical screen and best optimum non-symmetric
designs for models (a), (b) and (c). Noise source at (-5.0, 0.0).
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6

TaBLE 6.2: Design variables d; (in centimeters) of the best optimum barrier
profiles (see Figure 6.6) and shielding efficiency gain with respect to a 3

m vertical screen, in dB(A), for each model and configuration.

Symmetric

Non-symmetric

Model (a) Model (b) Model (¢c) Model (a) Model (b) Model (c)

dy 11.29 0.00 44.34 11.29 1.61 75.64
da 25.00 1.61 53.92 25.00 1.61 51.85
ds 21.77 5.65 32.74 20.97 8.87 31.61
dy 21.77 17.74 18.50 17.74 20.16 10.57
ds 25.00 25.00 18.50 25.00 23.39 18.50
dg 11.29 23.39 18.50 25.00 22.58 18.50
dr - 24.19 32.74 - 24.19 18.50
dg - 22.58 53.92 - 23.39 22.58
dg - 18.55 44.34 - 22.58 60.14
dio - 15.32 - - 12.10 41.73
di1 - 12.10 - - 0.00 -
di2 - 0.00 - - 0.81 -
di3 - 0.00 - - 10.48 -
dis - 12.10 - - 17.74 -
dis - 15.32 - - 16.94 -
dig - 18.55 - - 23.39 -
di7 - 22.58 - - 22.58 -
dig - 24.19 - - 25.00 -
dig - 23.39 - - 24.19 -
dao - 25.00 - - 21.77 -
da1 - 17.74 - - 12.10 -
daa - 5.65 - - 1.61 -
das - 1.61 - - 1.61 -
day - 0.00 - - 1.61 -
IL3mvert: 4306  +2.67  +4.82 +3.20  +2.68  +5.10
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Optimum

symmetric Mod. #1 Mod. #2 Mod. #3 Mod. #4 Mod. #5 Mod. #6 Mod. #7  Okubo et al., 1998

SPL,,=58.61 SPL,,=58.75 SPL,,=59.00 SPL,,=59.65 SPL,,=60.06 SPL,,=60.80 SPL,,=59.56 SPL,,=59.99 SPL,,=61.69

T T

Optimum
non-symmetric

SPL,,,=58.62 SPL,,=59.03 SPL,,=59.08 SPL,,=59.10 SPL,=59.10 SPL,=59.52 SPL,,=59.42 SPL,,=59.30 SPL,,=61.64

Reference

T T r r v T T T 7T

Ficure 6.9: Slight geometric modifications on the basis of reference de-
signs of model (b): up, modifications from the best optimum symmet-
ric configuration; bottom, modifications from the best optimum non-
symmetric configuration. Results expressed in terms of the broadband
sound pressure level (SPL;,,) measured in the considered receiver point,
for a scheme featuring a noise source intensity of 90 dB(A) (measured 1 m
away in the free field) pulsing at every frequency according to the consid-
ered spectrum [117].

On the other hand, the benefits of the methodology introduced in this
work are shown in Figure 6.10. As observed, the acoustic performance
of the best optimum designs for symmetric and non-symmetric configura-
tions of model (a) are compared with a QRD of same topological design,
previously studied in the literature by Monazzam et al. [13]. Results sug-
gest the convenience of implementing procedures like that presented here
for raising the acoustic performance of already existing barrier designs.
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Ficure 6.10: Sound pressure level (SPL) evolution. Graphs for a QRD
(d1=dg=0.0600 m, do=d5=0.24450 m, d3=d4=0.12225 m), the best optimum
designs for symmetric and non-symmetric configurations of model (a) (d;
in Table 6.2) and a 3 m vertical screen.

6.3.4 Discussion of the results

From the analysis of the results obtained some conclusions on the re-
sponse of the models studied in this work are drawn:

¢ The shielding efficiency of the optimal geometries here clearly out-
perform the acoustic behavior of the reference 3 m vertical screen for
the considered noise source-receiver scheme. The non-so-near place-
ment of the receiver point makes this issue more remarkable.

¢ The use of designs with longer wells raises the acoustic performance
of the barrier. This is well illustrated by model (c) (Figure 6.6), where
the IL curve performs far better than the 3 m vertical screen even for
low frequencies.

* As expected, generally speaking, non-symmetric best designs are al-

ways better than symmetric ones, both in best OF values and average
OF values. Even in the model (b) case, the non-symmetric optimum
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designs could have far outperformed the symmetric ones in a hypo-
thetical scenario with higher number of generations (as seen in the
convergence evolution of the search in Figure 6.7).

Despite the well known strong frequency dependence-nature of these
well-shaped devices (e.g., [15]), the optimum profiles present smoot-
her IL curves than their corresponding model featuring completely
empty wells (see Figure 6.6) but with considerably higher shielding
efficiency.

As shown in Figure 6.7 a slightly further convergence of the acous-
tic performance of the studied models, particularly of models (b) and
(c), is still expected. Constraints regarding the considered spectrum
(1/15-octave bands center frequencies) impose a high consuming CPU
time per objective function evaluation, especially at high frequen-
cies (the higher the frequency, the finer the required BEM mesh).
However, the stopping criterion adopted in this work seems to have
achieved reasonable convergence for the limited invested computa-
tional resources.

The consideration of methodologies like the one here presented al-
lows the search of interesting shielding solutions to be easily accom-
plished and can be considered as an adequate procedure to outper-
form the screening behavior of already existing barrier designs (see
Figures 6.9 and 6.10).
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Multiobjective optimization of very thin barriers 7

In real-world applications, the existence of problems with just a de-
sired aim is a very rare scenario. Usually, multiple, often conflicting ob-
jectives arise naturally in most optimization problems. The task of solving
multi-objective optimization problems is called multi-objective optimiza-
tion (MO). Under this framework, optimizing involves establishing a set of
design variables which satisfies constraints and simultaneously optimizes
the set of objective functions that define the desired aims of our problem.
The issue is further complicated when the intended goals are in conflict to
each other, that is, when the fulfillment of one objective function mitigates
against the fulfillment of the other. Therefore, using MO gives rise to a
more comprehensive design scenario by providing a set of trade-off optimal
solutions (not a single one, as in the case of mono-objective optimization),
popularly known as Pareto-optimal solutions. Due to the multiplicity in
solutions, these problems are proposed to be solved suitably using evolu-
tionary algorithms which use a population approach in the search process.

The approach of this chapter is based on the evolutionary multi-
objective optimization (EMO) of noise barrier models with improved per-
formance. In this sense, results here presented are a step in the direction
marked by previous works developed within the SIANI institute. As a
brief background, in Maeso et al. [152] the simultaneous minimization of
both noise attenuation level differences with respect a reference shielding
curve and the effective height of Y-shaped barriers was conducted. Later
on, the multi-objective optimization of the shielding efficiency and the cost
of the barrier, represented by the overall boundary length, was addressed
in Greiner et al. [73], on the basis of Y-shaped barriers with upper absorb-
ing surface considering different receiver points’ schemes. A comparative
study between the strategy of introducing the optimal single-objective so-
lution in the initial multi-objective population (seeded approach) and the
standard approach was also presented. On the same line of this latter
work, a single- and multi-objective optimization of Y models with different
surface treatments was carried out in [72]. Finally, in Deb et al. [75] the
multi-objective problem addressed in [152] was solved with increased per-
formance by means of obtaining automatic design learnings through the
use of the so-called innovization technique. All the aforementioned works
addressed the issue implementing the standard BEM formulation for the
sound attenuation prediction of Y-shaped barriers with real dimensions.

The EMO optimization here presented deals with very thin barriers
whose topological designs were previously introduced in Chapter 5 (Study
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#1). Similarly to the study carried out in the single-objective optimiza-
tion of such models, the bi-dimensional sound propagation analysis is per-
formed in the frequency domain with the usual assumptions: the medium
(air) is modeled as homogeneous, elastic and isotropic with no viscosity,
under small disturbances and initially at rest with no wind effects. The
noise source is modeled as an infinite, coherent mono-frequency source of
sound located parallel to an infinite very thin barrier idealized as a single-
wire configuration that stands on a flat plane (ground) of uniform admit-
tance. In this case, the study focuses on the simultaneous optimization
of two objectives in conflict: the maximization of the shielding efficiency
(represented, as known, by the broadband insertion loss for the considered
spectrum) and the minimization of the cost of all barrier material used,
represented by the overall length of the boundaries.

Two optimal sets of designs are obtained for each model after multi-
objective optimization processes: when considering a random initial pop-
ulation and when including the best single-objective optimal design ob-
tained in Chapter 5 in the initial population. The comparison of the op-
timal Pareto fronts derived from both processes, with equal number of
fitness function evaluations, are performed by means of the hypervolume
indicator. The insights derived from the analysis of the results disclosed
are provided at the end of this chapter.

7.1 Description of the multi-objective optimization frame-
work

As stated above, EMO algorithms are proper, efficient tools for the si-
multaneous optimization of two or more conflicting objectives. In this case,
decreasing of barrier dimensions normally leads to reduction in sound at-
tenuation. Thus, the intended maximization of the shielding efficiency of
the barrier does not match well with the minimization of the total length
of the barrier.

The study here presented deals with optimization problems performed
by the combined use of a multi-objective genetic algorithm (MOGA) and a
code that implements a Dual BEM formulation for the assessment of road
barriers featuring very thin sections. A detail description of this Dual
approach is found in Chapter 3. The MOGA software used in this study
applies the NSGA-II [114] algorithm, one of the references in the EMO
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field. A population size of 100 individuals and uniform mutation rate of
3%, as well as uniform crossover are used. Additional information of the
MOGA implemented in this methodology is provided in Chapter 4.

7.1.1 Bi-dimensional configuration

Figure 7.1 represents the general configuration of the study and was
previously introduced in Chapter 5 for the assessment of noise barriers
with improved efficiency (Study #1). A more detailed description of this
configuration, the applied spectrum and the procedure followed to repre-
sent the barrier geometry is provided in section 5.2.1 of the cited chapter.
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Ficure 7.1: Bi-dimensional configuration for the multi-objective optimiza-
tion of noise barriers with improved performance. Dimensions expressed
in meters.

7.1.2 Definition of the conflicting objectives

One of the aims of the multi-objective optimization presented in this
chapter is the search of barrier designs with ever-increasing screening per-
formance (maximization of the shielding efficiency). This criterion has
been the basis of shape optimizations presented so far and can be prop-
erly determined, as is well known, by the broadband insertion loss. Its
representation in terms of the objective function can be expressed as fol-
lows:
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NR
OF, = Z IL¢otay,/NR [dB(A)] (7.1)
j=1
being IL,ta1, the broadband IL for each receiver and NR the total number
of receivers considered in the study.
Additionally, the minimization of the manufacturing costs of the ba-
rrier profile is intended. This second objective can be expressed in terms
of the sum of the boundary lengths (see Figure 7.2), as follows:

NB NB
OF; =Y L=/ — )2 + (v} — y})2 m] (1.2)
k=1 k=1

with Ly being the length of each boundary and NB the overall number of
boundaries of the considered barrier.

£ of
X3, ¥3)

Ficure 7.2: Total length of the barrier as a factor to be minimized along
the multi-objective optimization. Example of a Y-shaped barrier model.

It is not difficult to understand at this stage that both criteria are in
conflict: reducing the barrier length affects adversely, in the large majority
of cases, the acoustic efficiency.
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7.2 Numerical simulations

Five MO optimization runs of each single-wire topological model (as
representative of their corresponding very thin profile) are conducted. To
ensure a fair comparison among the optimal solutions of a particular model
both after including the best single-objective solution (Case B) of such
model (see section 5.2.1 of Chapter 5) in the initial population and after
considering random initial individuals (Case R), different stop criteria are
considered for each MO case. According to this, the stop condition is met
for 400 and 600 generations of the MO optimization process for Case B
and Case R, respectively. Recalling that the best optimal barriers after
mono-objective optimizations were obtained for 20 000 objective functions
evaluations, both cases performed the same number of assessments of the
objective functions (60 000).

7.2.1 Description of the models

As stated above, the models to be optimized in this study are those
presented and described in detail in section 5.2.1 of Chapter 5 (Figure 7.3).
Unlike this latter, the analysis performed in this chapter just consider
perfectly reflecting barrier surfaces.

7.2.2 Designs after optimization

Figures 7.4-7.11 collect the results after the multi-objective optimiza-
tions of each model. The upper graphs show the accumulated non-
dominated front solutions of the five runs for both after starting off with
a random initial population (Case R) and when including the best mono-
objective solution in the initial population (Case B). Some of these solu-
tions are labeled from 1 to 7 in both cases and represented within a grey
box by their objective functions: the overall shielding efficiency consider-
ing all receiver points (OF;) and the total length of the barrier (OF5). The
corresponding geometric representation of these solutions are shown at
the bottom of such graphs.

In order to determine whether the inclusion of the best single-objective
solutions (Case B) is a real asset in the improvement of the models studied,
the comparison between the optimal Pareto front of this case and that from
Case R is conducted by applying the hypervolume measure (HV). Data con-
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cerning this value for each optimization run are collected in Table 7.1 for
both cases. Additionally, some information from this table is represented
graphically in Figures 7.12 and 7.13 by vertical lines, whose extremes cor-
respond to the lowest and the highest HV value found along the optimiza-
tion runs of each model, while the dot spot represents the mean value

TasLe 7.1: Hypervolume measure (HV), mean value (HV) and standard
deviation (o) of the optimal Pareto fronts of barrier models when consid-
ering a random initial population (R) and when including the best single-
objective solution (B) in the optimization runs. Reference point: (OF,
OF5) = (0, 20).

Runl Run2 Run3 Run4 Run5 HV ¢

R 316.63 315.96 316.34 316.27 316.13 316.27 0.25

a) 3-sided polygonal 5 59 77 39503 394 85 324.49 324.62 324.75 0.21

R 316.41 321.63 330.68 315.88 315.63 320.05 6.44

b) 5-sided polygonal 5 o, "1 1 946 99 346.53 346.53 345.88 346.32 0.28

R 332.42 331.47 291.56 329.35 322.54 321.47 17.16

¢) 3-cubic splines 5 071 1 399 41 330.15 324.66 324.75 326.82 2.72

R 312.09 325.40 326.31 318.33 330.27 322.48 7.23

d) 5-cubic splines 5 557 g0 308 83 395.53 330.22 328.21 328.13 1.71

R 327.97 324.20 334.71 332.93 324.42 328.85 4.82

e) Y-shaped B 335.89 335.87 335.38 335.80 335.88 335.76 0.22

R 338.20 338.53 338.72 332.40 337.41 337.05 2.65

f) Tree-shaped B 339.08 339.12 338.85 338.60 339.00 338.93 0.21

R 325.62 328.87 326.89 339.64 343.80 332.96 8.21

g) Y-variant-shaped p o904 336 94 336.90 333.89 338.46 336,51 1.67

R 325.81 319.80 325.44 325.09 325.51 324.33 2.55

h) Fork-shaped B 332.50 332.27 332.24 332.43 332.52 332.39 0.13
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OVERALL SHAPE DESIGN OPTIMIZATION TOP EDGE BARRIER OPTIMIZATION
Reference Point in Barrier Profile analyzed Reference Point in Barrier Profile analyzed
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Ficure 7.3: Models under study for the multi-objective optimization.

Shape optimization of noise barriers | Instituto Universitario SIANI 159



7 Multiobjective optimization of very thin barriers

9.0
1 After including the best single-objective solution in the initial population =
8.5 \ After starting off with a random initial population
8.0
1: OF, =-19.31 [dBA] ; OF, = 8.70 [m]
75 8.58 [dBA] ; OF, = 4.19 [m]
8.83 [dBA] ; OF, = 6.63 [m]
7.0 7.72[dBA] ; OF, = 3.65 [m]
2 8.64 [dBA] ; OF, = 5.7 [m]
6.5 . 7.71[dBA] ; OF, =3.37 [m]
7.84 [dBA] ; OF, = 3.90 [m]
= 60 6.55 [dBA] ; OF, = 3.20 [m]
% -3 7.31 [dBA] ; OF, = 3.36 [m]
w 5.89 [dBA] ; OF, = 3.04 [m]
c 55 5.08 [dBA] ; OF, = 2.91 [m]
50 4.59 [dBA] ; OF, = 2.87 [m]
: 8 4.02 [dBA] ; OF, = 2.85 [m]
45 7: OF, =-14.13 [dBA] ; OF, = 2.86 [m]
: 1
4.0 ha, -y 4
=,
3.5 n 5
k) .h‘-._ s
30 4 T mrerrmn G [
6 7
25

200 195 190 185 -180 175 170  -165 160  -155  -150  -145 140  -135
OF [dB(A)]

1(-19.31,870)  2(-18.83,6.63)  3(-18.64,5.77)  4(-17.84,390) 5(-17.31,336)  6(-15.08,291)  7(-14.02,2.85)

35
3.0
25
_ 20
E
> 15
1.0
05
0.0
1(-18.58, 4.19) 2(-17.72, 3.65) 3(-17.71,337) 4 (-16.55, 3.20) 5(-15.89,3.04) 6 (-14.59, 2.87) 7 (-14.13, 2.86)
35
E
=

3.0
25
2.0
15
1.0
0.5
0.0

05 00 05 05 00 05 -05 00 05 -05 00 05 -05 00 05 -05 00 05 -0.5 00 05
x[m] x[m] x[m] x[m] x[m] x [m] x[m]

Ficure 7.4: Model a): 3-sided polygonal shaped barrier results. Non-
dominated solutions for Case B and Case R.
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Ficure 7.5: Model b): 5-sided polygonal-shaped barrier results. Non-
dominated solutions for Case B and Case R.
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Ficure 7.6: Model c): 3-cubic splines-shaped barrier results. Non-
dominated solutions for Case B and Case R.
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Ficure 7.7: Model d): 5-cubic splines-shaped barrier results. Non-
dominated solutions for Case B and Case R.
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Ficure 7.8: Model e): Y-shaped barrier results. Non-dominated solutions
for Case B and Case R.
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Ficure 7.9: Model f): Tree-shaped barrier results. Non-dominated solu-
tions for Case B and Case R.
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Ficure 7.10: Model g): Y-variant-shaped barrier results. Non-dominated
solutions for Case B and Case R.
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Ficure 7.11: Model h): Fork-shaped barrier results. Non-dominated solu-
tions for Case B and Case R.
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Ficure 7.12: Hypervolume measures of the optimization runs for Case B

and Case R. Models a) to d).
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Ficure 7.13: Hypervolume measures of the optimization runs for Case B
and Case R. Models e) to h).
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7.2.3 Discussion

According to the disclosed results, the following analysis is drawn:

¢ In all models, the value of the average hypervolume measures is al-
ways better (higher) in Case B than in Case R.

¢ In all models, the value of the standard deviation of the hypervolume
measures is always better (lower) in Case B than in Case R.

¢ In four out of the eight models studied, the distribution of the hyper-
volume measures is not overlapped, meaning a complete outperfor-
mance of Case B over Case R in those cases - models a), b), ) and h)

¢ Including the best single-objective solution in the initial population
confers a considerable advantage over the case in which the multi-
objective optimization starts off with a random initial population, for
the criteria involved in this study. This is explicitly reflected both in
Table 7.1 and Figures 7.12 and 7.13, where it can be seen that the
hypervolume measures of Case B perform significantly higher than
Case R in all models. The low values of the standard deviation of
Case B optimums make this issue more remarkable.

¢ The multi-objective optimization has performed well to find, gener-
ally speaking, wide and uniformly spread-out Pareto-optimal fronts
(non-dominated solutions) for the presented barrier models. This is
illustrated by the geometric diversity of noise barriers depicted in
Figures 7.4-7.11, being most noticeable, logically, in barrier models
featuring overall shape optimizations - models a) to e) -.
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8.1 Summary and conclusions

The presented work proposes a systematic improvement of the shiel-
ding efficiency of road barriers by a general, robust procedure to address
the study of 2D acoustic problems. Such a procedure uses Genetic Algo-
rithms (GAs) for the guided search, within a space of feasible solutions
according to the problem constraints, of geometries (based on topological
designs previously defined) that coupled with Boundary Elements (BE)
leads to ever-increasing acoustic performance solutions.

This study is a significant step forward regarding the numerical model
for the realistic simulation of outdoor sound propagation problems induced
by any type of noise source that has been continuously developed and im-
proved over the past years, framed in an ongoing research line within
the Institute of Intelligent Systems and Numerical Applications in En-
gineering (SIANTI Institute), involving the shape design optimization of
road acoustic barriers by coupling Boundary Elements with Evolutionary
Algorithms (EAs).

As a background, the initial bi-dimensional model arose as a result of
the research works by Prof. Orlando Maeso and Prof. Juan J. Aznéarez
(both supervisors of this document), who had been working in the previ-
ous years on the development and application of numerical methods for
solving wave propagation problems in elastic media. The first code imple-
mentation for outdoor sound propagation prediction was based entirely on
the standard boundary integral equation and allowed the study of various
volumetric barrier designs in different scenarios [18, 98]. Later on, the
scope of this research was extended to the systematic improvement of the
screening performance of commonly used barrier configurations by ben-
efiting from the expertise of Prof. David Greiner (one of the supervisors
of this document) in the field of Evolutionary Algorithms. This fruitful
collaboration resulted in the development and implementation of a more
general procedure involving the coupled use of BE and EA for the shape de-
sign optimization of road barriers. The first joint implementation of both
numerical approaches within the Research Group where this thesis is de-
veloped can be found in [71], followed by other notably works [72, 73, 108].

Despite the fact that the procedures developed until that moment had
been successful in reducing sound attenuation systematically, the consid-
eration of certain types of barrier geometries were challenging and, in
most cases, just seen as unaffordable in terms of 1) the evaluation of the
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feasibility of complex designs proposed by the optimizer 2) the faithful rep-
resentation of the shielding behavior. In this regard, the development of
this thesis must be seen as a response to the lack of versatility and adapt-
ability of previous procedures by implementing a broader, more robust,
general methodology that may cover any type of 2D acoustic optimization
problem.

Though the Boundary Element Method (BEM) is the most suitable
technique in the study of outdoor sound propagation prediction, the imple-
mentation of its standard formulation may lead to insurmountable obsta-
cles when dealing with certain type of barriers yielding, depending on the
geometry nature, either numerical drawbacks or a singular equation sys-
tem. In this respect, the procedure implemented in the studies presented
in this thesis makes use of the so-called Dual BEM approach, the most
appropriate strategy involving BE to overcome these difficulties. Such a
formulation combines the standard boundary integral equation (SBIE) of
the Method with a hyper-singular variant (HBIE) which is obtained by
derivation of the former. The coupled use of both approaches in this Dual
BEM formulation allows us to avoid drawbacks associated with the exclu-
sive implementation of the standard formulation by 1) assuming the ideal-
ization of very thin elements as single-wire bodies, greatly facilitating the
geometric definition of complex configurations with no substantial influ-
ence on the acoustic performance for the considered thickness of very thin
sections [47], and 2) mitigating the fictitious eigenfrequencies associated
with the inner domain of barriers or elements featuring real dimensions,
that may adversely affect to the assessment of the screening efficiency.
The accomplishment of such objectives, mainly the geometric idealization
of very thin elements, gives rise to a more general and robust methodology
for the systematic search of barrier designs that often feature complete ge-
ometric freedom according to their topological patterns. In addition, this
approach enables us to tackle the shape design optimization of complex
road barriers in a way, to the researcher’s knowledge, not covered so far
in the bibliography concerning the issue.

The strategy of the application of both formulations varies depending of
the nature of the element under consideration. This way, both SBIE and
HBIE are coupled by means of a frequency-related complex value [109]
to mitigate the fictitious eigenfrequencies when dealing with volumetric
structures (structures with real dimensions). Generally speaking, this is-
sue affects the treatment of any type of element, regardless the thickness

174 Shape optimization of noise barriers | Instituto Universitario SIANI



Summary, conclusions and future research directions 8

of the body. However, the problem is further aggravated when dealing
with very thin sections. In this case, numerical integration problems may
appear affecting, equally, to the barrier performance. The convenient ap-
plication of the Dual BEM approach offers a proper solution to this is-
sue by idealizing very thin elements as single-wire bodies. In this case,
the SBIE and the HBIE are then applied separately on every node of the
discretization of a boundary representing the fusion of the two opposite
boundaries of the real section. Such a simplification of reality not only re-
sults in faster computational times but also is a real asset, especially when
compared with the case of the faithful, detailed definition of real complex
volumetric.

Different studies based on the aforementioned methodology have been
performed and the corresponding results have been presented in the last
chapters of this document. Numerical 2D simulations involving differ-
ent scenarios have been conducted on the basis of two-dimensional sound
propagation hypotheses, i.e., the source of sound is modeled as infinite,
coherent and mono-frequency-type and placed parallel to an infinite noise
barrier with no geometric variation that stands on a flat plane (ground)
of uniform admittance. These simulations have been performed in the
frequency domain with the usual assumptions (Helmholtz equation): the
medium (air) is modeled as homogeneous, elastic and isotropic with no vis-
cosity, under small disturbances and initially at rest with no wind effects.

Results concerning single- and multi-objective optimizations of differ-
ent noise barriers have been included in this document. The most out-
standing conclusions and insights drawn from these studies are exposed
below.

On the overall and top edge shape optimization of very thin barriers

The single-objective optimization of very thin noise barriers idealized
as single-wire bodies has been performed, on the basis of numerical sim-
ulations of barriers’ performance implementing a 2D Dual BEM code in
different scenarios.

In one study, shape optimizations of designs featuring overall shaped
and top edge configurations (covering straight and curved models) with
rigid and noise absorbing boundaries materials have been conducted.
While simulations have been conducted for a specific receivers’ scheme,
the influence of the receivers’ distribution on the acoustic performance
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has also been addressed. Results presented are in line with other authors’
works [13-15, 66, 70] in the sense that higher sound attenuation levels are
obtained when acting, geometrically speaking, on the barrier top instead
of on the overall profile. The strong theoretical nature of many of the de-
signs proposed in this study has not been an obstacle to find optimum de-
signs that can be approximated to easier-to-build barrier configurations,
with no major influence on the acoustic performance. As for the surface
treatments, it was found that not always providing some boundaries with
sound-absorbing treatments leads to the improvement of the shielding ef-
ficiency of edge-modified barriers, as the top configuration plays an impor-
tant role by producing reflected waves that help partly offset the incident
ones. In this respect, the consideration of absorbing surfaces in the opti-
mization process was found necessary in the pursuit of barrier designs
with highest sound attenuation levels. Finally, the introduced models
showed, generally speaking, a regular, slight loss of shielding efficiency
through distance.

This latter aspect was analyzed in further detail in the second study.
The influence of the screening performance through distance was pre-
sented, considering two sets of receivers located at three clearly distin-
guishable regions in terms of closeness to the barrier. Simulations were
performed on the basis of a 6-sided polygonal shaped barrier and a 6
degree Bézier curve model, concluding that former model performed bet-
ter for near regions when receivers are located on the ground. The Bézier
curve-shaped barrier showed a better screening behavior for non-near re-
gions, though. Under the analysis with a grid of receivers both models
performed roughly the same.

On shape optimization of diffuser-based barriers

Results concerning the single-objective optimization of noise barriers
with top-edge devices were presented. More specificially, topological de-
signs with complex diffuser-type tops were studied. Based on complex ge-
ometries, these designs combine a general volumetric structure with very
thin elements that can be idealized as null-thickness bodies. The Dual
BEM approach implemented addressed properly the assessment of these
designs through a robust, versatile procedure by mitigating the fictitious
eigenfrequencies of the volumetric structures and by idealizing very thin
sections as single-wire bodies.
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As an application, numerical results on the basis of three well-based
models (some of them inspired on configurations previously studied in the
literature) were performed. As expected, the screening performance of the
presented models after optimization significantly exceeded that from the
reference 3 m simple screen, even for far location of receivers. As for the
models themselves, in accordance with other authors (e.g., [15]), these de-
signs showed a strong frequency-dependence. However, optimum models
presented smoother shielding curves than that from the corresponding de-
sign with completely empty wells. In addition, it was found that the poten-
tial depth of wells is a real asset for raising the screening behavior, as the
number of frequencies with high IL values is widen within the considered
frequency spectrum. With a marked practical approach, easier-to-build
designs were proposed inspired from optimum models, with no major in-
fluence on the acoustic performance. Finally, a comparative sound atten-
uation analysis between a QRD previously studied in the literature [13]
and the topologically identical optimal model was conducted, justifying
the need of considering procedures as the one presented in this study to
improve the performance of already existing designs.

On multi-objective optimization of very thin road barriers

Lastly, results derived of the multi-objective optimzation of very thin
noise barriers with perfectly rigid surface were presented. Based on ba-
rrier models previously introduced in the first study of Chapter 5, numer-
ical optimizations were conducted in the pursuit of both the maximiza-
tion of the shielding efficiency and the minimization of the cost of all ba-
rrier material used, represented by the overall length of the boundaries.
Optimal sets of designs were obtained for each model after running pro-
cesses with equal number of fitness function evaluations both when con-
sidering a random initial population (Case R) and when including the best
single-objective optimal design obtained in Chapter 5 in the initial popu-
lation (Case B). The comparison of the optimal Pareto fronts of each pro-
posed designs (by means of the hypervolume measure) revealed the out-
performance of Case B over Cases R in all models, meaning that includ-
ing the best single-objective solution in the optimization run is a real as-
set. Futhermore, multi-objective optimizations led to wide and uniformly
spread-out Pareto fronts, which was reflected in the geometric diversity
featured by optimal designs.
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8.2 Future research directions

The procedure presented in this document has successfully addressed
shape design optimization problems, considered as intractable prior this
thesis within the Research Group where it has has been developed. De-
spite its undoubted contribution, this work is eligible for improvement in
the aspects detailed below.

i On the efficiency of the optimizer. Genetic Algorithms belong to
the paradigm of Evolutionary Algorithms and Metaheuristics. Among
their advantages are their global optimizer capabilities due to their
stochastic population based search. However, one of their main draw-
backs is the high number of evaluations of the fitness function required
to obtain a proper convergence, which is specially critical when solv-
ing engineering problems (where each evaluation implies a high com-
putational cost). Such is the case of solving Boundary Element prob-
lems. In this respect, the efficiency of the approach is a critical issue
in obtaining solutions of acceptable quality with the allowable compu-
tational resources invested. Among the field of evolutionary algorithm
applications for the computational simulation of engineering problems
(fluid dynamics, structural engineering, etc.), recent advances in en-
hancing the efficiency are mainly based on the use of parallel evolution-
ary algorithms, game strategies and surrogate models. All the afore-
mentioned strategies, separately or simultaneously used (e.g., [153—
155]), are state of the art tools advisable to be taken into considera-
tion in prospective works to enhance efficiency of the procedure imple-
mented here.

ii On the efficiency of the evaluator. The computing times of the
overall methodology can be improved by just considering the paral-
lelization of the highest time-consuming task within BEM: the assem-
bly of the matrices of the integration cores of the Method involving both
the SBIE and the HBIE. As the assembly of each row of the aforemen-
tioned matrices are independent from one another, the accomplish-
ment of this aim is simple and straightforward.

iii On the scope of application of the evaluator. Finally and with a
more ambitious purpose, another future research direction that may
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emerge from this study is that involving the combined use of Fast Mul-
tipole Methods (FMM) with BEM for solving one of the main drawbacks
of this latter numerical technique in any physical problem: the high
computational cost both in terms of run times and memory resources
when dealing with very large-scale problems, such as those involving
3D spaces. In addition, in harmonic dynamic problems (frequency do-
main) the issue is further aggravated as the application of the Method
results in systems of equations which grow exponentially with the ex-
citation frequency. The key point of the coupled FMM-BEM approach
(see, e.g., [156-159]) is the significant reduction in computational costs
of dense-matrix storage of O (n?) and evaluation of O (n?) (in case of
direct resolution algorithms) to a quasilinear problem. In this way, the
prediction of the noise attenuation of three-dimensional noise barriers
featuring several million degrees of freedom can be easily addressed
on a desktop computer within hours. Among the fast multipole meth-
ods, the generalized minimal residual [160-163] (GMRES) iterative
method arises as one of the application in this context, as does not
require that the coefficients matrix is stored in memory. The array-
vector product is performed by using multipole expansions of the fun-
damental solution stored on a cells structure that group the elements
of the boundary discretization. With this, the node-node interaction
(collocation-integration) of the conventional BEM turns into a cell-cell
interaction.
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Numerical aspects of the hyper-singular BEM formulation A

This appendix deals with the numerical treatment of the integration
cores involved in the Dual BEM formulation presented in this disserta-
tion. Following, the numerical aspects of the integrals involving the hyper-
singular boundary integral equation (HBIE) are addressed.

The HBIE for the boundary point 7, once the strategy to avoid singu-
larity around i is considered (see Figure A.1), can be written as follows:

Op; o .
%y M(w)de+/ M(i, j)pdle =
on; e
ap ap (A1)
L(i,j —dI‘Jr/ L(i,j)=—dl. + L(0,1
J, g ar [ 1605 v+ 10,0
with:
0?G(k, )
M@i,j) = ——22
(i, 7) in,
. 0G(k,r)
L = =5
(i,7) o,
. aGo(k',T)
L(0,i) = —xmr)
(0’7) 8n1
i = collocation point
j = integration point
k = wavenumber
r = distancefromitoj

The integrals involving the infinitesimal boundary I'. must be studied
in the limit. In this way, by expressing p as a Taylor series in I'. and after
some operations the integrals around the singularity can be expressed as
follows:

lim [ M(i,j)pdr. 711m—i/ sinfpdf — (A.2)
0

e—0 . e—0 e
0 - 1
S () By (2
4 8ni T e—=0\ €
—_———
improper term

. ., Op 1 " dp 1/ 0p
lim | L(i,j) =—dI'. = hmz—/0 sin — an, do = 1 ( ) (A.3)

=0 Jp, on n; e—0 21 on;
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(a) (b)

Natural
coordinate & along /

the element

n; = (cosf, sinf)

Collocation
point ¢

Ficure A.1: (a) Element geometry around the collocation point 7 [119]. (b)
Integral equality around the singularity on the barrier boundary.

As will be seen later, integral frfrg M(i,j) pdl from (A.1) leads to a
term of the same order of singularity that enables the improper term
from (A.2). Therefore, the only relevant subintegral of such expression
is that involving just the finite part. This way and once the singularity
around the collocation point has been extracted, expression (A.1) can be
rewritten as follows:

Opi o _ . Op .
0.5 <8nz> —l—]é M(i,j) pdl’ 7]{ L(Z’])anj dl’ + L(0,1) (A.4)

where ]é and ][ represent the Hadamard finite-part and Cauchy principal
r r
integrals, respectively.

On the other hand, integrals extended to the boundary I" — T, are still
to study. As a reminder, the integration cores of the hyper-singular BEM
formulation are:
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B 92G(k,r)
MW = -, ¢ 6ni8nj
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on;On; r

dl (A.5)
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The integral from (A.6) presents a term of O(1/r) = K;i(ikr) (here i
corresponds to the imaginary unit) and other of O(r) = 9r/0n, so it is
a regular integral to be solved by Gaussian quadrature. Integral (A.5)
demands a special treatment. This can be split into two subintegrals to
lead to a regular integral expression (Ig) and a hyper-singular one (Iy):

1
MW = — (Ig + In) (A7)
2
or Or
Iz = /F—rg(lk) Koy(ikr) o, —anj ¢dl' (A.8)
Ty = / K K\ (ikr) (n - nj) ¢ dT (A.9)
r-r. "

Expression (A.8) presents terms of O(1/r?) = Ky(ikr), O(r) = Or/n;
and O(r) = 9r/nj, so it is a regular expression of O(r°) to be solved by
means of Gaussian quadrature. Integral (A.9) demands a particular con-
sideration. Operating conveniently, the expression can be divided into
three subintegrals:

Iy = In1 + Ine + Ins
Tpy = (Zk)Q/ [Iﬁ(zkr) - (1) ln(r)] (ni-mnj)¢dl  (A.10)
r-TI.

ikr (ikr)? 2
. 1
Inp = (ik)° /ILFE )2 (n; -mj) ¢dl (A11)
Tos = = (ik)? / In(r) (ni - mz) ¢ dT (A12)
2 I—T.

with (A.11) being a regular integral. After operating conveniently on ex-
pression (A.10) the following is obtained:
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Igr =Im11 + Imie

IH11:/F . %2 (ni'nj—
1\ (d2p\' [ 1 do\' [ 1 R
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) ¢ -dl (A.13)

improper term

As can be seen, expression (A.13) is a regular expression of O(rY) to
be solved by means of Gaussian quadrature. Furthermore, the improper
term of expression (A.14) is canceled with that from expression (A.2) for
free terms values of ¢ = 1, that is to say, for non-nodal collocation within
the element. Hyper-singular BEM formulation, as stated in Chapter 3 of
this document, demands p to be continuous in the sense of Hélder conti-
nuity (C1 continuity) so the cancellation of this improper term and that
from expression (A.3) is then assured in the HBIE integral equality (A.1).
The term J? refers to the Jacobian of the element, while R; and R3 repre-
sent the distances from the inner collocation point to the extremes of the
element (see Figure A.2).

On the other hand, after some operations on expression (A.12) the fol-
lowing is obtained:

Tus = Inst + Inse

Tns, = 1 (ik)z/ In(r) (n; -mj — 1) ¢dl’ (A.15)
2 r—T,
1 | dr
I :f‘/ﬂ/ l [—17]@ A.16
H32 2(2 ) Jor n(r) |¢—¢ T ( )

45 ) 61 [Ba (in(Ry) — 1) + Ry (in(Rs) 1]

with (n;-nj —1) from (A.15) and {qﬁ — ¢ ‘j—; H from (A.16) terms of O(r?)
and O(r), respectively.
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PC3 (¢ # 1)

PCL (€ # 1)

O]

Ficure A.2: Distances from the collocation point i to the extremes of the
quadratic element. (a) Collocation point PC1. (b) Collocation point PC2.
(c) Collocation point PC3.

The numerical strategies employed in the regularization of both the
singular and the hyper-singular BEM integrals have been developed and
implemented in a computer code by following the patterns proposed by
Séaez et al. [119].
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B.1 INTRODUCCION Y ANTECEDENTES

De entre los subproductos més negativos derivados de la actividad in-
dustrial y el desarrollo tecnolégico de la sociedad moderna la degradacién
ambiental es, indudablemente, uno de los asuntos de mayor preocupacion.
Desafortunadamente, esta problemética se ha agravado considerablemente
a lo largo de los 1ltimos afos con el rapido crecimiento de la ciudades y de
las actividades de las areas urbanas. Los efectos perjudiciales derivados
de estas actividades pueden afectar seriamente a la salud de las personas
tanto fisica como psicolégicamente [1, 2], 1o que ha contribuido a despertar
la conciencia del compromiso ciudadano.

Pese a ser una forma omnipresente de contaminacion el ruido es, a
dia de hoy, una problematica a la que no se le presta toda la atencién
que merece. Segun la Organizacion para la Cooperacién y el Desarrollo
Econémico (OCDE), la contaminacién actstica se trata de un nivel excesivo
de sonido que puede resultar perjudicial para la salud humana. En otras
palabras, toda clase de ruido excesivo o sonido desagradable que altera
provisionalmente el equilibrio natural entra dentro de esta definicién, la
cual se aplica tanto a sonidos como a ruidos artificiales (bien en volumen
0 en su origen).

El trafico urbano es, con mucha diferencia, la fuente mas comun de con-
taminacion acustica in la ciudades y 4reas urbanas, llegando a represen-
tar el 80% del total de la contaminacién por ruido. Se estima que alrede-
dor de 80 millones de personas estan expuestas a niveles inaceptables de
contaminacion acustica continua derivada del uso del transporte exterior
dentro de la Unién Europea (UE). Es por ello que el ruido asociado a los
vehiculos de motor es uno de los problemas sobre los que mas se quejan
los ciudadanos en las encuestas de opinién.

La gestion del ruido urbano se trata de un asunto que preocupa in-
distintamente a politicos, planificadores urbanisticos y gestores munici-
pales. Es por ello que tareas como que el correcto tratamiento de las que-
jas ciudadanas, la elaboracién de mapas de ruido, la restriccién y/o dis-
minucién de sus niveles y la zonificacion o creacion de areas urbanas para
el desarrollo de determinadas actividades vertebran las lineas maestras
de la correcta gestién de la contaminacién acustica. Asimismo, esto ha
sido un asunto prioritario para distintas Organizaciones Internacionales,
tales como la ya citada OCDE, la EU y la Organizacion Mundial de la
Salud (OMS), entre otras, las cuales han establecido y promovido en los
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ultimos afios distintas directivas, pautas y recomendaciones orientadas a
la disminuciéon del ruido, especialmente para la minimizacién del impacto
acustico derivado de infraestructuras de transporte existentes y de nueva
creacion.

Afortunadamente, se estan adoptando medidas proactivas encamina-
das a la eliminacién de problemas acusticos y a la prevencion de aquellos
potencialmente perjudiciales antes de que supongan un problema para
los ciudadanos. Conocidos los niveles de ruido (bien sea por prediccién
o mediante medicién directa) los disenadores urbanos pueden minimizar
sus efectos en los zonas colindantes mediante la implementacién, siempre
que sea posible, de medidas correctoras. En este sentido cabe destacar
que en la fase de disefio a menudo los planificadores son advertidos de los
requisitos de espacio que deben contemplar para la posterior inclusién de
pantallas actusticas en el paisaje urbano. No es de extrafiar, por tanto,
el papel destacado que las pantallas actsticas han tenido a lo largo de los
ultimos afos, especialmente en situaciones donde la implemetacién de me-
didas correctoras en el foco emisor resultan inabordables. En estos casos,
las pantallas actsticas se erigen como una de las medidas mas efectivas
en la proteccién contra el ruido.

La funcién principal de una pantalla actstica es ofrecer una correcta
proteccion a los receptores (ciudadanos o animales) del ruido excesivo (el
ruido de trafico en el caso tratado en esta tesis) mediante la creacién de
una zona de sombra en el 4rea que se pretende proteger. Un buen disefio
debe contemplar aspectos de diversa naturaleza. La eleccion del mate-
rial de la superficie de la pantalla, su localizacién asi como su forma y
dimensiones forman parte de las consideraciones a tener en cuenta en el
correcto disefio acustico. Existen otros requerimientos, sin embargo, a
tener en cuenta. Como suele ser el caso, un buen disefio centrado tnica-
mente en aspectos acusticos puede afectar negativamente a otros aspectos
de igual importancia. En este sentido, el diseio obtenido puede resultar
inseguro para las personas (podria deslumbrar a los conductores por una
mala eleccién del tratamiento superficial, producir lesiones en los vian-
dantes por disponer de elementos inseguros, etc.) o de dificil acceso para
su correcto mantenimiento, entre otros. La consideracion de estos aspec-
tos es igualmente importante para la construccién de la barrera. Es por
ello que la investigacién y desarrollo de todo tipo de pantallas acusticas
se encuentra actualmente en auge. El continuo desarrollo de patentes de
disefos comerciales y de tratamientos superficiales demuestra este hecho.
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Desafortunadamente, la naturaleza del sonido es muy distinta a la de
la luz. Debido al fenémeno de la difraccién el ruido puede superar con
cierto facilidad los obstaculos que se encuentra a su paso (cuanto menor
sea la frecuencia a la que se propaga, mayor facilidad), tales como el borde
superior de la barrera, de manera que la mencionada regién de sombra
dista, generalmente, de ser perfecta. Pese al progreso experimentado en
los ultimos afios una de las direcciones de investigacién que suponen un
mayor reto es la que se centra en el estudio y desarrollo de disefios de
borde, el punto débil de la eficacia a apantallamiento debido a la difraccién.
Es precisamente en la reduccién de los efectos negativos de este fenémeno
donde se deben centrar los esfuerzos, con miras a conseguir niveles acept-
ables de contaminacién acustica.

B.1.1 Estado del arte

De entre todas las técnicas numéricas disponibles para el correcto tra-
tamiento del problema que se presenta, el Método de los Elementos de
Contorno (MEC) es una de las mas empleadas. Hasta la fecha, se han
llevado a cabo algunos trabajos interesantes relativos al estudio del apan-
tallamiento actstico de barreras mediante el uso de esta técnica. A modo
de antecedentes, Seznec [3] implementa esta técnica en el andlisis de la
difraccién del sonido detras la barrera. Hothresall et al. [4] llevan a cabo
un estudio bidimensioal con el propésito de determinar los niveles de pre-
sién sonora en las inmediaciones de las terrazas de un edificio alto cer-
cano a la carretera, concluyendo que las reflexiones producidas tanto por
el techo como por las paredes frontales de estas terrazas afectan negati-
vamente a la eficacia de apantallamiento. Sin embargo, la aplicacién de
materiales absorbentes en dichas paredes resulta ser la mejor estrategia
en términos de reduccién de niveles de ruido. Watts et al. [5] hacen uso
del Método para evaluar las fugas de sonido que se producen en pantallas
dispuestas en lamas con distintas configuraciones de angulos, separacion
y tratamientos absorbentes. Martin and Hothersall [6] realizan un estu-
dio en el que evaluan los efectos que el suelo produce en la atenuacién
del sonido mediante la simulacién con modelos de fuentes de ruido cohe-
rentes e incoherentes, ante la presencia tnica y simultdnea de pantallas
de distintas alturas. Hothersall et al. [7, 8] emplean esta técnica en el
estudio de pantallas simples para comparar sus efectos con los de otras
tipologias de pantallas que presentan elementos difusivos en el borde su-
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perior. Siguiendo la misma linea de investigacién, Ishizuka et al. [9] es-
tudian el comportamiento de elementos reflectores de sonido instalados
en la terrazas de edificios altos, concluyendo que la atenuacién del ruido
puede ser de hasta 10 dB(A) respecto de la situacién original. Este estu-
dio se complementa con experimentos basados en modelos tridimension-
ales a escala. Watts y Morgan [10] simulan el comportamiento acustico
de un dispositivo que interfiere el recorrido normal de propagacién del
sonido instalado en el borde superior de una pantalla simple ya existente
en una localizacién real. Los resultados obtenidos muestran mejoras sig-
nificativas en la eficacia de apantallamiento del nuevo disefio. Crombie et
al. [11] analizan el comportamiento de pantallas actsticas con multiples
bordes, concluyendo que la inclusion de paneles laterales a ambos lados de
una pantalla simple mejora considerablemente su eficacia actstica. Fu-
jiwara et al. [12] evalian el apantallamiento de barreras muy delgadas,
volumétricas, en forma de T y con bordes cilindricos dotados de tratamien-
tos superficiales rigidos, absorbentes y tipo soft (una superficie con valores
de presién sonora casi nulos). Estos dltimos se modelan como una superfi-
cie plana con distintos valores de impedancia actstica, lo que idealmente
representa el caso de una superficie con pozos de distintas profundidades
dispuestos en la parte superior de dicha superficie. Monazzam y Lam [13]
llevan a cabo un estudio comparativo entre pantallas actusticas en T, en
Y, cilindricas y en forma de flecha y los mismos disefios simulados con
distintas secuencias de difusores de residuo cuadratico (QRD por sus si-
glas en inglés) en su parte superior, tanto para superficies reflejantes como
para superficies absorbentes. En la misma linea, Ishizuka y Fujiwara [14]
determinan que disponer de superficies tipo soft en el borde superior de
las pantallas mejora significativamente su eficacia actstica. Las modi-
ficaciones geométricas que se realizan sobre la configuracién general de
la pantalla producen, sin embargo, mejoras poco destacables. Okubo y
Fujiwara [15] estudian el comportamiento acustico de los denominados
waterwheel cylinder, unas estructuras con forma de rueda de molinos de
agua (de ahi su nombre en ingles) que instalado en el borde superior de
las pantallas consiguen producir una superficie tipo soft. En este estu-
dio se destaca finalmente que la eficacia de estos dispositivos depende en
gran medida de la frecuencia analizada. Jean et al. [16] realizan un es-
tudio sobre la influencia tanto del tipo suelo como de fuente de sonido en
la evaluacién de la eficacia de una pantalla simple, en forma de T y de
borde cilindrico. Jean y Gabillet [17] estudian la interaccién del paso del
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tren y pantallas delgadas de escasa altura situadas en el interior de las
vias. Adicionalmente a la configuraciéon anterior el estudio contempla la
presencia de una pantalla acuistica de 2 m de altura situada en el borde
de la carretera. Para el esquema fuente-receptor considerado, los may-
ores niveles de reduccién sonora se dieron para el caso en el que tanto las
pantallas como la parte inferior del tren fueron estudiados con tratamien-
tos absorbentes. Para completar este compendio bibliografico, Maeso y
Aznarez han realizado en los dltimos afios algunos estudios interesantes
en relacion con la evaluacién de la eficacia de distintas configuraciones de
pantallas actsticas. Dichos trabajos se pueden consultar en [18]. Otros
trabajos de importancia que emplean el MEC en problemas de actstica
exterior son los presentados en [19-39].

Desde una perspectiva més general, existen trabajos interesantes en
la bibliografia que tratan la formulacién Dual del MEC con distintos enfo-
ques. Esta formulacion ha sido empleada por Hong y Chen [40] y Portela et
al. [41] en el estudio de grietas en problemas de elasticidad. Enfoques dis-
tintos de esta estrategia del Método se han presentado con posterioridad
por Khrishnasamy et al. [42], Chen y Chen [43] y Wu [44]. Una completa
y detallada revision bibliografica del uso de esta formulacién y, en espe-
cial, de las distintas técnicas numéricas utilizadas en la regularizacién de
las integrales hipersingulares del Método se puede consultar en Chen y
Hong [45]. Més recientemente, Chen et al. [46] hacen uso de esta técnica
en problemas de ondas marinas con el propésito de evitar las frecuencias
espurias que se revelan asociadas al tratamiento de elementos con volu-
men. En lo que se refiere a problemas de acustica exterior, de Lacerda
et al. [47] desarrollan una formulacién 2D Dual del MEC para el correcto
tratamiento de pantallas con volumen. Esta formulacién se aplica en la
evaluacion del comportamiento actstico de una pantalla simple y una pan-
talla en T, modeladas como pantallas delgadas sobre un suelo absorbente.
Tadeu et al. [48] proponen una formulacién BEM-TBEM (denominacién en
inglés del Método conjunto al denominado Traction BEM) para modelar la
propagacion del sonido en presencia de elementos de seccién muy delgada.
Otros estudios de interés relativos al empleo la fomurlacién Dual del MEC
se pueden consultar en [49-56].

Por otro lado, existe abundante bibliografia relativa a modelos experi-
mentales. En este sentido, May y Osman [57] realizan un estudio basado
en la medicion actustica de modelos a escala de barreras en distintas situa-
ciones. En ellas se reproducen las condiciones del entorno de autopista
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destacando, dependiendo del caso, las ventajas de instalar pantallas en T
y laidoneidad de emplear tratamientos superficiales absorbentes. En [568—
60] se aborda el analisis del impacto acustico del ruido de trafico sobre ed-
ificios préximos a carreteras. De nuevo May y Osman [61] testean la efi-
cacia de una pantalla simple de 4 m, primero con tratamiento absorbente
en una de sus caras y luego con tratamiento perfectamente reflejante. Del
andlisis comparativo de los resultados obtenidos con los derivados del test
realizado a una pantalla en T de la misma altura se concluye que ésta
ultima posee una mejor eficacia de apantallamiento. Jung et al. [62] lle-
van a cabo experimentos a escala reducida para determinar la eficacia de
pantallas simple y en forma de T, éstas tltimas con superficies de borde
reactivas, en las proximidades de las vias de un tren de alta velocidad.
Watts et al. [63] experimentan con modelos a escala real de pantallas en
T, de multiple borde y dobles de 2 m de altura de distintas dimensiones
y con diferentes tipos de tratamientos superficiales, concluyendo que los
disefios estudiados superan en eficacia acustica a la de la pantalla sim-
ple de misma altura. Hothersall et al. [64] reproducen distintos experi-
mentos a escala de barreras en vias de tren en escenarios con diferentes
tratamientos superficiales, tanto para la pantalla como para el suelo. Los
resultados del experimento revelan la importancia de dotar al suelo con un
tratamiento reflejante y a la pantalla de materiales absorbentes, especial-
mente el lateral de cara a la via, para conseguir mejores niveles de apan-
tallamiento. En Watts [65, 66] se analiza el comportamiento de pantallas
paralelas y de multiples bordes. Con la intencién de reproducir lo més
fielmente posible la influencia que los tratamientos superficiales tienen
en la reduccién del ruido, Watts y Godfrey [67] experimentan en dos lo-
calizaciones reales con pantallas acusticas existentes. Las conclusiones
del estudio determinan que se alcanzan reducciones de niveles de ruido
de hasta medio decibelio a favor de pantallas con materiales absorbentes
respecto del caso perfectamente reflejante.

De entre los diferentes métodos metaheuristicos / bioinspirados / de op-
timizacién basada en técnicas de inteligencia de enjambre (tales como Es-
trategias Evolutivas, Optimizacién de Enjambres de Particulas, etc.), los
Algoritmos Genéticos (AGs) son escogidos en esta tesis como representa-
tivos del paradigma de los Algoritmos Evolutivos. En general, cualquiera
de las técnicas de optimizacion anteriormente mencionadas puede propor-
cionar una solucién adecuada en el ambito de aplicacién de este trabajo.
Sin embargo, la demostrada idoneidad de los algoritmos genéticos en apli-
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caciones similares para estos fines justifica su uso en los estudios que se
presentan en este documento. Existen trabajos destacables en la litera-
tura relativos al uso combinado del MEC y AG aplicado a la optimizacién
de forma de pantallas acusticas. En este sentido, Duhamel [68] propone
la optimizacion de forma de una barrera partiendo de una estructura vo-
lumétrica prismatica dividida en bloques de idéntico tamarfio, cuya forma
final optimizada esta conformada por una estructura sin huecos internos
en la que algunos de los bloques de la configuracién inicial permanecen
y otros desaparecen, de acuerdo con los patrones marcados por el proceso
evolutivo. Baulac et al. [69] llevan a cabo una optimizacién multicrite-
rio sobre pantallas de multiples bordes. Posteriormente, los mismos au-
tores [70] realizan la optimizacién de pantallas en T con superficie de borde
reactiva. Los pardmetros a optimizar en este estudio se corresponden con
las profundidades de los pozos y las caracteristicas de sus tratamientos
superficiales. Greiner et al. [71, 72] proponen una optimizacién mono- y
multio-bjetivo de pantallas en Y; la consideraciéon de incertidumbres en
los disefios 6ptimos se estudia en [73]. Grubesa et al. [74] realizan una
optimizacion tridimensional tanto de la eficacia acistica como de la via-
bilidad econémica de pantallas actsticas constituidas de diferentes médu-
los de seccién variable. En un estudio maés reciente, Deb et al. [75] rea-
lizan una optimizacién multiobjetivo mediante el denominado proceso de
innovizacion.

B.1.2 Antecedentes

El enfoque de esta Tesis se enmarca dentro de una linea de investi-
gacién ya en curso en el Instituto de Sistemas Inteligentes y Aplicaciones
Numéricas en Ingenieria (Instituto STANI) sobre el disefio 6ptimo de pan-
tallas actsticas mediante el uso acoplado de Elementos de Contorno y Al-
goritmos Evolutivos.

A modo de antecedentes, el Prof. Orlando Maeso y el Prof. Juan J.
Aznarez (ambos directores de esta tesis) han trabajado en los afios previos
en el desarrollo y la aplicacion de métodos numéricos que permiten el tra-
tamiento apropiado de problemas de propagacién de ondas en medios elas-
ticos. Los cédigos desarrollados hasta la fecha, basados principalmente en
el Método de los Elementos de Contorno (MEC), se han aplicado con éx-
ito en diversos campos. En este sentido, merece destacar los trabajos de
investigacion llevados a cabo mediante la implementacién tanto del MEC
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multi-dominio como de la aplicacién conjunta de esta técnica y los Ele-
mentos Finitos (MEC-MEF) en el ambito de la dindmica estructural (en
la respuesta sismica de cimentaciones pilotadas y superficiales [76-83], de
presas béveda [84-90], en problemas de interaccién suelo - estructura por
el método de subestructuracion [91, 92], de interaccién suelo -cimentacion
- estructura [93, 94], de interaccién fluido - estructura [95], de fluido -
suelo - estructura [96] y de estructura - suelo - estructura [97]). Previo
al trabajo de investigacién presentado en esta tesis se habia desarrollado
y mejorado un modelo numérico basado en la Ecuacion Integral Estan-
dar (SBIE por sus siglas en inglés) del Método para la simulacion realista
del fenémeno de propagacién acustica exterior 2D inducida por cualquier
tipo de fuente sonora. Basado en este c6digo, en [18] se encuentra una re-
copilacién de distintos estudios sobre la prediccién de la eficacia acustica
en situaciones diversas y sobre distintos disefios de pantallas anti-ruido.
Muchos de estos trabajos se centran en la aplicabilidad y posibilidades de
la formulacién estandar del MEC para este problema. En otros se aborda
la incorporacién de algunos cambios sobre geometrias clasicas (en forma
de Y, de T, de M, de flecha, de miltiples bordes, etc.) y el anélisis de su
influencia en la eficacia de esta medida. Otro trabajo de interés derivado
del desarrollo de este c6digo se puede consultar en [98].

Con posterioridad, el ambito de desarrollo de esta linea de investi-
gaciéon se amplié a la bisqueda y mejora sistematica de la eficacia de
apantallamiento de disefios de barrera habitualmente empleados en el
entorno de carreteras. De este modo, los estudios anteriormente men-
cionados fueron complementados con los conocimientos y la experiencia
en el ambito aportados por el Prof. David Greiner (también director de
esta tesis), firmante de algunos trabajos previos basados en la aplicaciéon
de Algoritmos Evolutivos (AEs) y, en particular, de Algoritmos Genéticos
(AGs) en distintos problemas de optimizacién. Algunos de estos trabajos
se han desarrollado en el ambito del disefo 6ptimo estructural [99-104],
mientras que en otros esta técnica se ha aplicado en distintos campos de
la ingenieria [105-107]. En este sentido, en los afios previos a este docu-
mento, los directores de la tesis habian desarrollado, y aplicado con éxito
en distintos trabajos de investigacién, un procedimiento general para la
mejora sistemaética de la eficacia acustica de pantallas anti-ruido a través
de la optimizacion de forma de topologias previamente definidas, medi-
ante el uso acoplado del MEC y AEs. Asi, los resultados derivados de
la primera implementacién conjunta de ambas técnicas numéricas en el
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seno del Grupo de Investigacién donde se enmarca este trabajo se pueden
consultar en [71]. En este trabajo se lleva a cabo la maximizacion del
comportamiento acistico de pantallas en Y con respecto a la de una ba-
rrera de referencia topolégicamente idéntica. Posteriormente, en [108] se
aborda la optimizacién de forma de pantallas volumétricas en M de altura
efectiva prefijada. A diferencia del trabajo anterior, en este caso se busca
minimizar las diferencias entre la eficacia de apantallamiento de un di-
sefio en M a optimizar y la de pantallas simples de referencia con mayores
alturas efectivas. En[73] se presenta un estudio basado en la optimizacién
robusta y multiobjetivo de pantallas en Y. Més concretamente, el procedi-
miento se centra en la busqueda de disefios, dotados de tratamientos ab-
sorbentes en su borde superior, que mejor se adaptan al comportamiento
acustico de una pantalla en Y de referencia para cada longitud de barrera
propuesta, considerando por primera vez esquemas de varios receptores.
La minimizacién simultdnea de ambos objetivos en conflicto es el aspecto
central de este trabajo. Por dltimo, en 1a misma linea de los anteriores tra-
bajos, en [72] se aborda la optimizacién mono- y multi-objetivo de disefios
en Y dotados de diferentes tratamientos superficiales.

B.1.3 Objetivos de esta tesis

La metodologia desarrollada hasta la fecha habia permitido abordar
con éxito problemas de optimizacién basados en la mejora sistematica de
la eficacia de apantallamiento de barreras anti-ruido. Sin embargo, la
consideracién de determinadas tipologias de pantallas suponian un reto
importante, cuando no un problema inabordable, en términos de 1) la de-
terminacién de la validez geométrica de los disenios, a menudo comple-
jos, propuestos por el optimizador y 2) la representacién fiel del compor-
tamiento acustico asociado al diseno de pantalla que se propone. Con el
propésito de suplir estas carencias, se propone en este trabajo un proce-
dimiento mds general y robusto que permite llevar cualquier problema de
optimizacion acuistica en 2D. En este sentido, el objetivo de esta tesis es
doble:

* Desarrollar e implementar formulaciones de Elementos de Contornos
maés adecuadas que nos permitan abordar la optimizacién de forma
de cualquier tipo de pantalla anti-ruido bidimensional en un modo
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mas robusto y flexible que en las formulaciones desarrolladas hasta
la fecha.

¢ Disenar e implementar una metodologia basada en el uso acoplado
del MEC y AE que permita obtener, de manera general y sistemética,
disefios de pantallas que sean acisticamente cada vez mas eficientes.

Para ser mas precisos, este trabajo se centra en la busqueda de las
mejores soluciones acusticas, en términos de apantallamiento, que per-
mitan minimizar el ruido de trafico en las inmediaciones de zonas resi-
denciales. La metodologia presentada conduce a soluciones 6ptimas de
topologias de pantallas acusticas previamente definidas y que, en gene-
ral, superan significativamente la eficacia de apantallamiento de disefos
clasicos que habitualmente se erigen en el entorno de carreteras.

A lo largo de este documento, se propone el estudio tanto de disenos
novedosos como de disefios existentes y ampliamente estudiados en la li-
teratura que, mediante modificaciones sistemaéticas de su geometria, per-
miten obtener disefios mejorados. La complejidad inherente a muchos de
estos disenos aconseja realizar algin tipo de simplificacién que facilite el
proceso de optimizacién. En este sentido, existen elementos integrados
en el propio disefio de la barrera (cuando no el propio disefio de la ba-
rrera en su totalidad) susceptibles de simplificacién matematica y geomé-
trica que permita idealizar secciones muy delgadas como elementos de sec-
cién nula, para mediciones de la eficacia alejadas del contorno. Bajo este
mareco, las tipologias de barreras que se pueden abordar con la metodolo-
gia que se presenta se pueden clasificar de las siguiente forma: i) pantallas
volumétricas de dimensiones reales. Este seria el caso, por ejemplo de una
pantalla en M; ii) pantallas de seccion muy delgada en su totalidad. Su
andlisis se realiza mediante la idealizacién de su contorno como un ele-
mento unifilar; iii) pantallas volumétricas con elementos muy delgados.
Se trata de un caso mixto, en el que la configuracién general conserva su
geometria mientras que los elementos muy delgados se idealizan y estu-
dian como elementos de seccién nula.

B.1.4 Enfoques numéricos implementados

Las leyes que gobiernan los fenémenos naturales se expresan normal-
mente en términos de ecuaciones diferenciales. Desafortunadamente, la
inmensa mayoria de los problemas a los que se enfrenta la ingenieria no se

202 Shape optimization of noise barriers | Instituto Universitario SIANI



Summary of the dissertation in Spanish B

pueden resolver de manera directa, pues sé6lo se conoce la solucién exacta
de contada ecuaciones diferenciales en términos de funciones elementales
(las ecuaciones diferenciales que se podian resolver de manera explicita
hasta la segunda mitad del siglo XX eran escasas) o, simplemente, los sis-
temas descritos por estas ecuaciones son tan complejos o grandes, que la
solucién analitica no resulta viable. Es precisamente en estos sistemas
complejos donde las simulaciones por ordenador y los métodos numeéricos
son de gran ayuda.

Las soluciones numéricas de estos fenémenos tan dispares nos per-
miten obtener con facilidad la solucién aproximada en los casos en los que
no se conoce la solucién exacta y, por tanto, reducir los costes derivados
de la experimentacién. Pese a que estas técnicas se desarrollaron con an-
terioridad a los primeros ordenadores programables, el auge y desarrollo
significativo que han experimentado los computadores en las tltimas dé-
cadas ha posibilitado la rapida integracién de estos métodos basados en
aproximaciones numéricas de la solucién real.

El Método de los Elementos de Contorno (MEC), también conocido
como Método de la Ecuacion Integral de Contorno o Método Integral de
Contorno, es una técnica numérica que permite resolver ecuaciones li-
neales en derivadas parciales que han sido formuladas como ecuaciones
integrales. En las dltimas décadas, el MEC ha ido evolucionando paulati-
namente hasta convertirse en una de las pocas técnicas numéricas am-
pliamente utilizadas en problemas de condicién de frontera, tanto en el
ambito de la ingenieria como en el de las ciencias fisicas. Por su inherente
capacidad para abordar problemas de dominio infinito o de campo libre (la
implementacién del método requiere sélo discretizar el contorno del do-
minio de soluciones. La solucién en cualquier punto del dominio se puede
obtener una vez se conocidos los valores de la solucién en el contorno), el
MEC se trata de una de las técnicas més adecuadas para el estudio de la
prediccion de la propagacion exterior de ondas acusticas. Sin embargo, la
implementacién de la formulacién clasica del Método conduce a problemas
inabordables en muchos de los casos estudiados en este trabajo.

Para poder cumplir con los objetivos marcados en esta tesis (menciona-
dos en la seccién anterior) se requiere de una formulacién especifica de Ele-
mentos de Contorno (EC) que permita el tratamiento correcto de los pro-
blemas planteados. Este nuevo planteamiento combina la formulacion es-
tandar del Método con una variante hipersingular, obtenida por derivaciéon
de la anterior, para finalmente obtener la denominada formulacién Dual
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del MEC. El uso conjunto de ambos enfoques en esta formulacién Dual
nos permite sortear los inconvenientes asociados con la implementacion
exclusiva de la formulacion estandar. En este sentido, este enfoque Dual
es la estrategia méas apropiada desde los EC para abordar los problemas
numéricos que se proponen en este trabajo, permitiéndonos 1) adoptar
idealizaciones geométricas sobre el disefio real de la pantalla, facilitando
enormemente la representacién geométrica y el tratamiento numérico de
configuraciones complejas sin que ello introduzca errores apreciables para
los espesores de pantalla tratados [47] y 2) evitar las frecuencias espurias
asociadas al dominio interior de la barrera que pueden falsear la evalu-
acion de la eficacia real de la pantalla. El tratamiento de estos problemas
con EC a menudo deriva, segtn el caso, en problemas numéricos cuando no
en un sistema de ecuaciones singular. Se trata por tanto de dos aspectos
fundamentales a resolver en la metodologia que se presenta. La solucién a
estos planteamientos, sobre todo la idealizacion geométrica de elementos
muy delgados como cuerpos sin espesor, permite un procedimiento més
general y sencillo en la bisqueda sistemaética de disefios que, a menudo,
gozan de completa libertad geométrica de acuerdo a su patrén topolégico.

Bajo esta perspectiva, el disefio real de la barrera puede ser modelado,
segun el caso, como un elemento unifilar, como representativo de la sec-
cién de una pantalla muy delgada - Figura B.1(a) -, o como una estructura
volumétrica que presenta elementos de seccién muy delgada idealizados
como cuerpos sin espesor - Figura B.1(b) -. Asi, en un escenario libre de
restricciones geométricas la representacion de la pantalla se consigue de
un modo més sencillo. Esta simplificacién se traduce en menores tiem-
pos de computacién comparados con la representacién real de la barrera,
especialmente dentro de un proceso donde cada diseio que se propone se
evalia dentro de un espectro completo de frecuencias.

La necesidad de la formulacién Dual del MEC en este trabajo se en-
tiende a partir de la Figura B.10. La estrategia de aplicacién de ambas
formulaciones varia en funcién de la naturaleza del elemento que se es-
tudia. Asi, con el propésito de evitar las frecuencias espurias que pueden
aparecer cuando tratamos con elementos de espesor considerable, el en-
foque Dual del Método se basa en la aplicaciéon conjunta y combinada de la
ecuacion integral estandar (SBIE) y de su variante hipersingular (HBIE
por sus siglas en inglés), relacionadas a través de un valor complejo de-
pendiente de la frecuencia [109]. La naturaleza del problema es distinta
en el caso de elementos muy delgados. En este caso, el tratamiento directo
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(a) (b)

GEOMETRIA REAL DE IDEALIZACION GEOMETRICA GEOMETRIA REAL GEOMETRIA IDEALIZADA.
PANTALLA DE SECCION ~ COMO CONFIGURACION CON ELEMENTOS ESTRUCTURA VOLUMETRICA
MUY DELGADA UNIFILAR MUY DELGADOS Y CUERPOS SIN ESPESOR

Ficura B.1: Ejemplos de disefios de pantallas susceptibles de simplifi-
caciéon geométrica. (a) Disefio en forma de tenedor. La seccién tan delgada
de la pantalla sugiere su idealizacién como configuracién unifilar. (b) Di-
sefio inspirado en un difusor de residuo cuadratico (QRD por sus siglas
en inglés) que presenta elementos muy delgados idealizados como cuerpos
sin espesor.

de estos elementos puede dar lugar a problemas de integracién numérica,
afectando al comportamiento actstico de la pantalla. Tal y como muestra
la Figura B.10(b), los contornos a ambos lados de los elementos sin espesor
(con valores diferentes de presién acustica y flujo) estan representados por
la propia discretizacion. La aplicacion de la SBIE sobre cada nodo a am-
bos lados de la pantalla conduce a un sistema de ecuaciones singular que
no permite obtener la solucién del problema. Sin embargo, la utilizacién
simultanea, aunque por separado, de esta ecuacién y su derivada en el
nodo de colocacién (HBIE) proporciona un sistema de ecuaciones compa-
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tible que permite obtener los valores de presién a cada lado de la barrera.
Como resultado, este enfoque de la formulacién Dual del MEC permite
tratar elementos de seccion muy delgadas como cuerpos de cuerpos sin
espesor (elementos unifilares). Esta idealizacién geométrica proporciona
una ventaja significativa respecto del caso en el que se analiza la pantalla,
a menudo compleja en su disefio, con dimensiones reales.

(a) (b)

Ficura B.2: Ejemplo de discretizaciéon con elementos parabdlicos (3 no-
dos) para f=500 Hz en un disefio de pantalla inspirado en un QRD. (a)
Discretizacion de la geometria real. (b) Discretizacién tras la idealizacién
de los elementos de seccién muy delgada como cuerpos unifilares.

Los métodos de optimizacién son herramientas de ayuda en la toma
de decisiones que nos ayudan a alcanzar los objetivos propuestos. Para el
€aso que nos ocupa, en general, cualquiera de los métodos de optimizacién
existentes puede proporcionar una solucién satisfactoria en los términos
planteados. Sin embargo, tal y como se ha comentado previamente, los Al-
goritmos Evolutivos han sido escogidos en este trabajo para la busqueda de
disefios de pantallas actsticas cada vez mas eficientes. Los AEs, aunque
relativamente nuevos, han destacado por ser unas herramientas muy po-
tentes para encontrar soluciones en multitud de problemas de optimizacién
de aplicacién real. Muchos de estos problemas se definen a partir de mas
de un objetivo, lo que conduce a un conjunto de soluciones 6ptimas cono-
cidas como soluciones no dominadas. En esta linea, la implementacién
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de AEs se ha mostrado efectiva en la bisqueda de multiples soluciones en
una sola simulacién numérica [110, 111].

Con el propésito de continuar con la linea de investigacién ya abierta
desde hace unos anos en el Grupo donde se desarrolla esta tesis, se escogen
los Algoritmos Genéticos como representativos del paradigma de los algo-
ritmos evolutivos para la optimizacién de forma de pantallas acisticas. De
entre los AEs, los AGs han demostrado su idoneidad para el tratamiento
de problemas y metodologias similares a los que aqui se presentan [68-75].

Se presentan en este documento resultados relativos a la optimizacion
mono- y multi-objetivo de pantallas acusticas. El algoritmo evolutivo em-
pleado en la optimizacién mono-objetivo de la eficacia de apantallamiento
hace uso del software libre GAlib [112], una coleccién de componentes de
AGs escritos en lenguaje C++ que permite abordar diversos problemas con
una implementacién rapida y sencilla.

Por otro lado, la creciente importancia que la optimizacién evolutiva
multi-objetivo (EMO por sus siglas en inglés) [110, 111] ha adquirido en
los dltimos afos se debe al éxito que éstos métodos han tenido en la res-
olucién de innumerables problemas en el campo de la ingenieria y de las
ciencias en general [113]. Los algoritmos EMO son herramientas muy va-
lidas cuando nos encontramos ante la optimizacién de dos o mas objetivos
en conflicto. Es lo que sucede en la optimizacién multi-objetvio llevada a
cabo en este trabajo. Uno de los objetivos se centra en la maximizacién
de la atenuacion del sonido en la zona de sombra de la barrera, mientras
que el otro trata de minimizar la longitud total del contorno de la pan-
talla, representativo del coste de manufacturacion. Se deduce facilmente
que no se puede ir en favor de uno de los objetivos sin ir en perjuicio del
otro. Dicho de otro modo, para el caso que nos ocupa, aumentar la efica-
cia de apantallamiento conduce, por lo general, a pantallas con contornos
mas largos (m4s caras de fabricar). El cé6digo empleado en la optimizacién
multi-objetivo se trata de una implementaciéon propia del conocido algo-
ritmo NSGA-II [114], ampliamente utilizado en distintos trabajos de in-
vestagacion en el seno del Instituto SIANI (ver [72, 73, 103, 108]).

B.1.5 Estructura del documento

Tal y como ha quedado de manifiesto, el contenido integro de esta
tesis ha sido redactado en inglés. Sin embargo, y siguiendo lo estable-
cido en el reglamento para la elaboracion, tribunal, defensa y evaluacién
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de tesis doctorales de la Universidad de Las Palmas de Gran Canaria del
afio 2005, se incluye este apartado, redactado en castellano, que recoge
los antecedentes y objetivos de la investigacion, la metodologia utilizada,
aportaciones originales, las conclusiones obtenidas y las futuras lineas de
investigacion.

Dado que este anexo recoge tan solo una parte del material presentado
en la tesis doctoral, se ha optado por comentar a continuacién la estructura
y contenidos de la parte principal del documento original con el objetivo de
ofrecer al lector una visién completa de los temas tratados en esta tesis.

Luego de las breves notas introductorias, el Capitulo 2 recoge los as-
pectos mas fundamentales de la actstica. En primer término se presenta
una breve introduccion relativa a la fisica del problema y se detallan las
variables acisticas mas comunes utilizadas a lo largo del capitulo, seguido
de una descripcién detallada acerca de las hipétesis de partida tomadas en
consideracion y la presentacion de las ecuaciones de gobierno. Asimismo,
se definen las condiciones de contorno aplicable en problemas de propa-
gacién de ondas acusticas, haciendo especial hincapié en contornos que
presentan cierta capacidad absorbente (condicién tipo Robin) y la determi-
nacién de la impedancia actstica asociada por medio del modelo de Daleny
y Bazley [115]. El capitulo concluye con la presentacién y definicién de las
magnitudes acisticas mas comunes, asi como con la caracterizacién del
sonido a través de su contenido en frecuencias y la informacién asociada.

La formulacién Dual del MEC configura el contenido principal de este
trabajo. El Capitulo 3 esta dedicado a este enfoque de EC. En primer lu-
gar, se introducen las bases de la formulacién clasica (SBIE) asi como de
la ecuacién integral hipersingular (HBIE) del Método como paso previo a
la presentacion de la formulacién Dual en sus distintas variantes. En este
sentido, se realiza una descripcion detallada de los distintos planteamien-
tos duales que permiten, dependiendo del caso, 1) evitar las frecuencias es-
purias que pueden revelarse en la evaluacién de pantallas con sus dimen-
siones reales, 2) idealizar elementos muy delgados como cuerpos unifilares
y 3) estudiar pantallas de dimensiones reales que presentan simultdnea-
mente elementos muy delgados idealizados como elementos de espesor
nulo. Por iltimo, los ejemplos de validacién de los distintos enfoques
duales se encuentran al final de este capitulo.

El Capitulo 4 se centra en las bases teéricas de los Algoritmos Evo-
lutivos y, en particular, de los Algoritmos Genéticos y la conveniencia de
esta técnica de bisqueda en el marco de esta tesis. Tras una visién ge-
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neral de estos paradigmas, se realiza una descripcién contextualizada del
AG empleado en la optimizacién mono-objetivo presentada en este trabajo.
Tras una breve introduccién a la optimizacién evolutiva multi-objetivo, el
capitulo cierra con una descripcién del algoritmo EMO escogido.

Los Capitulos del 5 al 7 estan dedicados a los resultados. Concreta-
mente, el Capitulo 5 recoge los resultados numéricos de dos casos de es-
tudio basados en la optimizacién de forma de pantallas acusticas de sec-
cién muy delgada que se idealizan como configuraciones unifilares. En
el primer estudio se presentan diferentes topologias de pantallas de in-
terés practico. Estos incluyen disefios basados en contornos rectos o cur-
vos en su totalidad, cuya forma general o de borde, dependiendo del disefio
topolégico, se pretende optimizar considerando distintos tratamientos su-
perficiales sobre determinados contornos. Dada la marcada naturaleza
teérica de muchas de las topologias que se presentan, se realizan algunas
modificaciones geométricas sobre algunos disefios optimizados que per-
miten obtener pantallas acusticas mas practicas desde el punto de vista
de su construccién y posterior mantenimiento. Pese a que los resultados se
han obtenido para un esquema especifico de receptores, este estudio cierra
con la evaluacion de la influencia que la disposicién de los receptores tiene
sobre el comportamiento acistico. Es precisamente en este ultimo punto
donde se centra el segundo estudio, aunque desde una perspectiva mas
amplia: la influencia de la eficacia de apantallamiento con la distancia.
Para ello se proponen dos modelos de pantallas evaluados con dos esque-
mas de receptores en tres regiones distintas en términos de cercania a la
barrera. Los andlisis derivados de los resultados de ambos estudios se
incluyen asimismo en este capitulo.

Continuando con la optimizacién mono-objetivo, el Capitulo 6 muestra
el estudio numérico de pantallas con configuraciones de borde que pre-
sentan pozos con distintas profundidades, que combinan una estructura
volumétrica general con elementos muy delgados que sugieren una idea-
lizacién geométrica como cuerpos sin espesor. Con el propésito de deter-
minar la importancia que el patrén de llenado de los pozos tiene en el
comportamiento acustico, se modifica leve e incrementalmente la geome-
tria 6ptima de uno de los disefios propuestos. Asi se consiguen, al mismo
tiempo, disefios modificados més practicos y sencillos de construir que el
original optimizado. Este capitulo finaliza con las conclusiones parciales
obtenidas tras el analisis de los resultados mostrados.

Los resultados de la optimizacién multi-objetivo se recogen en el Capi-

Shape optimization of noise barriers | Instituto Universitario SIANI 209



B Summary of the dissertation in Spanish

tulo 7. El anélisis presentado en este capitulo plantea la optimization si-
multdnea de dos objetivos en conflicto: la maximizacién de la atenuacién
del ruido y la minimizacion del coste derivado del material empleado para
la pantalla, representado por la longitud total de los contornos. Las topo-
logias que se optimizan fueron presentadas y definidas con anterioridad
en el primer estudio llevado a cabo en el Capitulo 5. Aqui el escenario bidi-
mensional es idéntico al de este ultimo estudio, si bien sélo se contempla
el caso de pantallas con superficies perfectamente reflejantes. Bajo estas
consideraciones, la optimizacién multi-objetivo se realiza con dos escenar-
ios de simulacién: 1) partiendo de una poblacién inicial completamente
aleatoria y 2) incluyendo la mejor solucién mono-objetivo del Capitulo 5
en la poblacién inicial. En el analisis de los resultados se discute si este
ultimo caso supone una ventaja significativa en la mejora de las soluciones
encontradas en los términos que se estudian.

En el Capitulo 8 se mencionan los logros més significativos y se re-
sumen las conclusiones mas destacables derivadas de este trabajo de in-
vestigacién. Asimismo, se indican las futuras lineas de investigaciéon que
se pueden llevar a cabo a corto plazo enlanzando con los resultados de esta
tesis.

Tras el contenido principal de este documento, el Apéndice A incluye
los aspectos numéricos relativos a la regularizacién de las integrales hi-
persingulares de la formulacién Dual del MEC presentada en el Capitulo
3.

Finalmente se cierra este documento con las referencias bibliograficas
citadas a lo largo del texto, presentadas por orden de aparicién.

B.1.6 Trabajos publicados derivados de esta tesis

Los logros obtenidos en los cuatro ultimos anos como consecuencia del
desarrollo de esta tesis han sido publicados y presentados en distintos
eventos siguiendo distintos formatos. Para finalizar este capitulo, se pre-
sentan a continuacion los detalles de esta produccion cientifica.

Contribuciones en congresos
s R. Toledo, J. J. Aznarez, O. Maeso and D. Greiner (2013). Opti-

mizacién de disefios de pantallas acusticas de pequeio espesor me-
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diante la implementacién de la formulacién dual del MEC. Congreso
de Métodos Numeéricos en Ingenieria, SEMNI, Bilbao, Esparia.

s R. Toledo, J. J. Aznarez, O. Maeso and D. Greiner (2013). A com-
parative study in design optimization of polygonal and Bézier curve
shaped-thin noise barriers using dual BEM formulation. Interna-
tional Conference on Evolutionary and Deterministic Methods for De-
sign, Optimization and Control with Applications to Industrial and
Societal Problems, EUROGEN, Las Palmas de G. C., Espania.

s R.Toledo, dJ. d. Aznarez, O. Maeso and D. Greiner (2014). Une métho-
dologie por 'optimisation d’écrans anti-bruit routiers de faible épai-
sseur et forme géométrique complexe en utilizant des algorithmes
évolutionnaires et la méthode des éléments de frontiere. 12éme Con-
greés Francgais d’Acoustique, CFA, Poitiers, Francia, pp. 337-343.

s R. Toledo, J. J. Aznéarez, O. Maeso and D. Greiner. A procedure for
the top geometry optimization of thin acoustic barriers (2014). E.
Oriate et al. (Eds.), 11th World Congress on Computational Methods,
WCCM XI, Barcelona, Spain. ISBN.: 978-84-942844-7-2.

s R. Toledo, J. J. Aznéarez, O. Maeso and D. Greiner (2015). Procedi-
miento para la optimizacién de forma de dispositivos de coronacién
para mejora de la eficacia de pantallas acusticas. Congress on Nu-
merical Methods in Engineering, Lisboa, Portugal.

Contribuciones en capitulos de libro

m R. Toledo, J. J. Aznarez, O. Maeso and D. Greiner (2015). Advances
in Evolutionary and Deterministic Methods for Design, Optimization
and Control in Engineering and Sciences, Computational Methods in
Applied Sciences, vol. 36, chap. A comparative study on design op-
timization of polygonal and Bézier curve-shaped thin noise barriers
using Dual BEM formulation, pp. 335-349. Springer International
Publishing Switzerland.

m R. Toledo, J. J. Aznarez, O. Maeso and D. Greiner (2015). Evolution-
ary Algorithms and Metaheuristics in Civil Engineering and Con-
struction Management, Computational Methods in Applied Sciences,
chap. A procedure for improving the acoustic efficiency of top-edge
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devices on noise barriers: an application of genetic algorithms and
boundary elements, pp. 105-125. Springer.

Contribuciones en revistas inexadas (ISI-JCR)

m R. Toledo, J. J. Aznéarez, O. Maeso and D. Greiner (2015). Optimiza-
tion of thin noise barrier designs using Evolutionary Algorithms and
a Dual BEM formulation. Journal of Sound and Vibration, 334, 219-
238.

s R. Toledo, J. J. Aznarez, D. Greiner and O. Maeso (2015). Shape de-
sign optimization of road acoustic barriers featuring top-edge devices
by using Genetic Algorithms and Boundary Elements. Engineering
Analysis with Boundary Elements. Aceptado para publicacion.

Contribucion en otras revistas

s R. Toledo, J. J. Aznéarez, O. Maeso and D. Greiner (2015). Un pro-
cedimiento basado en el uso de algoritmos genéticos y elementos de
contorno para el disefio 6ptimo de la geometria de pantallas acusti-
cas de pequeno espesor. Revista de Aciistica, SEA, 46(1,2), 13-21.
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B.2 FORMULACION DUAL DE ELEMENTOS DE CONTORNO

La mejora del comportamiento actstico de disefios topolégicos clasicos
de pantallas anti-ruido sin aumentar su altura efectiva es un reto difi-
cil de abordar. Estos disefios, basados en las formas mas simples, estan
representados en la gran mayoria de los casos por pantallas rectas o va-
riantes de ésta. Si bien existen configuraciones de este estilo que presen-
tan un buen comportamiento bajo ciertas condiciones, lo cierto es que los
niveles de reduccién de ruido por difraccién asociados a estos disefos es
practicamente despreciable, pues su principio de funcionamiento se basa
casi en exclusividad en la reflexién del sonido en su geometria. Existe
por tanto una necesidad real de estudiar disefos alternativos que se com-
porten mejor acisticamente. En este sentido, a lo largo de los tdltimos
anos se han propuesto y estudiado distintos disenos de pantallas que han
gozado de distinto éxito. En general, se ha constatado que las configu-
raciones que consiguen mayores reducciones de ruido son aquellas que
presentan algin tipo de modificacién geométrica en su borde superior (de-
nominadas pantallas de borde modificado). De entre ellas cabe destacar
el papel predominante que las pantallas de multiples bordes, pantallas en
forma de T, de Y, de M, de flecha, pantallas de borde cilindrico, etc., han
tenido en estos estudios. Siguiendo la misma estrategia, otros disefios més
complejos hacen uso de dispositivos de borde con pozos de distintas pro-
fundidades cuya configuracion se basa en una serie numérica matematica
concreta. Tal es el caso, por ejemplo de los disefios basados en la secuen-
cia de longitud méaxima, en los difusores de residuo cuadratico o de raices
primitivas, etc.

La naturaleza geométrica de los disefios mencionados es diversa. Por
ejemplo, algunos de ellos poseen una seccion muy delgada que se mantiene
constante a lo largo de toda su geometria. En este caso, la configuracién
general de la pantalla se puede idealizar como una estructura unifilar en
casos en los que esta simplificacién de la realidad no afecte significativa-
mente a la medida de la eficacia de la pantalla. En otros casos, el diseno
de la barrera se basa en una estructura general volumétrica que presenta
simultaneamente elementos muy delgados que se pueden idealizar como
cuerpos sin espesor.

El correcto tratamiento de estas geometrias requiere de un plantea-
miento de los Elementos de Contorno (EC) que permita sortear los prin-
cipales inconvenientes que surgen de la aplicacién exclusiva de la formu-
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lacién estandar del Método de los Elementos de Contorno (MEC). Al re-
specto, la denominada formulacién Dual del Método es la estrategia mas
apropiada, desde los EC, para abordar los problemas numeéricos que se pro-
ponen en este trabajo, permitiéndonos 1) evitar las frecuencias espurias
asociadas al dominio interior de la barrera y 2) adoptar idealizaciones ge-
ométricas sobre el diseiio real de la pantalla, situaciones aplicables en las
topologias que se estudian en este Trabajo.

Dependiendo de la problemética a tratar, la aplicacién de la formu-
lacién Dual presenta un enfoque distinto. Las bases de la formulacién
clasica, hipersingular y Dual del MEC en sus distintas enfoques se pre-
sentan en detalle en las siguientes secciones.

B.2.1 Ecuacion integral en el contorno singular (SBIE). Formulacion
clasica del MEC

La ecuacién integral en el contorno singular (SBIE por sus siglas en
inglés) para el punto del contorno ¢ a ser resuelta mediante el MEC se
puede expresar como:

eipi + ][paG('“ ")t = Go(k.r) / 9 Gknar B
r on; on;

Esta igualdad integral implica sé6lo a puntos del contorno de la pan-
talla que se estudia. El simbolo { representa la integral a lo largo del
contorno entendida en el sentido del valor principal de Cauchy, una vez se
ha extraido la singularidad en torno al punto de colocacién 7, tal y como
se muestra graficamente en la Figura B.3. En (B.1), p es el campo de pre-
siones acustica en la superficie de la barrera y G(k, r) es la solucién funda-
mental del semiespacio (el campo de presién acistica cuando la fuente se
sitia en el punto de colocacién i sobre un plano con admitancia 3, - admi-
tancia del suelo -) y ¢; es el término libre. Como norma general: ¢; = /2,
donde 6 representa el angulo interno al contorno medido en radianes. Se
deduce facilmente que ¢; = 0.5 para contornos suaves.

Para un suelo reflejante (3, = 0), las expresiones de la solucién funda-
mental y su derivada para problemas arménicos bidimensionales son:

Gk, r) = % (Ko (ikr) + Ko(ikr)] (B.2)
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M — _ﬁ Kl(lkﬂ“)ﬁ + Kl(lkF)E

B.3
on; 2 on; on; (B.3)

donde i es la unidad imaginaria, k el nimero de onda, y r, 7 las distancias
al punto de observacién desde el punto de colocacién y su punto simétrico
respecto del plano formado por el suelo, respectivamente (ver Figura B.3).
Ky y K; son las funciones modificadas de Bessel de orden 0 y 1, respecti-
vamente.

Aplicando la ecuacién (B.1) sobre un nodo i de las discretizacién e in-
terpolando la variables con elementos cuadraticos se obtiene:

NE 3 NE 3
ciopit Y > prh =pi+ Y Y af gl (B.4)
k=11=1 k=11=1

siendo N E el numero total de elementos de la discretizacién. Finalmente,
la aplicacién sucesiva de (B.1) sobre cada nodo del contorno da lugar al
siguiente sistema de ecuaciones:

(C°+H)-P=G Q-+ Gy (B.5)

donde C?® es una matriz diagonal que alberga los valores del término libre
en los nodos de la discretizacion, P, Q son vectores que contienen los va-
lores de presion y flujo (la derivada de la presién respecto de la normal en
cada nodo del contorno), el vector Ggy almacena los valores de la solucién
fundamental de la fuente de ruido y H, G son matrices asociadas a los ni-
cleos de integracién de la formulacién del MEC que implican tnicamente
a las variables del problema a lo largo del contorno:

hi* = / ut oidly, ; gi" = | G(k,r)dydly (B.6)
Ty ony, Ty

siendo i, en este caso, el punto de colocacién, j el punto de observacién y
¢; las funciones de forma con aproximacion cuadratica de la variable local
¢ alo largo del elemento que se integra. En los estudios presentados en
este trabajo, este tipo de aproximacién se emplea para interpolar tanto el
valor de la presion como la geometria del contorno de la barrera(elementos
isoparamétricos). De este modo, la presién actstica en el elemento % se
puede expresar como sigue:
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3
P = ol = d1pf + daph + b3 1h (B.7)
=1
siendo:
1
$1(8) = 55 (€-1)
$2(§) =1-¢& (B.8)
Ba(6) = 3 € (€ +1)

Dominio infinito
Q (aire)

Estrategia para evitar la
singularidad en torno a i

Elemento k  Funciones de forma
que se integra del elemento

Semi-espacio (no es
necesario discretizarlo)

Punto imagen
(@iry)) @

Ficura B.g: Colocacién fuente-imagen tras la discretizacién de una pan-
talla en M con elementos cuadraticos (3 nodos). Integracién sobre un ele-
mento genérico k. El punto de colocacién se denota por medio de i mientras
que el punto de observacion en el elemento bajo integracion se denota por
j (tras la discretizacion del propio elemento con puntos de Gauss).
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B.2.2 Ecuacion integral en el contorno hipersingular (HBIE)

La ecuacién integral en el contorno hipersingular (HBIE por sus siglas
en inglés) para el punto del contorno i a ser resuelta mediante el MEC
puede escribirse como:

Op; ' 82G(k r) 0G(k,r) Op 9Go(k,T)
i = ——dl' + B.
¢ (8711) * anzan] “oron ¢ ]{~ on; 8njd on; (B.9)

donde los simbolos F y f representan las integrales a lo largo del contorno
entendidas segun la parte finita de Hadamard y en el sentido del principal
de Cauchy, respectivamente. Dado que la condicién de Hoélder [118] se
debe satisfacer en el punto de colocacién i, el tratamiento numérico de la
formulacién hipersingular se puede abordar bien 1) mediante el uso de
elementos discontinuos o bien 2) mediante la colocacién no nodal de la
fuente dentro del elemento. De este modo, en ambas estrategias y para
todos los casos se cumple que ¢; = 0.5 en (B.9).

Las expresiones (B.10) y (B.11) muestran los valores de la solucién fun-
damental implicadas en la ecuacién integral hipersingular (B.9):

OG(k, ) _ ik {Kl(zkr) or

L OF

0°G(k,r) _ (ik)* ooror 1
“Omion; | 2r KKQ(”““)(; o, (ikr) n; - ]>+ (B.11)

or 87
ony 8n]

(K2 (ihT) 5o+ = K 1(ikT) ng - nf)}

Similarmente a (B.1), i es la unidad imaginaria, k£ el nimero de onda
y r, T as distancias al punto de observacién desde el punto de colocacién
y su punto simétrico respecto del plano formado por el suelo, respectiva-
mente. Cabe hacer una distincién relativa a los vectores normales impli-
cados en las expresiones anteriores. En este caso, n; representa un vector
con direccién normal al contorno en el punto de integracién, mientras que
n; (nl, ny) ny (n‘z,n;) representan los vectores normales al contorno real
en el punto de colocacién (i) y su punto simétrico (I) localizado sobre un
contorno simétrico ficticio con respecto del suelo, respectivamente. K; y
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K, representan las funciones modificadas de Bessel de orden 1y 2, respec-
tivamente.

Aplicando (B.9) sobre un nodo ¢ del contorno discretizado e interpolando
la variable con elementos cuadraticos se obtiene:

NE 3 ) 9G k’T‘ NE 3
cioqit+y > pfomit = 0 +Zqu A (B.12)
k=11=1 k=11=1

donde NE representa el nimero total de elementos de la discretizacién.
La aplicacién sucesiva de (B.9) sobre cada nodo de la discretizacion, simi-
larmente a la formulacién clésica, conduce al siguiente sistema de ecua-
ciones:

6G° (B.13)

M-P:(L—ch)

donde C" es una matriz diagonal con valores 1guales a 0.5, P, Q son vec-
tores que contienen los valores de presion y flujo (la derivada de la presién
respecto de la normal en cada punto del contorno), aG es un vector que
almacena los valores de la derivada de la solucién fundamental relativa
a la fuente externa de ruido y M, L son matrices cuyas entradas estan
asociadas a los ntcleos de integracién de la formulacién hipersingular del
MEC que implican sélo a las variables del problema en el contorno de la
pantalla:

2
mik — w@ ry, ; Uk :/ M@ dry, (B.14)
., Oning r, O

Las estrategias numéricas empleadas en la evaluacion de las integrales
singulares e hipersingulares del Método han sido desarrolladas e imple-

mentadas en un cédigo de ordenador siguiendo las estrategias propuestas
por Saez et al. [119].

B.2.3 Formulacion Dual del MEC

Una vez que las formulaciones de la SBIE y la HBIE han sido presen-
tadas, los siguientes apartados se centran en las distintas variantes del
uso conjunto de estas formulaciones para dar lugar a la denominada for-
mulacién Dual del MEC. Tal y como se ha comentado previamente, esta
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variante del MEC es la estrategia mas apropiada del Método para el trata-
miento correcto de las pantallas acusticas que se estudian en este trabajo.

Enfoque Dual para evitar las frecuencias espurias

La aplicacién de la formulacién estdandar del MEC en el anélisis de ba-
rreras que presentan contornos con espesores no despreciables puede con-
ducir a una interpretacion incorrecta de los resultados, al asociar valores
picos de IL a determinadas frecuencias con un comportamiento acustico
propio de la pantalla estudiada. Pese a que los problemas que se estu-
dian en este documento son probelmas de actstica exterior, estos efectos
de naturaleza puramente matematica representan las frecuencias propias
(frecuencias naturales) del problema de acustica interior (los autovalores
de las matrices de la formulacion clasica del Método) y no representan
en ningin modo la calidad del apantallamiento en dichas frecuencias.
Una solucion libre de frecuencias espurias y, por lo tanto, apropiada para
sortear esta problemaética se halla en la formulacién propuesta por Burton
y Miller [109]. Esta formulacién se basa en la aplicacién conjunta y com-
binada de la SBIE y la HBIE, relacionadas mediante un valor complejo
dependiente de la frecuencia (o). En este caso, la expresién para un punto
del contorno i para ser calculado mediante el MEC puede expresarse como
sigue:

0
05 pz+O¢Q1 +j2:1 h‘+0ém] ]2:1 %‘f’al <GO+OC anl)
(B.15)

En (B.15), p es la presion acustica del campo de presiones sobre la su-
perficie de la pantalla, g es el flujo (la derivada de la presién respecto de la
normal en cada nodo de la discretizacion) y Gy, % la solucién fundamen-
tal del semi-espacio y su derivada relativa a la fuente de ruido externa,
respectivamente. Por tltimo, i y ¢ son los niicleos de integracién de la for-
mulacion cldsica del MEC, mientras que [ y m son los propios de la formu-
lacion hipersingular y que implican, como ya es sabido, s6lo a las variables
del problema en el contorno discretizado de la barrera con N nodos. El
valor mas ampliamente utilizado en la bibliografia para relacionar ambas
ecuaciones integrales del Método se corresponde con o = i/k [120, 121],
donde i se corresponde con la unidad imaginaria y k con el niimero de onda.
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Ademas, tal y como se justific6 con anterioridad, la formulacién hipersin-
gular del Método requiere que el punto de colocacién j se encuentre en el
interior del elemento. De esta manera, el término libre se asume igual a
0.5 en todos los casos.

Por otro lado, la capacidad de absorcién del contorno queda determi-
nada normalmente a través de la condicién de Robin, de manera que el
valor de la presion y el de su derivada en cada nodo del contorno quedan
relacionados de la siguiente manera:

qj = —ik Prp; (B.16)

De este modo, (B.15) se puede expresar matricialmente como sigue:

0Gy

05 (14 8) T+ H+ (i/k)M + (ikG —L) 8] P = Go — (i/k) 3¢

(B.17)

donde I es la matriz identidad.

Enfoque Dual para la idealizacion de elementos muy delgados como ele-
mentos unifilares

La naturaleza del problema es distinta cuando nos encontramos ante
elementos de secciéon muy delgada. El tratamiento de estos elementos
exclusivamente mediante la formulacién clasica del MEC puede dar lu-
gar a problemas numéricos relativos a los nicleos de integracion de las
matrices, afectando, de igual modo, a la correcta interpretacién del com-
portamiento acustico de la pantalla. La idealizacién matematica de estos
elementos como elementos unifilares (elementos de espesor nulo) no sélo
resuelve esta problemaética sino que ademas facilita la generacién geomé-
trica del perfil a estudiar. Con este fin, la SBIE y la HBIE se aplican si-
multaneamente y por separado en todo el contorno de la barrera ([47, 54]).
La Figura B.4 facilita la comprensién de este asunto. Los contornos a am-
bos lados de los elementos idealizados quedan representados por la propia
discretizacién, con valores distintos de presion y flujo. La aplicacion de la
SBIE a ambos lados de estos elementos sin espesor conduce a un sistema
de ecuaciones singular que no permite obtener la solucién del problema.
Sin embargo, la aplicacion adicional de la HBIE da lugar a la variante de
la formulacién Dual que proporciona un sistema de ecuaciones compatible
que permite obtener los valores de presién a cada lado de la barrera.
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Ficura B.4: (a) Idealizacién geométrica como cuerpo unifilar de una pan-
talla de seccion muy delgada. (b) Estrategia empleada para sortear la
singularidad alrededor del punto de colocacién en el enfoque Dual para
el tratamiento de elementos idealizados como cuerpos sin espesor (ver
e.g. [95, 122]).

Tras la discretizacién del contorno idealizado - ver Figura B.4(a) - cada
nodo contiene los valores de presién y flujo respecto a la normal al contorno
(p*, ¢%, p~, ¢ en adelante). La Figura B.4(b) representa la estrategia
empleada para evitar la singularidad del Método en este tipo de domi-
nios [95, 122]. De este modo, la expresion de la formulacién del MEC para
este tipo de contornos puede ser expresada como sigue:

N N
05 (pf +97) + > (Hfvf + Hypy ) = (Gfaf +Grap ) + Golh,v)

j=1 j=1

(B.18)

siendo N el nimero total de nodos de la discretizacién. Asumiendo que

nT = —n~, se demuestra facilmente que:
+_ - . +_ -
Hf =-H 5 ; Gj=Gj (B.19)
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Considerando la condicién de contorno tipo Robin (B.16), se puede ex-
presar matricialmente:

051 +H+ikBG) P =Gy (B.20)

siendo I* una matriz que contiene la contribucién del término libre a am-
bos lados de los nodos de la discretizacién:

110000 0 0
0oo0110¢0--00

=\ . . . . . . .. (B.21)
0000O0OO0--11

Tal y como se observa, la aplicacion de la SBIE en cada nodo de la dis-
cretizacién conduce a un sistema de ecuaciones incompatibles (el nimero
de incégnitas dobla al nimero de ecuaciones planteadas) que hace que
el problema sea inabordable desde la implementaciéon exclusiva de esta
formulacién. Sin embargo, la aplicacién adicional de la HBIE permite
plantear las ecuaciones restantes y abordar el problema con éxito. Asi,
la expresion de la formulaciéon hipersingular para este tipo de geometrias
puede expresarse como:

N N
0.5 (gpg L Opr ) + 30 (M My ) =3 (Lhaf +15a) (B22)

Jj=1 J=1
donde:

Op;

an

=—q ; M;r =-M; ; Lj+ =L; (B.23)
Considerando la condicién de contorno tipo Robin (B.16), se puede ex-
presar matricialmente:

Gy
ani
Finalmente, recopilando las expresiones (B.20) y (B.24) se obtiene el

siguiente sistema matricial que permite el anélisis adecuado de configu-
raciones de pantallas actsticas idealizadas como cuerpos de secciéon nula:

(k3051 +L)+M]-P= (B.24)
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051 +H+ikBG Go
Pl=1 o (B.25)
ikB05T +L)+M an;

Enfoque Dual para el andlisis de configuraciones volumétricas con ele-
mentos muy delgados

Este planteamiento general incorpora ambas variantes de la formu-
lacién Dual del MEC, permitiendo la correcta evaluacién del comporta-
miento acuistico de pantallas que presentan una estructura general volu-
métrica simultdneamente con elementos muy delgados que se pueden ide-
alizar como cuerpos sin espesor. De acuerdo a algunas de las expresiones
obtenidas en este capitulo y denotando:

Ay = 05(1+8)I+H+(i/k)M+(ikG—L) 3 (B.26)
Ay = 051" +H+ikBG ; Ag=ikB(05I* +L)+M (B.27)
G IG,

B; = G- (i/k) an? . Ba=Go ; By = Bn? (B.28)

la expresién final de la variante Dual del MEC para este tipo de pantallas
se puede expresar como sigue:

A B,
Ayl {PH=(Bs (B.29)
As Bs

En (B.29), A; es una matriz de dimensiones Nppicr © Nyni v Ag, Ag
de dimensiones Ny, ¢ Nynk. En este caso, Nypick ¥ Nrpin representan
el nimero de nodos de la discretizacién propios de elementos con seccién
real y de elementos idealizados, respectivamente, mientras que Ny, es el
numero de incégnitas del problema (Nppicr + 22 N7pi). De acuerdo a esta
nomenclatura, P se trata de un vector de dimensién Ny, que contiene los
valores de presion relativo a cada nodo de la discretizacién. Por dltimo, By
es un vector de dimensién Npp;., mientras que Bg, Bg son de dimension
Nrhin-
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B.2.4 Presion acuUstica en el dominio

Conocidos los valores de la variable en el contorno, la presién acuistica
en cualquier punto del dominio interno (posicién del receptor) se puede
obtener facilmente sin mas que aplicar la expresion discretizada de la for-
mulacion clasica del MEC:

Nunk
P =Golk,r) = > (hj+ikBg)) p; (B.30)

j=1

B.2.5 Criterio de discretizacion aplicado

Llegados a este punto es necesario destacar que la discretizacién del
contorno de la barrera es dependiente de la frecuencia que se estudia. En
este sentido, todos las simulaciones llevadas a cabo en este documento
asumen una discretizaciéon con al menos cuatro elementos por longitud de
onda. Estudios numéricos previos llevados a cabo por el investigador de
este trabajo han demostrado que la consideracién de este criterio conduce
a una convergencia adecuada de los resultados. Asimismo, la estrategia
adoptada esta en consonancia con otros trabajos de investigacién presentes
en la literatura [7, 123].

Por otro lado se llevan a cabo algunos procedimientos para el correcto
tratamiento numérico de contornos angulosos o que presentan cambios
bruscos de direccién en su unién con otros contornos. Con el propésito
de asegurar la convergencia numérica de las integrales cuasi-singulares,
el codigo empleado en los estudios que aqui se presentan considera dos
estrategias. Una de ellas esta basada en el procedimiento propuesto por
Telles [124], en el cual se realiza una redistribucién y concentracién de
los puntos de Gauss en torno al punto de minima distancia r dentro del
elemento bajo integracién. La otra estrategia consiste en la subdivision
del elemento que se integra, resultado de la discretizaciéon del contorno,
en multiples subintervalos en funcién de la distancia minima r al punto
cuasi-singular. El valor final resulta de la suma de cada integracién nu-
mérica aplicada a cada subintervalo del elemento.
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B.2.6 Estrategia de colocacion empleada

Tal y como se ha comentado a lo largo de este capitulo, la estrate-
gia de colocacién empleada depende de la formulacién que se aplica. De
este modo, el c6digo que implementa la formulacién estandar del Método
(SBIE) hace uso de la colocacién nodal a excepcién de los nodos situados
en los extremos de los contornos no conectados, donde se adopta en este
caso la estrategia de colocacién no nodal.

La Figura B.5 representa la estrategia de colocacién empleada en la
implementacién de la formulacién hipersingular del MEC (HBIE) para
los casos estudiados en este documento. Como ya es sabido, esta formu-
lacion requiere una estrategia de colocacién no nodal en los extremos de
los elementos. Un mayor nivel de detalle relativo a la eleccién del valor de
¢ en elementos discontinuos se puede consultar en [123, 125].

(1)

Coordenda natural £
del elemento

D E=-09) @
f:

-1

Ficura B.5: Colocacién no nodal en los extremos de los elementos cuando
se aplica la formulacién hipersingular del MEC. (1) punto de colocacién
PC1; (2) punto de colocaciéon PC2; (3) punto de colocacién PC3.

Para los casos aqui presentados, el punto de colocacién se mueve una
distancia de § = 5% de la longitud del elemento hacia su interior. La
eleccion de este valor estd avalada por estudios numéricos previos realiza-
dos por el investigador. Con todo, las diferencias observadas relativas a la
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eleccién de ¢ (dentro del &mbito de los rangos empleados en otros trabajos
en la bibliografia) no son significativos, especialmente si se tiene en cuenta
que los niveles de presién sonora que de interés en los estudios realizados
no se corresponden ni con los de los contornos ni con los de los extremos
de los mismos, sino con los de puntos concretos del dominio donde se en-
cuentra la pantalla.

B.2.7 Estudios de validacion

En este apartado se muestran los casos de validacién de los distintos
enfoques de la formulacién Dual presentados. Los resultados se mues-
tran en términos comparativos del comportamiento acustico de disefios de
pantalla anti-ruido evaluados con la formulacién cldsica del MEC y con el
correspondiente enfoque Dual.

La necesidad de implementar la formulacién de Dual del MEC en el
analisis de pantallas de dimensiones reales queda clarificada en la Figura
B.6. Como se observa, este enfoque Dual del Método resuelve con éxito la
problematica asociada a esta tipologia de pantallas al evitar la frecuencias
de resonancia (espurias) asociadas al dominio interior del disefio, pese a
que el problema que se estudia es el de propagacién exterior. En el analisis
con la formulacién clasica del Método, la aparicién de éstos valores ficticios
(valores pico de IL en la grafica) en dichas frecuencias pueden a llegar a
distorsionar en gran medida la calidad del apantallamiento. Este aspecto
adquiere atin mas relevancia dentro un proceso de optimizacién donde las
mejores soluciones candidatas se seleccionan de acuerdo a disefios que no
se ajustan a su comportamiento acustico real.

La idoneidad de representar pantallas de seccién muy delgada como
configuraciones unifilares se justifica con los resultados mostrados en la
Figura B.7. El enfoque Dual del MEC implementado permite represen-
tar con mayor facilidad la geometria del disefio que se estudia. En este
sentido, la definicién en detalle de disefios con sus dimensiones reales
daria lugar a un proceso mas complejo y, muy posiblemente, menos ge-
neral. Las ventajas de este tipo de representacion, por tanto, aumentan
a medida que el disefio se complica geométricamente. Simultaneamente,
esta idealizacion ayuda a solucionar los problemas de integracién numé-
rica que a menudo se dan en la integracién sobre puntos cuasi-singulares
de estos elementos con espesores muy pequeiios. Tal y como se observa en
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el grafico esta problematica, sin embargo, no se manifiesta en el caso aqui
presentado.

Finalmente, la Figura B.8 representa la evolucién del comportamiento
acustico de un disefio de borde basado en un Difusor de Residuo Cuadrético
(QRD por sus siglas en inglés), previamente estudiado en la literatura por
Monazzam et al. [13]. Al presentar una estructura general volumétrica
con ciertos elementos que se pueden idealizar como cuerpos sin espesor, es-
tas tipologias de pantallas resultan idéneas para validar el planteamiento
Dual mas general del MEC. Para facilitar la visualizacién, la estructura
que conserva sus dimensiones reales esta representada en azul en el gra-
fico, mientras que los elementos idealizados se representan en rojo. De
acuerdo al analisis del trabajo original, el estudio se realiza en este caso
para frecuencias centrales de bandas de 1/15 de octava. De los graficos
de evolucién se concluye que los resultados derivados de la aplicacién de
la formulacién Dual del MEC estdn en la linea de los presentados en el
trabajo original con la formulacién clasica del MEC.

PANTALLA EN M CON
DIMENSIONES REALES EVOLUCION DEL COMPORTAMIENTO ACUSTICO. RANGO DE FRECUENCIAS CON PASOS DE 1 Hz
3.5 0
Formulacion clasica del MEC (EICS) ——
-5 Enfoque Dual del MEC para evitar las frecuencia espurias
3.0
-10
25 15
_ 20 _
E 3 2
> =
15 %0
1.0 -35
-40
0.5
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-05 00 05 3 p 3 8 B ¢ 58 &8 8 8 3 3 3 8 R 2 & 8
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Ficura B.6: Validacion del enfoque Dual del MEC en una pantalla en M.
La fuente de ruido y el receptor se encuentran en (-10.0, 0.0) y en (50.0,
0.0), respectivamente.
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PANTALLA REAL  PERFIL UNIFILAR

MUY DELGADA IDEALIZADO EVOLUCION DEL COMPORTAMIENTO ACUSTICO. FRECUENCIAS DE 1/3 DE OCTAVA
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Enfoque Dual del MEC para evitar las frecuencias espurias
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Ficura B.7: Validacién del enfoque Dual del MEC en una pantalla en Y
de referencia de seccion muy delgada. La fuente de ruido y el receptor se
encuentran en (-10.0, 0.0) y en (50.0, 0.0), respectivamente.

PANTALLAS REAL CON
ELEMENTOS IDEALIZADOS EVOLUCION DEL COMPORTAMIENTO ACUSTICO. FRECUENCIAS CENTRALES DE 1/15 DE OCTAVA
35 5
Formulacion clasica del MEC (SBIE) por Monazzam et al., 2005 ———
0 Enfoque Dual del MEC para pantallas volumetricas con elementos idealizados
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Ficura B.8: Validacion del enfoque Dual del MEC para pantallas
volumétricas con elementos muy delgados. Estudio comparativo con los
resultados presentados en Monazzam et al. [13] con la formulacién clasica
del MEC. La fuente de ruido y el receptor se encuentran en (-5.0, 0.0) y en
(50.0, 0.0), respectivamente.
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B.3 METODOLOGIA APLICADA A LA OPTIMIZACION DE PAN-
TALLAS CON DISPOSITIVOS DIFUSORES

El estudio que se presenta tiene como objetivo ampliar la versatilidad
y robustez de la metodologia desarrollada e implementada hasta este mo-
mento en la optimizacién de forma de disefios topolégicos de pantallas
anti-ruido. Con este propdésito se presenta una formulacién de Elementos
de Contorno (EC) mas general que, implementada en un cédigo de orde-
nador, permite un procedimiento con un alcance més amplio, posibilitando
el estudio de cualquier tipo de problema de optimizacién de pantallas acus-
ticas en 2D en una manera maés sistematica, robusta y flexible.

El procedimiento propuesto hace uso de un enfoque de la formulacién
Dual del MEC combinado con un algoritmo evolutivo en la optimizacién del
comportamiento acustico de pantallas con superficies reactivas. Mas conc-
retamente, se llevan a cabo estudios numéricos sobre tres disefios topol6gi-
cos de pantallas con dispositivos de borde que presentan configuraciones
de pozos de distintas profundidades. Basados en geometrias complejas,
estos disefios combinan estructuras volumétricas con elementos muy del-
gados que sugieren una simplificacion geométrica apropiada, mediante su
consideracién matemaética como elementos de espesor nulo, a efectos de
facilitar el proceso de optimizacién. En este sentido, debe verse la necesi-
dad de la formulacién Dual del MEC como la estrategia mas apropiada
desde los EC que nos permite 1) adoptar esta simplificaciéon de la realidad
sin que ello introduzca errores apreciables para los espesores de pantalla
tratados [47] y 2) evitar las frecuencias espurias asociadas al dominio in-
terior de la estructura volumétrica. Hasta donde conoce el investigador de
esta tesis, no existen trabajos en la bibliografia que aborden el problema
bajo las consideraciones que aqui se presentan.

El analisis presentado aborda el fenémeno como un problema de propa-
gacién bidimensional y en el dominio de la frecuencia, esto es, el ruido es
causado por una fuente mono-frecuencia e infinita que discurre parale-
lamente a una pantalla que presenta una estructura volumétrica combi-
nada con elementos de seccién muy delgada y longitud igualmente infinita
que yace sobre un semiespacio de admitancia uniforme. A partir de la re-
spuesta en frecuencia y un espectro de ruido que caracterice la fuente,
puede expresarse la funcién de optimizacién de forma sencilla.

Tras la optimizacién, sobre la base de los perfiles 6ptimos de uno de
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los disefios topolégicos propuestos se realizan modificaciones geométricas
incrementales que ayudan a entender cémo influye el patrén de llenado
de los pozos en el comportamiento acustico. A partir de este analisis se
consiguen disefios de pantallas més préacticos y sencillos de construir que
los disefios optimizados. Asimismo, se realiza un estudio comparativo en-
tre la eficacia de apantallamiento de una de las geometrias 6ptimas y un
disefio de pantalla topolégicamente idéntico previamente estudiado en la
literatura. Finalmente, el capitulo concluye con la discusién de los resul-
tados obtenidos.

B.3.1 Dispositivos de borde basados en difusores para la atenuacion
del sonido en problemas de acustica exterior

Debido a sus incuestionables beneficios para dispersar el sonido, el
uso de difusores en proyectos de acistica interior ha sido objeto de nu-
merosos examenes y estudios. De entre ellos, los disefios basados en se-
ries matemaéticas numéricas (como por ejemplo los difusores de secuencia
de maxima longitud, de residuo cuadrético, de raices primitivas, etc.) han
ganado importancia por sus excelentes propiedades de difusion, caracte-
rizados por presentar un espectro de densidad de potencia aproximada-
mente plano. Debido a que el espectro de potencia y la capacidad difusiva
de una determinada superficie estan relacionados [147—-149], se puede pre-
decir de manera aproximada la dispersion del sonido en el campo lejano
sin mas que aplicar la transformada de Fourier sobre los coeficientes de
refleccion de dicha superficie (en el caso tratado, un conjunto de pozos
con distintas profundidades modelados como una superficie plana con dis-
tintos valores de impedancia). En resumen, cualquier secuencia numé-
rica que presente buenas propiedades auto-correlacion (la funcién auto-
correlacion de los coeficientes de refleccion de una superficie es una fun-
cién delta) posee una transformada de Fourier con una densidad espectral
de potencia plana, lo que implica que la superficie estudiada asegura una
distribucién homogénea de la dispersién del sonido.

Con el propésito de mejorar la calidad del apantallamiento, en los ulti-
mos afios se han propuesto y he estudiado numerosos e innovadores dise-
fios en la literatura con la intencién de compensar las limitaciones asocia-
das con el pardmetro con mayor influencia en el comportamiento acustico:
la altura efectiva. En este sentido, a pesar de que inicialmente fueron con-
cebidos para proyectos de acuistica interior, el uso de difusores como dispo-
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tivos instalados en el borde superior de pantallas ha puesto de manifiesto
la idoneidad de estos disefios en problemas de acustica exterior, presen-
tando un buen comportamiento actstico no sélo respecto al de la pantalla
simple de referencia sino incluso al de otros disefios de borde clasicos. Ex-
isten algunos trabajos notables en la bibliografia relativos al uso de difu-
sores en problemas de acustica exterior. Tal es el caso de los Difusores de
Residuo Cuadratico [13, 29, 30, 33] o de los Difusores de Raices Primiti-
vas [32] (QRDs y PRDs, por sus siglas en inglés respectivamente). Otros
disefnos de geometria mas compleja han sido estudiados en [15, 21] (ver
Figura B.9).

Los trabajos mencionados abordan el problema con la formulacién es-
tandar del MEC, considerando la geometria real de la pantallas constitu-
ida por elementos de espesor considerable y, simultaneamente, elementos
de secciéon muy delgada. Sin desmerecer la contribucién de estos trabajos,
ninguno de los estudios llevados a cabo propone la optimizacién de forma
de estos disefios de borde. En este sentido, la metodologia que se presenta
en este capitulo propone un procedimiento de caracter general que per-
mite optimizar la forma de pantallas actsticas con disenos de borde medi-
ante la formulacién Dual del MEC. Dicha metodologia ofrece una solucién
apropiada para la evaluacién de disefios complejos que son susceptibles de
simplificacién geométrica. Bajo esta consideracion, la configuracién gene-
ral de la pantalla se puede modelar considerando una estructura general
volumétrica (que conserva sus dimensiones reales) con elementos unifi-
lares (sin espesor) representativos de elementos de seccién muy delgada.
En un marco libre de restricciones geométricas, la definicion de la pantalla
se convierte, de este modo, un proceso sencillo. Ademés, este enfoque ge-
ométrico permite reducir los tiempos de computacion en el marco de un
proceso costoso donde cada disefio ha de ser evaluado en todo el espectro
de frecuencias.

La necesidad de la formulacion Dual del MEC en este estudio se en-
tiende a partir de la Figura B.10. La estrategia de aplicaciéon de ambas
formulaciones varia en funcién de la naturaleza del elemento que se es-
tudia. Asi, con el propésito de evitar las frecuencias espurias que pueden
aparecer cuando tratamos con elementos de espesor considerable, el en-
foque Dual del Método se basa en la aplicacién conjunta y combinada de la
ecuacion integral estandar (SBIE) y de su variante hipersingular (HBIE),
relacionadas a través de un valor complejo dependiente de la frecuen-
cia [109]. La naturaleza del problema es distinta en el caso de elemen-
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(a) (b)

GEOMETRIA REAL GEOMETRIA VOLUMETRICA GEOMETRIA REAL GEOMETRIA VOLUMETRICA
VOLUMETRICA CON ELEMENTOS IDEALIZADOS VOLUMETRICA CON ELEMENTOS IDEALIZADOS

[

Ficura B.g: Ejemplos de disefios de pantallas con elementos susceptibles
de idealizacién geométrica. (a) Disefio de borde estudiado por Okubo y
Fujiwara [15]. (b) Diseiio de geometria compleja con pozos de distintos
trayectos y profundidades [21].

tos muy delgados. En este caso, el tratamiento directo de estos elementos
puede dar lugar a problemas de integracién numérica que pueden afectar
al comportamiento acustico de la pantalla. La idealizacién de estos ele-
mentos como cuerpos sin espesor no sélo resuelve esta problematica sino
que ademaés facilita la representacién geométrica de la pantalla, simplifi-
cando en gran medida el proceso de optimizaciéon. Con este fin, la SBIE
y la HBIE se aplican simultdaneamente, aunque por separado, sobre cada
nodo de la discretizacién de la pantalla. Esta simplificacién de la realidad
proporciona una ventaja significativa respecto del caso en el que se analiza
la pantalla con dimensiones reales.

B.3.2 Descripcion del proceso de optimizacion

La optimizacién de forma se realiza, tal y como se ha comentado, me-
diante el uso combinado de un algoritmo evolutivo y la mencionada for-
mulacién Dual del MEC. Para més nivel de detalle acerca de los aspectos
del enfoque Dual empleado en este estudio se puede consultar el Capitulo
II de este Resumen. Respecto al algoritmo evolutivo en la optimizacion
se utiliza el software libre GAlib [112], una coleccién de componentes de
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2 3

Ficura B.10: Ejemplo de la discretizaciéon de una pantalla, tras la ideali-
zacién de los elementos muy delgados como cuerpos sin espesor, con ele-
mentos parabélicos (3 nodos) para f=500 Hz de un disefio inspirado en un
QRD. Para facilitar la visualizacién, la estructura volumétrica se repre-
senta en azul mientras que los elementos idealizados se representan en
rojo.

algoritmos genéticos (AG) escritos en lenguaje C++.

La metodologia que se aplica en este proceso permite la optimizacién
de forma de cualquier tipologia de pantalla anti-ruido bidimensional. En
este contexto, el procedimiento aqui utilizado aborda la mejora de la efi-
cacia de dispositivos de borde de una manera, hasta donde conoce el in-
vestigador de este estudio, no tratada hasta la fecha en la bibliografia.
Dicha metodologia se aplica al estudio numérico de tres disefos topolégi-
cos de pantallas con dispositivos de borde que presentan una estructura
volumétrica con elementos muy delgados idealizados como elementos de
espesor nulo. El uso de la formulacién Dual del MEC se justifica en el
sentido de que se trata de la estrategia mas adecuada desde los EC para
abordar numéricamente los problemas que aqui se presentan, tal y como
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han puesto de manifiesto Hong and Chen [40], Krishnasamy et al. [42],
de Lacerda et al. [47], Chen and Chen [43], Chen y Hong [45], Wu [44],
Chen et al. [150] y Tadeu et al. [48]. Su justificacion se hace extensiva,
principalmente, a la idealizacién de los elementos muy delgados. Esta
simplificacién facilita en gran medida la representacién geométrica de la
pantalla sin influir sustancialmente en el comportamiento acustico para
los espesores considerados en este estudio.

Configuracion bidimensional estudiada

La Figura B.11 muestra la configuracién general objeto de estudio.
Como ya se ha adelantado, se trata de un problema de propagacién 2D
asociado a una fuente de sonido monofrecuencia e infinita (matematica-
mente representada por la funcién delta de Dirac) situada paralelamente
a una barrera acustica que combina estructuras volumétricas con elemen-
tos muy delgados y que se encuentra sobre un plano (suelo) de admitancia
uniforme. En los analisis realizados, tanto el suelo como la barrera pre-
sentan una superficie perfectamente reflejante (5, = 8, = 0). La funcién
objetivo (FO) se evalda en un tnico receptor situado en el lado de som-
bra. Tanto la fuente de ruido como el receptor se sitdan sobre el suelo
separados 5.0 m y 25.0 m del eje central de la pantalla, respectivamente.
Asimismo, la maxima altura efectiva que se permite alcanzar es hs = 3.0
m en el eje medio de la barrera.

Determinacion de la eficacia acustica de la pantalla

Tal y como se conoce, la calidad de apantallamiento a cada frecuencia
a la que emite la fuente de ruido considerada se determina por medio del
coeficiente de pérdida por insercién (IL por sus siglas en inglés) definido,
como es sabido:

IL = —20 - logro (§—B> dB] (B.31)
HS

siendo su medida representativa de la diferencia de niveles de presion
sonora en el punto del dominio considerado (donde se encuentra el recep-
tor) en la situacién con (Pg) y sin pantalla (Pyg).

Con el propésito de llevar a cabo un proceso de optimizacién donde
la excitacién esté representada por una fuente de ruido pulsando a cada
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Ficura B.11: Configuracion bidimensional empleada en el proceso de opti-
mizacién. Ejemplo de disefio de borde inspirado en un QRD (modelo (a) en
este estudio), compuesto por pozos de distintas profundidades (d;). Para
facilitar la visualizacion de la geometria, los elementos de espesor no des-
preciable se representan en azul mientras que los elementos muy delgados
se idealizan como elementos sin espesor y se representan en rojo.

frecuencia del espectro, la eficacia global de la barrera para el receptor
considerado se puede expresar en términos del coeficiente de pérdida por
insercién de todo el espectro:

NF
Z 10(A-1L)/10

ILjgte1 = —10 - logip [ = | [dB(A)] (B.32)

Z 10A/10
i=1

siendo NF el niimero de frecuencias centrales de banda de octava del espec-
tro considerado, aqui NF = 86, A; el nivel de ruido ponderado del espectro
e IL; el coeficiente de pérdida por insercién de la barrera para cada una
de estas frecuencias, segiun (B.31).

Espectro de ruido de trafico utilizado

En este estudio, la fuente de ruido se caracteriza de acuerdo al espectro
normalizado de ruido de automéviles, ponderado A, definido por la norma
UNE-EN 1793 [117] para frecuencias centrales de tercio de octava en el
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rango de 100 a 5 000 Hz. Dada la alta variabilidad en el comportamiento
acustico que los disefios que se estudian presentan con la frecuencia, asi
como con la intencién de determinar la eficacia global de la pantalla de
una manera mas precisa, las bandas de 1/3 de octava se expanden a inter-
valos de 1/15. En este espectro corregido, los valores normalizados para
las bandas de frecuencias centrales de 1/15 de octava han sido calculados
de manera tal que la intensidad acustica total asociada a cada banda se
conserva con respecto a la correspondiente banda de 1/3 de octava. El esti-
mador considerado en el proceso de optimizacion, es decir, la funcién obje-
tivo, se basa exclusivamente en el valor del IL espectral en la localizacién
del receptor propuesto (OF = IL;,,). Como es de esperar, a lo largo del
proceso se intenta maximizar el valor de este parametro.

Parametros usados en el AG

Debido a que la evaluacién de la funcién objetivo para cada disefio can-
didato exige un coste computacional alto para el MEC, se implementa un
algoritmo genético de estado estacionario [144, 145] el cual trata de com-
pensar estos inconvenientes a través de una estrategia con una elevada
capacidad de explotacién combinada con una gran presién de seleccién.
El algoritmo evoluciona a partir de una poblacién inicial de 100 individ-
uos, utilizando el operador de cruce en dos puntos con una probabilidad de
reproduccion del 90%. Asimismo, se emplea una tasa de mutacién igual a
1/ny,, siendo ng, la longitud total del cromosoma codificado con variables
binarias de distinta precision, segtn el disefio topolégico que se optimiza,
de acuerdo a la codificacion Gray (ver Tabla B.1). El reemplazo genera-
cional empleado es del 2%, lo que significa que los dos peores individuos
de cada generacion son susceptibles de ser reemplazados si los nuevos in-
dividuos tras las operaciones de seleccién, cruce y mutacién son mejores
en términos de la funcién objetivo. Finalmente, el criterio de parada se
establece tras 1 000 generaciones o iteraciones del proceso evolutivo.

Descripcion general del proceso

Con el propésito de facilitar 1a comprensién de la metodologia, 1a Figura
B.12 muestra en un diagrama de flujo el proceso evolutivo que tiene lu-
gar en la busqueda de los mejores disefios acusticos. Dicho proceso hace
uso de un AG de estado estacionario que parte de una poblacién inicial
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TaBrLA B.1: Descripcién de las variables de disefio (profundidades de pozo,
codificadas con variables binarias) de los modelos topolégicos a optimizar
y de los cromosomas correspondientes.

Longitud del Bits por Rango de la Valores discretos
Modelo . . .
cromosoma (ng,) cada variable variable [m] por variable
(a) Simétrico: 15
No simétrico: 30 5 24 pozo) 0.000-0.250 32
(b) Simétrico: 60

No simétrico: 120

Well #1: 5 0.000-0.808

Simétrico: 21 Pozo #2: 5  0.000-0.643 32
(c) Pozo #3: 5 0.000-0.350
No simétrico: 42  Pozo #4: 3
Pozo #5: 3 0.000-0.185 8

de individuos obtenidos mediante la propuesta aleatoria de las variables
de diseno del modelo topolégico que se pretende optimiza, representadas
en este caso por valores discretos de profundidades de pozos. Una des-
cripcién detallada relativa a la definicién de las variables de disefio y del
cromosoma de cada modelo se puede consultar en la Tabla B.1. Las geo-
metrias a estudiar se definen a partir de dichas variables, que confor-
man el cromosoma del individuo propuesto por el AG, y que caracterizan
de este modo su disefio topolégico. Ya en este punto se analiza la efica-
cia acustica de cada uno de estos individuos a partir de los resultados
obtenidos tras la aplicacién del c6digo MEC Dual mencionado. Para ello
es necesaria la discretizacion de la geometria con un nimero de elemen-
tos creciente con la frecuencia. En este trabajo se hace uso de elementos
parabdlicos (elementos de 3 nodos) cuya longitud méxima, para obtener
una adecuada convergencia en los resultados, debe ser inferior a la mi-
tad de la longitud de onda correspondiente a la frecuencia analizada. La
poblacién inicial se ordena entonces en términos de la eficacia de apan-
tallamiento de los individuos, representada por el valor de la funcién ob-
jetivo (FO) caracterizada, a su vez, por el IL espectral (ILy,) (B.32). A
cada individuo se le confiere entonces mayor probabilidad de ser selec-
cionado en base a su comportamiento acustico (FO). Asi, haciendo uso del
operador de seleccion por torneo, se escogen dos individuos (progenitores
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Ficura B.12: Descripcién general del AG empleado, configuracién bidi-
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en terminologia propia de algoritmos genéticos) que se cruzaran con un
90% de probabilidad mediante el operador de cruce en dos puntos, dando
lugar a dos individuos distintos (hijos) cuyo genoma puede ser mutado,
igualmente, atendiendo a criterios probabilistas. Estos dos nuevos in-
dividuos son evaluados y reemplazaran a los dos peores de la poblacién
precedente si mejoran su comportamiento acistico dando lugar, de este
modo, a sucesivas poblaciones con individuos mas eficientes en los térmi-
nos que se estudian. Este proceso iterativo continda hasta alcanzar las
1000 generaciones, condicién de parada impuesta ante la necesidad de
encontrar una solucién de compromiso entre los recursos computacionales
disponibles y una aceptable convergencia actustica y geométrica de los in-
dividuos de la poblacién final. Se llevan a cabo cinco ejecuciones indepen-
dientes del proceso de optimizacién para cada disefo topolégico propuesto.

B.3.3 Optimizacion numérica

A través de la maximizacion de la eficacia de apantallamiento en el
receptor, el proceso se centra en la bisqueda de disefios cuyas profundi-
dades de pozos se seleccionan dentro de un rango discreto de valores, tanto
para configuraciones simétricas como no simétricas de los modelos que se
describen a continuacién.

Descripcion de los modelos topologicos

La Figura B.13 muestra los disenos topoldgicos que se estudian. El
modelo superior - modelo (a) - esta inspirado en un difusor QRD previa-
mente estudiado por Monazzam et al. [13]. Instalado sobre el borde supe-
rior de una pantalla con un eje vertical de 0.10 m de espesor, se trata de
una configuraciéon de 1.00 m de ancho y 0.30 m de alto compuesta de seis
pozos de 0.12 m de ancho y diferentes profundidades (d;) separadas por
elementos muy delgados. El modelo central - modelo (b) - se inspira en la
denominada rueda de molino estudiada por Okubo et al. [15]. Esta se basa
en una estructura radial de borde dispuesta sobre una pantalla de eje ver-
tical de 0.03 m, compuesto de dos niicleos semi-circulares con un didmetro
de 0.59 m sobre el que se disponen elementos muy delgados que separan
pozos de distintas profundidades d;. El modelo inferior - modelo (c) - se
trata de un disefio novedoso. Esta basado en una topologia definida por un
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Ficura B.13: Modelos a optimizar. Izquierda, modelos que presentan ex-
clusivamente una estructura volumétrica por disponer todos sus pozos
llenos. Derecha, modelos con una estructura general volumétrica con ele-
mentos de seccién muy delgada con pozos completamente vacios (para
los modelos (a) y (b): d;=0.250 m; para el modelo (¢): dy=d;(=0.808 m,
do=dy=0.643 m, d3=dg=0.350 m and dy=d5=dg=d;=0.185 m). Dimensiones
expresadas en metros.
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conjunto de pozos de distintas profundidades y trayectorias, separados por
elementos muy delgados situados sobre el pie de una barrera de 0.10 m de
espesor. Con el propésito de evitar la problemaética relativa a los aspectos
numéricos de los nicleos de integracién de las matrices de la formulacién
asi como de facilitar la definicién geométrica de los modelos se considera, a
efectos matematicos, la idealizacion de los elementos muy delgados como
elementos de seccion nula (elementos unifilares). En la linea de otros tra-
bajos ([71-73]), la altura efectiva de estos disefios medida en su eje central
se fija en h=3.0 m. Por esta razon, a pesar de que los modelos (a) y (b)
estan inspirados en disefos ya estudiados en la bibliografia, su altura efec-
tiva se ha ajustado a este valor. Tal y como se observa en la Figura B.13,
los modelos (a) y (b) estan disenados sobre la base de profundidades de
pozo potencialmente idénticas, mientras que el modelo (c) presenta pozos
con trayectos y profundidades potencialmente distintas. Una descripcién
detallada de las variables de diseno de cada modelo topolégico se puede
consultar en la Tabla B.1.

En general, los modelos presentados se pueden clasificar como pan-
tallas de borde modificado, es decir, pantallas cuyo borde superior ha sido
convenientemente disefiado con la intencién de mejorar la calidad del apan-
tallamiento de la pantalla simple de referencia. Basado en distintos me-
canismos acusticos, tales como la interferencia y la resonancia, el ade-
cuado disefio de estos dispositivos puede contribuir significativamente a
la mejora de la atenuacién del sonido en comparacién con la pantalla recta
de referencia, para un esquema especifico fuente-receptor [14]. Por con-
siguiente, a pesar de la complejidad aparente de estos disefos, en la biblio-
grafia se pueden encontrar modelos similares concebidos para un uso prac-
tico [15, 21]. Otros dispositivos interesantes con el mismo enfoque practico
y distribuidos comercialmente en Japén se pueden consultar en [151].

Disenos obtenidos tras la optimizacion

La Figura B.15 recoge los resultados de los mejores perfiles tras la op-
timizacion. Concretamente, en la parte izquierda se muestran las mejores
geometrias 6ptimas de la configuracién simétrica y de la no simétrica para
cada modelo. En la parte derecha se representa la evolucién del IL fre-
cuencial para el espectro considerado de las geometrias anteriormente
mencionadas en comparacién con las geometrias de los modelos en la si-
tuacién con los pozos totalmente llenos y totalmente vacios (ver Figura B.13)
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y con la pantalla simple de 3.0 m, para el mismo esquema fuente-receptor.
El valor de la eficacia acustica global asociado a cada disefio 6ptimo, de
acuerdo a (B.32), se muestra en la leyenda de estos graficos. Asimismo,
la Figura B.15 muestra la evolucién de la calidad de apantallamiento de
los modelos estudiados a lo largo de las generaciones. Las curvas rojas
representan la eficacia del mejor individuo encontrado, en términos del
valor de la funcién objetivo (FO), en las 5 ejecuciones llevadas a cabo para
cada ejemplo. Las curvas azules muestran el valor promedio de FO con-
siderando los 5 mejores individuos (tomando al mejor de cada ejecucion) en
cada generacién. Tal y como se observa, la evolucién se representa en un
rango ajustado en el eje de ordenadas. Esto permite una observacién més
comoda de los resultados sin perder informacion relevante. Las curvas de
evolucién sugieren ampliar el proceso de optimizacién para una conver-
gencia mas adecuada, especialmente en los casos no simétricos y, en par-
ticular, para el modelo (b). Los resultados de la configuracion simétrica del
modelo (c) y ambas configuraciones del modelo (a) presentan, sin embargo,
curvas de convergencia aceptables.

La Tabla B.2 muestra los valores de las longitudes de pozos d; de las
mejores geometrias 6ptimas para cada configuracién. A modo de ejemplo,
el coste computacional asociado a los procesos de optimizacién del modelo
(a) es de aproximadamente 97 horas de media, ejecutados en una CPU
Intel® Xeon® con una velocidad de procesador de 2.60 GHz processor (la
memoria RAM requerida no es significativa en estos estudios). La fila
ILf’OIg;f"t‘ representa la ganancia de eficacia acustica de dichas geometrias
con respecto a la de la pantalla recta de 3.0 m evaluada con el mismo
esquema fuente-receptor.

Por 1ultimo, con el propésito de facilitar la interpretacion de las estrate-
gias de apantallamiento més exitosas de las configuraciones no simétricas,
la Figura 8 representa en diversos mapas de color los valores de los nive-
les de presion sonora espectral (SPLyy,1, por sus siglas en inglés) en un
dominio en el que se encuentra una fuente de ruido que pulsa a cada fre-
cuencia del espectro considerado con una intensidad de 90 dB(A) (medida
a 1 m de distancia en campo libre). Los resultados se obtienen mediante
simples operaciones a partir de los valores del IL espectral asociados a
dichos 6ptimos.
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GEOMETRIAS OPTIMAS EVOLUCION DEL IL PARA FRECUENCIAS CENTRALES DE BANDA DE 1/15 DE OCTAVA
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Ficura B.14: Resultados de las mejores geometrias tras el proceso de op-
timizacion para cada modelo topolégico y configuracién. Izquierda, repre-
sentacién geométrica de los mejores disenios. Derecha, curvas de IL para
frecuencias centrales de bandas de 1/15 de octava para las geometrias an-
teriores y las correspondientes con pozos completamente llenos y vacios
(ver Figura B.13).
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Ficura B.15: Gréficos de convergencia de la funcién objetivo (FO) para las
configuraciones simétricas y no simétricas de los modelos presentados.

244 Shape optimization of noise barriers | Instituto Universitario SIANI



Summary of the dissertation in Spanish B

275“

3.00y

2.75

2.50] '
2.25

% :

ym]

ym

[
0
0.0 X . .0 -0.75 -0.50 -0.25 0.00 025 0.50 075
x[m] x{m]

50 55 60 65 70 75 LY 85 90 95 100 50 55 60 65 70 75 80 8 90 95 100
SPL. [dB(A)] SPL. [dB(A)]

-1.0

Ficura B.16: Mapas de color de los niveles de presién actstica espectral
(SPLyyta1) para una fuente de ruido con una intensidad 90 dB(A), medida
a 1 m, pulsando de acuerdo al espectro de frecuencias propuesto [117]. De
arriba a abajo, resultados para la pantalla vertical de 3 m y las mejores
geometrias 6ptimas no simétricas de los modelos (a), (b) y (¢). La fuente
de ruido se sitia en (-5.0, 0.0).
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TasLa B.2: Variables de disefio d; (en centimetros) de las mejores geome-
trias 6ptimas (ver Figura B.14) y ganancia de eficacia actstica con respecto
a la pantalla simple de 3 m, en dB(A), para cada modelo y configuracién.

Simétrico No simétrico
Mod. (a) Mod. (b) Mod. (¢) Mod. (a) Mod. (b) Mod. (c)

dq 11.29 0.00 44.34 11.29 1.61 75.64
dy 25.00 1.61 53.92 25.00 1.61 51.85
ds 21.77 5.65 32.74 20.97 8.87 31.61
dy 21.77 1774 18.50 1774 2016  10.57
ds 25.00 25.00 18.50 25.00 23.39 18.50
ds 11.29 23.39 18.50 256.00 22.58 18.50

dr - 2419 32.74 - 2419 18.50
dg - 22.58 53.92 - 23.39 2258
dog - 18.55 44.34 - 22.58 60.14
d1o - 15.32 - - 1210 41.73
di1 - 12.10 - - 0.00 -
di2 - 0.00 - - 0.81 -
di3 - 0.00 - - 10.48 -
dia - 12.10 - - 17.74 -
dis - 15.32 - - 16.94 -
die - 18.55 - - 23.39 -
di7 - 22.58 - - 22.58 -
dig - 24.19 - - 25.00 -
d1g - 23.39 - - 24.19 -
doo - 25.00 - - 21.77 -
do1 - 17.74 - - 12.10 -
dao - 5.65 - - 1.61 -
da3 - 1.61 - - 1.61 -
doy - 0.00 - - 1.61 -

IL3mvert: 4306 +2.67 +4.82  +3.20 +2.68 +5.10
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Disenos de uso practico

Con la intencién de determinar la importancia que el patrén de llenado
de los pozos tiene en la calidad de apantallamiento y, al mismo tiempo,
conseguir disenios de pantallas més précticos en términos de su construc-
cién y posterior mantenimiento, la FiguraB.17 muestra las modificaciones
geométricas realizadas sobre los mejores disefios 6ptimos del modelo (b),
tanto en su configuracién simétrica como en la no simétrica. A partir de
los disenos derivados de la optimizacién, se realizan ligeras variaciones
incrementales en términos de patrones de llenado/vaciado de algunos po-
zos (representados en la figura por Mod. #1 a Mod. #7). En definitiva,
se agrupan los pozos que presentan aproximadamente la misma profun-
didad de la siguiente forma: los que se encuentran en la parte inferior
del dispositivos (pozos del #1 al #3, y simétricos), en la zona media (po-
zos del #4 al #9, y simétricos) y los de la parte superior (pozos del #10 al
#12, y simétricos). Adicionalmente se incluye un disefio previamente estu-
diado en la bibliografia por Okubo et al. [15] a modo de caso de referencia.
Los resultados se presentan en términos de los niveles de presion actstica
espectral (SPL;y4), considerando una fuente de ruido que presenta una
intensidad de 90 dB(A) medida a 1 m de distancia, de acuerdo al espectro
aplicado [117], para el esquema fuente-receptor empleado hasta ahora.

Por otro lado, en la Figura B.18 se muestran las ventajas de la meto-
dologia presentada en la busqueda de 6ptimos. Como se puede observar,
el comportamiento actstico de los mejores disefios 6ptimos del modelo (a),
tanto de la configuracién simétrica como de la no simétrica, se comparan
con un modelo QRD de topologia idéntica a la de dichos disenos, estudiado
con anterioridad por Monazzam et al. [13]. Los resultados mostrados sug-
ieren la conveniencia de aplicar procedimientos similares al que se ha pre-
sentado en este estudio en la mejora de la calidad de apantallamiento de
disefios clasicos de pantallas y de aquellos ya existentes.

Discusion de los resultados

A la luz de los resultados obtenidos se realiza el siguiente anélisis en
relacién a los modelos estudiados en este trabajo:

¢ Laeficacia de apantallamiento de las geometrias optimizadas supera
con claridad el comportamiento actstico presentado por la pantalla
recta de referencia de 3.0 m, para el mismo esquema fuente-receptor.
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Optimo

simétrico Mod. #1 Mod. #2 Mod. #3 Mod. #4 Mod. #5 Mod. #6 Mod. #7  Okubo et al., 1998

spPL,,=58.61 SPL,,=58.75 SPL,=59.00 SPL,,=59.65 SPL,,=60.06 SPL,,=60.80 SPL,,=59.56 SPL,,=59.99 SPL,,=61.69

otal

total otal total total total total total

Optimo no
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sPL,,=58.62 SPL,,=59.03 SPL,,=59.08 SPL,=59.10 SPL,,=59.10 SPL,,=59.52 SPL,,=59.42 SPL,,=59.30 SPL,,=61.64

Referencia

T or T v T T T T T

Ficura B.17: Variaciones geométricas incrementales sobre la base del
modelo (b): arriba, modificaciones sobre el mejor 6ptimo simétrico; abajo,
modificaciones sobre el mejor 6ptimo no simétrico. Resultados expresa-
dos en términos de los niveles de presién sonora espectral (SPLy,1) en el
receptor considerado, para una fuente de ruido pulsando con una inten-
sidad de 90 dB(A) (medido a 1 m en campo libre) en cada frecuencia del
espectro [117].

La localizacion lejana del receptor y el buen comportamiento incluso
a bajas frecuencias hace que este hecho adquiera aun mas relevancia.

¢ El uso de disefos topolégicos que presentan longitudes de pozo po-
tencialmente mayores permite disefios con mejor comportamiento
acustico. Esto hecho queda bien reflejado en la Figura B.14 por el
modelo (c), donde se observa que la atenuacién del sonido es clara-
mente mejor con este tipo de pantallas en relacion a la de la pantalla
recta de referencia, incluso a bajas frecuencias.

¢ Como cabia esperar, las geometrias 6ptimas de las configuraciones
no simétricas superan, en general, a las de las simétricas tanto en
los mejores valores de FO como en la media de sus valores. Incluso
en el caso del modelo (b), la geometria 6ptima no simétrica podria
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Ficura B.18: Evolucién de los niveles de presién sonora (SPL). Gréaficos
para para un QRD estudiado por Monazzam et al. [13] (d;=ds=0.0600 m,
do=d5=0.24450 m, d3=d4=0.12225 m), las mejores geometrias simétricas y
no simétricas del modelo (a) (d; en la Table B.2) y la pantalla simple de 3
m.

mejorar a la simétrica en el caso de haber permitido evolucionar el
proceso de evolutivo un mayor niimero de generaciones (tal y como
se desprende de los graficos de convergencia de la Figura B.15).

¢ A pesar de la fuerte variabilidad en el comportamiento actistico que
los dispositivos como los presentados en este trabajo muestran con
la frecuencia, los disefios 6ptimos presentan curvas de IL més suaves
que los correspondiente disefios con pozos completamente vacios, aun-
que con una mejor calidad de apantallamiento (ver Figura B.14).

¢ Tal y como muestra la Figura B.15 es aconsejable una mejor conver-
gencia de los resultados, particularmente para el modelo (b) y (c). E1
estudio en frecuencias a lo largo de todo un espectro refinado como
el empleado en este trabajo tiene un coste computacional elevado en
la evaluacién de la funcién objetivo de cada geometria candidata, es-
pecialmente a altas frecuencias (el mallado del contorno se refina a
medida que aumenta la frecuencia analizada). Con todo, el criterio

Shape optimization of noise barriers | Instituto Universitario SIANI 249



B Summary of the dissertation in Spanish

de parada adoptado en este trabajo permite alcanzar una convergen-
cia razonable de acuerdo a los recursos computacionales disponibles.

¢ La consideracién de metodologias como las presentadas permiten en-
contrar de manera sencilla y sistemética estrategias de apantalla-
miento interesantes posibilitando, al mismo tiempo, la mejora de di-
sefios clasicos y de aquellos ya existentes (ver Figuras B.17 and B.18).
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B.4 RESUMEN, CONCLUSIONES Y DESARROLLOS FUTUROS

B.4.1 Resumen y conclusiones

El trabajo presentado aborda la mejora sistemética de la eficacia acts-
tica de pantallas anti-ruido mediante un procedimiento numérico estable,
robusto y flexible que permite abordar la optimizacién de un amplia gama
de pantallas acusticas en problemas 2D. Sobre la base de la mejora de
la atenuacién del sonido (representada por el coeficiente de pérdida por
insercién), el procedimiento hace uso de Algoritmos Genético (AGs) en la
bisqueda guiada, en un espacio de soluciones factibles de acuerdo a las
restricciones del problema, de pantallas actsticas que combinado con Ele-
mentos de Contorno (EC) conduce a disefios cada vez mas eficientes.

Este estudio se enmarca dentro de una linea de investigacion en curso
dentro del Instituto de Sistemas Inteligentes y Aplicaciones Numéricas en
Ingenieria (instituto SIANI) sobre el disefio 6ptimo de pantallas acusticas
bidimensionales mediante el uso acoplado del Método de los Elementos de
Contorno (MEC) y Algoritmos Evolutivos (AEs). En este sentido, el tra-
bajo desarrollado supone un avance importante en el modelado numeérico,
desarrollado y mejorado en los afios previos a este documento, para la si-
mulacién realista de este tipo de problemas de propagacién de ondas acus-
ticas en el medio exterior inducidas por cualquier tipo de fuente de ruido.

A modo de antecedentes, el modelo numérico 2D inicial surgié a par-
tir de los trabajos de investigacion llevados a cabo por el Prof. Orlando
Maeso y el Prof. Juan J. Aznarez (ambos directores de esta tesis), quiénes
habian trabajado en los afios previos en el desarrollo y aplicacién de méto-
dos numéricos para la resolucion de problemas de propagacion de ondas en
medios elasticos. La primera implementacién del modelo en la prediccién
de la propagacién acustica en el medio exterior se basaba en la ecuacién
integral del contorno singular (SBIE) y permitia el estudio de la efica-
cia actstica en situaciones diversas y sobre distintos disefios de pantallas
anti-ruido [18, 98]. Con posterioridad, el &mbito de desarrollo de la inves-
tigacion se ampli6 a la mejora sistematica del comportamiento acustico de
configuraciones de pantallas clasicas a partir de los conocimientos y la ex-
periencia del Prof. David Greiner, también director de este trabajo, en el
campo de los Algoritmos Evolutivos. De los resultados de esta colaboracion
se desarroll6 e implementé un procedimiento méas general que hacia uso
del MEC y AEs en la optimizacién de forma de pantallas que habitual-
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mente se erigen en el entorno de carreteras. La primera implementacion
conjunta de ambas técnicas numéricas en el Grupo de Investigaciéon donde
se desarrolla esta tesis se encuentra en [71]. Otros trabajos de interés al
respecto se pueden consultar en [72, 73, 108].

Pese a que los procedimientos desarrollados hasta ese momento habian
permitido abordar con éxito la reduccién sistemaética de la atenuacién del
sonido, la consideracién de ciertas geometrias de pantallas suponian un
reto importante, cuando no inabordable en muchos casos, en términos de
1) la determinacién de la validez topolégica de los disefios, a menudo com-
plejos, propuestos por el optimizador y 2) la evaluacién y representacion
fiel de la calidad del apantallamiento del disefio que se estudia. Con el
propésito de suplir estas carencias, se propone en este trabajo una meto-
dologia més general, robusta y versatil que permite el estudio de cualquier
problema de optimizacién acustica en 2D.

Si bien el MEC es la técnica numérica mas apropiada en el estudio
de la prediccién de la propagacién acustica exterior, la implementacién
de su formulacién estandar puede conducir a dificultades insalvables en
la evaluaciéon de determinadas tipologias de pantallas. De este modo, el
tratamiento de estos problemas con EC a menudo deriva, segin el caso,
en problemas numéricos cuando no en un sistema de ecuaciones singu-
lar. Por tanto, el analisis de cierta tipologias particulares de pantallas
requiere de una formulacién especifica de EC que permita resolver estas
dificultades. Este nuevo planteamiento combina la formulacién clasica
del Método (SBIE) con una variante hipersingular (HBIE), obtenida por
derivacion de la anterior, para dar lugar a la denominada formulacién
Dual del MEC que nos permite sortear los inconvenientes derivados de
la implementacién exclusiva de su formulacién estandar. En este sen-
tido, este enfoque Dual es la estrategia més apropiada, desde los EC, para
abordar los problemas numéricos que se proponen en este trabajo, permi-
tiendo: 1) adoptar idealizaciones geométricas de elementos muy delgados
como cuerpos unifilares, facilitando enormemente la representacién geo-
métrica y el tratamiento numérico de configuraciones complejas sin que
ello introduzca errores apreciables para los espesores de pantalla trata-
dos [47] (muy presentes en los disefios estudiados) y 2) evitar las frecuen-
cias espurias asociadas al dominio interior de las estructuras volumétri-
cas de la barrera que pueden falsear la evaluacion de su eficacia acustica
real. La consecucién de estos objetivos, sobre todo la idealizacién geomé-
trica de elementos muy delgados, posibilita que el procedimiento sea més
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general y sencillo en la bisqueda sistematica de disefios que, a menudo,
gozan de completa libertad geométrica de acuerdo a su patrén topolégico.
Asimismo, este planteamiento permite abordar la optimizacién de forma
de pantallas anti-ruido 2D desde un enfoque, hasta donde conoce el inves-
tigador de este trabajo, no tratado hasta la fecha en la bibliografia.

La estrategia de aplicacién de ambas formulaciones varia segin la na-
turaleza del elemento que se evalia. De este modo, la SBIE y la HBIE se
aplican conjuntamente y combinadas por medio de un valor complejo de-
pendiente de la frecuencia [109] para evitar las frecuencias ficticias asocia-
das al dominio interior de las estructuras volumétricas. En general, esta
problematica afecta al tratamiento de cualquier tipo de elemento, con in-
dependencia de las dimensiones de su seccion. Sin embargo, el asunto se
agrava con el tratamiento de elementos muy delgados. Problemas de inte-
graciéon numérica se afiaden en este caso al problema anterior, afectando
igualmente a la correcta evaluacion de la pantalla. La aplicacion conve-
niente del enfoque Dual del MEC ofrece una solucién adecuada a este
problematica, por medio de la idealizacién de elementos de seccién muy
delgada como cuerpos unifilares. Asi, la SBIE y la HBIE se aplican si-
multdnemante y por separado sobre cada nodo de la discretizacion de un
contorno que representa la fusién de los dos contornos opuestos de la sec-
cién real. Esta simplificacion de la realidad se traduce no sé6lo en menores
tiempos de computacién sino que ademads supone una ventaja significa-
tiva respecto de la representacion fiel y detallada de disefios complejos de
pantallas actusticas de dimensiones reales.

Resultados derivados de diferentes estudios basados en la metodolo-
gia anteriormente descrita se presentan en los dltimos capitulos de este
documento. Las simulaciones numéricas llevadas a cabo contemplan el
andlisis de distintas situaciones en las que el fenémeno de propagacién
se aborda como un problema bidimensional, esto es, el ruido es causado
por una fuente mono-frecuencia e infinita (matematicamente represen-
tada por la funcién delta de Dirac) que discurre paralelamente a una pan-
talla de geometria invariable y longitud igualmente infinita que yace so-
bre un semiespacio de admitancia uniforme. Las simulaciones se han re-
alizado en el dominio de la frecuencia bajo las hipétesis habituales (de
acuerdo a la ecuacién de Helmholtz): el medio (el aire) se considera no
viscoso, homogéneo, elastico e isotrépico, en un estado de pequeinas per-
turbaciones e inicialmente en reposo, desprecidndose todos los posibles
efectos del viento.
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Se han presentado en este documento los resultados de la optimizacién
mono- y multi-objetivo de distintos disefios topolégicos de pantalla anti-
ruido. Las conclusiones y analisis més destacables derivados de estos es-
tudios se resumen a continuacién.

Sobre la optimizacion de forma de pantallas muy delgadas

Se presentaron resultados derivados de la optimizacién mono-objetivo
de pantallas muy delgadas, idealizadas como configuraciones unifilares,
sobre la base de la formulacién Dual del MEC correspondiente para pre-
decir el comportamiento acustico en distintas situaciones.

Uno de los estudios se centré en la optimizacion de forma de la confi-
guracion total o de borde de pantallas con disefios topolégicos basados en
contornos rectos o curvos con distintos tratamientos superficiales. Pese a
que las simulaciones se realizaron para un determinado esquema fuente-
receptor, la influencia de la distribucién de los receptores en la eficacia de
la pantalla también fue objeto de anélisis en este estudio. Los resulta-
dos obtenidos estuvieron en la linea de los trabajos de otros autores [13—
15, 66, 70] en el sentido de que se observaron mayores niveles de atenua-
cién del ruido al introducir variaciones en la zona de coronacién de la pan-
talla (borde superior) que sobre la geometria general de la pantalla. El
enfoque eminentemente tedérico de muchos de los disefios topolégicos op-
timizados se aproximé geométricamente a perfiles de pantallas acusticas
mas practicos, tanto desde el punto de vista de su construccién como de
su posterior mantenimiento, sin observar una disminucién significativa
en la eficacia de apantallamiento. En relacién a los tratamientos super-
ficiales se determiné que la consideracién de materiales absorbentes so-
bre determinados contornos de la zona de coronacién no siempre conduce
a mejoras en el comportamiento acustico, pues la configuracién de borde
juega un papel importante al reflejar ondas que pueden contrarrestar los
efectos de las ondas incidentes. En este sentido, se observé que la con-
sideracién de superficies absorbentes como variable de disefio dentro del
proceso de optimizacién es imprescindible en la bisqueda de geometrias
que presenten la mejor calidad de apantallamiento posible. Finalmente,
los modelos estudiados presentaron, en general, una eficacia decreciente
con la distancia.

Este ultimo aspecto se traté con mayor profundidad en el segundo estu-
dio. En el analisis de la influencia de la eficacia actstica con la distancia se
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consideraron dos configuraciones de receptores situados en tres regiones
claramente distinguibles en términos de proximidad a la pantalla. Bajo
estas consideraciones, se realizé un estudio comparativo entre una pan-
talla poligonal de seis tramos rectos y una pantalla basada en una curva
Bézier de sexto grado. En regiones cercanas y para receptores situados en
el suelo la pantalla poligonal mostré un mejor comportamiento, mientras
que la pantalla basada en la curva Bézier lo hizo en regiones distantes.
Sin embargo, ambos modelos mostraron eficacias similares para la malla
de receptores.

Sobre la optimizacion de forma de pantallas con dispositivos difusores

Asimismo, se presentaron resultados de la optimizacién mono-objetivo
de pantallas actsticas con dispositivos de bordes que combinan una estruc-
tura volumétrica general con elementos muy delgados. El enfoque Dual
del MEC aplicado en estos estudios permiti6 evaluar correctamente esta
tipologia de pantallas, en el marco de un procedimiento robusto y versatil
que posibilita el estudio de cualquier tipo de optimizacién acustica 2D al
evitar las frecuencias espurias asociadas a las estructuras volumétricas y
permitir, simultdneamente, la idealizacién de elementos de seccién muy
delgada como cuerpos sin espesor.

Se realizaron simulaciones numéricas sobre tres modelos topolégicos
con configuraciones de borde basadas en estructuras de pozos, algunos de
ellos inspirados en configuraciones previamente estudiados en la biblio-
grafia. Como era de esperar, la eficacia de apantallamiento de los modelos
optimizados excedié claramente la de la pantalla simple de 3 m, incluso
en mediciones alejadas de la barrera. En cuanto al comportamiento de los
modelos se demostré que, tal y como ya habian apuntado otros autores
(e.g., [15]), su eficacia depende en gran medida de la frecuencia anali-
zada. Sin embargo, las geometrias éptimas presentaron curvas de IL més
suaves que las de los correspondientes disefos con pozos completamente
vacios. Ademads, se determiné que las topologias que presentan longitudes
de pozo potencialmente mayores dan lugar a geometrias con mejor com-
portamiento acustico debido a que se amplia el nimero de frecuencias, en
el espectro considerado, en las que se producen la interferencia actstica
entre la onda incidente y la reflejada (valores altos de IL). Con un enfoque
practico se propusieron disenos geométricamente més sencillos a partir
de los modelos optimizados, sin observar una reduccién significativa en la
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eficacia de apantallamiento. Finalmente se realizé un analisis compara-
tivo entre el comportamiento actstico de un QRD previamente estudiado
en la literatura y del modelo topolégicamente idéntico optimizado, justi-
ficandose la necesidad de considerar procedimientos como el presentado
en este estudio en la mejora de disefios ya existentes.

Sobre la optimizacion multi-objetivo de pantallas muy delgadas

Por tltimo se mostraron los resultados derivados de la optimizacién
multi-objetivo de pantallas muy delgadas con superficies perfectamente
reflejantes. Basadas en los disefios presentados con anterioridad en el
primer estudio del Capitulo 5, las simulaciones numéricas se llevaron cabo
para la optimizacion simultanea de dos objetivos en conflicto: la maxi-
mizacién de la eficacia y 1a minimizacién de la longitud total del contorno
de la pantalla, representativo del coste de manufacturacién. Se obtuvieron
conjuntos de soluciones éptimas para cada modelo topolégico tras procesos
de optimizacién en los que se partié por un lado de una poblacién inicial
aleatoria (Caso R) y en los que por otro se incluyé la mejor solucién mono-
objetivo del Capitulo 5 en la poblacion inicial (Caso B). La comparacion de
los frentes 6ptimos de Pareto de ambos casos, por medio de la medida del
hipervolumen, mostré la superioridad del Caso B sobre el Caso R en to-
dos los modelos estudiados, lo que pone de manifiesto que incluir la mejor
solucién mono-objetivo en el proceso de optimizacién supone una ventaja
significativa en la mejora de las soluciones encontradas. Adema4s, se ob-
tuvieron frentes de Pareto amplios y con soluciones uniformemente dis-
tribuidas. Este aspecto quedé reflejado en la diversidad geométrica de los
disefios topolégicos optimizados.

B.4.2 Desarrollos futuros

El procedimiento presentado ha permitido abordar con éxito problemas
de optimizacién de forma de pantallas acusticas considerados inaborda-
bles hasta el desarrollo de este trabajo dentro del Grupo de Investigacién
donde se enmarca esta tesis. A pesar de la contribucién de esta tesis, ex-
isten aspectos susceptibles de ser mejorados y ampliados que responden a
los puntos que se detallan a continuacion:

i Sobre la eficiencia del optimizador. Los Algoritmos Genéticos
pertenecen al paradigma de los Algoritmos Evolutivos y 1a Metaheuris-
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tica. De entre sus ventajas destacan su capacidad como optimizadores
globales debido a que realizan una busqueda estocastica basada en
una poblacién de posibles soluciones. Sin embargo, uno de sus prin-
cipales inconvenientes se encuentra en el elevado ntimero de evalua-
ciones de la funcién de ajuste que requiere para conseguir una correcta
convergencia. Esta problematica estd especialmente presente en la
resolucién de problemas de ingenieria, donde cada evaluacién exige, a
menudo, un gran coste computacional. Tal es el caso de la resolucién
de problemas de EC. En este sentido, la eficiencia del planteamiento
numérico se convierte en un aspecto clave a la hora de obtener solu-
ciones cualitativamente aceptables con los recursos computacionales
comprometidos. Los avances més recientes en la eficiencia de las apli-
caciones en el campo de los algoritmos evolutivos orientadas a la simu-
lacién computacional de problemas de ingenieria (dindmica de fluidos,
ingenieria estructural, etc.) se basan, principalmente, en el uso de la
computacién paralela, la teoria de juegos y los modelos subrogados.
Todas esta estrategias, usadas por separado o de manera simultdnea
(e.g., [153-155]), son herramientas convenientes de aplicacion para la
mejora de procedimientos como el presentado en esta tesis.

ii Sobre la eficiencia del evaluador. Asimismo se podria agilizar con-
siderablemente la evaluacién de cada pantalla acistica dentro de la
metodologia presentada, sin mas que considerar la paralelizacién de
la tarea que maés recursos computacionales requiere en términos de
tiempo de procesador: el ensamblaje de las matrices de los nicleos de
integraciéon del MEC, tanto de la SBIE como de la HBIE. En tanto
que el ensamblaje de las filas de las mencionadas matrices no guarda
dependencia entre si, la implementacién de esta estrategia se puede
realizar de manera sencilla y directa.

iii Sobre el ambito de aplicaciéon del evaluador. Por tltimo y con un
propésito mas ambicioso, otra linea de investigacion interesante tiene
que ver con la implementacién de la formulacién Dual del MEC aqui
presentada combinada con el uso de Algoritmos Rapidos Multipolo
(FMM por sus siglas en inglés) para dar solucién al principal incon-
veniente que la aplicacién del MEC tiene en cualquier problema fisico:
su elevado coste computacional tanto en tiempos de ejecucién como en
recursos de memoria, especialmente en problemas de grandes dimen-
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siones (problemas tridimensionales). Este inconveniente se acentia,
ademas, en problemas dindmicos arménicos (dominio de la frecuencia),
ya que la aplicacién del Método conduce a sistemas de ecuaciones cuyo
tamario crece de forma exponencial con la frecuencia de excitacién. La
clave del modelo acoplado de ambas técnicas (ver, e.g., [156—159]) es
la reduccién del costo computacional del cdlculo de los coeficientes de
la matriz llena de EC de O (n?) y su resolucién de O (n?®) (en caso de
algoritmos de resolucién directa) a cuasi-lineal. De esta manera, la
prediccion de la eficacia de apantallamiento de pantallas 3D con mil-
lones de incégnitas se puede abordar en unas horas con cualquier orde-
nador personal. De entre los métodos multipolo, el método del residuo
minimo generalizado [160-163] (GMRES por sus siglas en inglés) se
postula como una de las estrategias de aplicacién en este contexto al no
requerir que la matriz de coeficientes esté presente en memoria. Asi,
el producto matriz por vector se realiza haciendo uso de expansiones
multipolo de la solucién fundamental que se construyen sobre una es-
tructura de celdas (hojas) que agrupan a los elementos en que se dis-
cretiza el contorno. Con ello, se convierte la interaccién nodo-nodo del
BEM convencional (colocacién-integracién) en interaccién celda-celda.
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