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Abstract

This paper presents a Boundary Elements (BE) approach for the eiency improvement of
road acoustic barriers, more speci cally, for the shape design ojization of top-edge devices in
the search for the best designs in terms of screening performa@cusually represented by theinser-
tion loss (IL). With this aim, a procedure coupling BE with Evolutionary Algorith m is proposed
in pursuing barrier con gurations with ever higher IL. The complexit y normally associated with
such designs raises the need to consider some geometric simpli cati® in order to ease the shape
optimization processes. In this way, the overall barrier con guration is modeled as both thickness
and null-thickness bodies (the boundary thickness is neglected),sarepresentatives of very thin ele-
ments. Such an idealization requires a Dual Boundary Element formlation that allows the problem
to be solved. The procedure is applied to 2D problems and numericalesults are presented on the
basis of simulations on noise barriers with three di erent top designs It is a quite simple process
that makes use of well-known both formulations and procedures. Te improvements observed in
the designs obtained invite to further studies in the same line on devies with similar applications.

Keywords: Noise barriers, Very thin bodies, Shape optimization, Gengc Algorithms, Dual Bound-
ary Element Formulation.

1 Introduction

The inclusion of sound barriers for abating the negative e ets of road tra ¢ noise near residential
areas is a broadly used strategy. Considerable research vksrand studies focused on sound di raction
around barriers have been conducted in the past two decadespeci cally in the prediction of the
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performance and the development of more e cient designs. Anong all of the di erent theoretical
methods proposed concerning the issue, the Boundary ElemeiMethod (BEM) has been broadly
used for its indubitable bene ts in the analysis of exterior sound propagation problems|[1{6]. More
speci cally, a comprehensive, up-to-date revision of the pplication of this technique in the assessment
of the screening behavior on various barrier designs in di eent scenarios can be consulted in_[7].
Some of these research works focus on both the application drthe potential of the standard BEM
formulation for the aforementioned cases. Others deal withthe incorporation of some geometric
changes on classic, widely used barrier con gurations (sucasY -, T-, M - and arrow-shaped barriers,
multiple-edge screens, etc.) and the assessment of their rence on the acoustic performance. In this
line, with the purpose of searching designs more and more agstically e cient, the shape optimization
methods (extensively used in other engineering elds_ [8])are presented as valuable application tools.
Such is the case of Evolutionary Algorithms (EA) and, in particular, Genetic Algorithms (GA), which
coupled with BEM have been successfully implemented in the esign optimization of noise barriers
in exterior acoustic problems within the SIANI Institute, w here this work is developed|[9{13]. Some
other notably contributions concerning the issue can be fond in the bibliography. For instance, with
a markedly academic nature, Duhamel|[14] performs the optirization of a noise barrier starting o
with a prismatic, volumetric structure built of equally siz ed bricks to lead to the nal optimized
shapes with non-inner holes and llings. As a result, some kicks remain from the original prismatic
con guration, while others are removed according to the paterns established by the process. Other
interesting works present a more practical approach. In ths line, Baulac et al. [15] propose an original
optimization method for bi-dimensional multiple-edge noise barriers based on the adjusting of both
some geometric parameters and the impedance values of someundaries. The same authors study
the performance of T -shaped barriers featuring a reactive surface on the tog [16 Still on the same
practical approach, Grubesa et al. [17] broaden these methdologies into a three-dimensional analysis
involving a multi-objective optimization of both the acoustic performance and the economic feasibility
of noise barriers made of varying cross-section modules. @oerning the authors of this work, a mono-
and a multi-objective optimization process for bi-dimensbnal problems, following a procedure in the
line of the one introduced here, can be consulted in Greinerteal. [11]. More recently, the scope of
such work has been broaden by considering the shape optimitzan of very thin barriers using a Dual
BEM formulation (Toledo et al. [13]).

In relation to the previous work done, this paper deals with an improved, more advanced pro-
cedure that allows the shape design optimization of more coplex road barrier designs to be easily
accomplished. In this line, a more general BE formulation ha been developed and implemented in a
computer code that allows a procedure with a broader scope. His enables us to tackle the shape design
optimization of complex edge-modi ed barriers in a way, to the authors' knowledge, not covered so
far in the bibliography concerning the issue. As an applicaion, humerical results on the basis of three
models with complex top designs featuring both thick and vey thin bodies (idealized as null-thickness
type) are performed. In this respect, the Dual formulation arises as the unique valid strategy of BEM
that allows us to assume such a simpli cation of reality, greatly facilitating the geometric de nition of
complex con gurations with no substantial in uence on the acoustic performance for the considered
thickness of very thin bodies [18].

Two-dimensional sound propagation hypotheses are consided, i.e., an in nite, coherent mono-
frequency source of sound and a noise barrier with no geomédrvariation that stands on a at plane



(ground) of uniform admittance. The problem is performed in the frequency domain with the usual
assumptions (Helmholtz equation): the medium (air) is modded as homogeneous, elastic and isotropic
with no viscosity, under small disturbances and initially at rest with no wind e ects. Expression of
the objective function to be maximized throughout the shapeoptimization process is written in terms
of this response.

The work is structured as follows: after this introduction, in section[2 a detailed description of
the top barrier designs to be studied is provided, includinga brief state of the art, the scattering and
the screening properties as well as the use and implementatn of well- and di user-based top designs
in exterior acoustic problems. In section[B, the modeling ad discretization by implementation of a
Dual BEM formulation is described. Section[4 deals with the fiape optimization procedure. Finally,
section[5 shows results and discussion, and sectigh 6 covehe conclusions of the paper.

2 Diuser-based top designs in exterior acoustic problems

For their unquestioned bene ts for scattering sound eld, the use of di users has been the subject of
many reviews and studies in indoor acoustic projects. Amondghem, those based on sequence number
series (such as Maximum Length Sequence (MLS), Quadratic Rédue Di user (QRD), Primitive Roots

Di user (PMR), etc.) have gained prominence for their excellent scattering properties, characterized
by an approximately at power spectral density. As the power spectrum and surface scattering are
closely related [19{21], the far eld scattering can be appoximately predicted by taking the Fourier
transform of the surface re ection coe cients (in this case, a series of wells that could be modeled as
a at surface of varying impedance). In short, any numerical sequence featuring good auto-correlation
properties (in other words, the auto-correlation function of the re ection coe cients of the surface is

a delta function) presents a Fourier transform with a at pow er spectral density, meaning that such a
surface exhibits an even scattering distribution of sound.

With the purpose of raising the acoustic performance, numesus and innovative designs have been
proposed and studied in the literature for compensating thelimitations normally associated with the
parameter with greatest in uence on the barrier e ciency: t he e ective height. In this way, despite the
indoor-oriented application of well-based designs, the wsof such devices on noise barriers in exterior
acoustic problems has evidenced a good performance when goaned with both a vertical screen and
other top con gurations. Some noteworthy works concerningthe use of diusers installed on the
barrier top can be found in the literature. Such is the case othose based on mathematical number
sequence, such as Quadratic Residue Di users (QRDs) [22{2%nd Primitive Roots Difussers (PRDs)
[26]. Other designs featuring elaborated con gurations abible for either some kind of scattering or
screening behavior can be found in_[27, 28] (see Figuié 1).

All the aforementioned works address the problem with the sandard BEM formulation, considering
the real geometry of the barrier comprised of thick and very tin elements. Despite their remarkable
contribution, no shape design optimizations are performedn the referenced works. In this regard, the
methodology here presented proposes a general procedureathaims at optimizing the shape design of
edge-modi ed road acoustic barriers using BEM. This methodlogy o ers an appropriate, ideal solution
for complex con gurations eligible for some sort of geometic simpli cation. Under this proposal, the
overall barrier con guration can be modeled considering bth thickness and null-thickness bodies as
representatives of very thin elements (the thickness of thee elements is neglected). Based on a frame



of free geometric constraints, the de nition of the barrier pro le is then easily accomplished. This
approach results in faster computational times within a cunbersome process where every possible
design is assessed along the whole spectrum of frequencies.
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Figure 1: Examples of complex designs eligible for undergog geometric idealizations. (a) Waterwheel-
top barrier from Okubo and Fujiwara [27]. (b) Complex barrier-top featuring wells with di erent
lengths and paths [28].

The need of the implementation of the Dual BEM formulation in this work is clari ed in Figure Zl
The strategy of the application of both formulations varies depending of the nature of the element under
consideration. This way, with the purpose of mitigating the e ects of the ctitious eigenfrequencies
when dealing with non-thin bodies, a Dual BEM formulation based on the combined use of the standard
boundary integral equation (SBIE) and the hyper-singular boundary integral equation (HBIE) coupled
by means of a frequency-related complex value is proposeddp The nature of the issue is di erent
when dealing with very thin bodies. In this case, numerical integration problems may appear a ecting,
equally, to the barrier performance. The idealization of sith elements as non-thickness bodies not only
solves the problem but also contributes to ease their geomset representation, which greatly simpli es
the optimization process. With this aim, the SBIE and the HBIE are applied separately. Such a
simpli cation of reality is a real asset, especially when conpared with the case of the faithful, detailed
de nition of real complex volumetric designs.

The models studied in this work (Figure[3) have been convenigly designed with the intention of
taking advantage of the potential screening properties unérlying well-based top geometries. Some of
them are inspired on con gurations previously studied in the literature. The upper model -model (a)-
is a QRD-inspired top con guration derived from that studie d by Monazzam et al. [22]. 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 Q12 m width and di erent depths ( d;) separated by very thin elements. The model in the
middle -model (b)- is inspired on the so calledwaterwheelcylinder studied by Okubo et al. [27]. It is
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Figure 2: Example of the discretization, after idealization of very thin bodies as null-width elements,

with parabolic elements (3 nodes) for f=500 Hz of a QRD-baseddesign. For the ease of viewing,
non-thin elements are represented in blue, while very thin lndies are idealized as null-thickness type
and depicted in red.

based on a constant-radial top, over a M3 m width vertical stem, comprised of two semi-circular coes
with an outer diameter of 0:59m from which a uniform distribution of very thin elements are born,

for speci c well depths di. The model at the bottom -model (c)- is a novel design proposg by the

authors of this work. It deals with a top con guration featur ing a series of straight and crooked-type
wells separated by very thin elements over a 10 m width vertical stem. With the purpose of easing
the geometric de nition, the very thin elements featuring the top of the models are mathematically
considered as null bodies. As in the line of other works by theuthors of this paper (e.g., [9{11,.13]),
the maximum e ective height to be achieved by the barrier is limited to he =3.0 m at the median

axis. For this reason, despite models (a) and (b) are based amodels already studied in the literature,

their e ective height has been modi ed to this value.

Generally speaking, the models presented in this work can beategorized as edge-modi ed barriers,
that is, barriers whose top edge has been conveniently shagevith the aim of raising the screening per-
formance of the reference vertical screen. Based on di ererdcoustic mechanisms such as interference
and resonance, the adequate shaping of these devices candda signi cantly high noise reduction
when compared with the reference barrier for a speci c soure-receiver scheme_[30]. Consequently,
despite the apparent design complexity, models similar to hose introduced here are designed for prac-
tical use [27,128]. Other interesting devices for practicalapplications and distributed as commercial



products in Japan can be consulted in/[31].

The shape optimization process aims at searching for seriesf wells that maximizes the screening
performance at the considered receiver point, for both symmatric and non-symmetric con gurations
of the designs previously described. Models (a) and (b) arecenprised of wells with the same potential
depth. In both cases, according to the patterns marked by theoptimization process, any discrete
value from d; = 0:000 0:250 m (with a discrete step of 0.008 m) can be assigned to eacheiv On
the contrary, model (c) has been designed with the purpose deaturing wells with di erent lengths.
In this case, the depth range varies fromd; = 0:000 0:185 m for shortest wells tod; = 0:000 0:808
m for longest ones, with discrete step values depending, olusly, on the well length.

Nevertheless, despite the remarkable contribution of someorks in the bibliography addressing the
acoustic performance of edge-modi ed barriers with improed designs and others performing the design
optimization with GA (that even implement the standard BEM f ormulation for assessing the shielding
behavior), to the authors' knowledge, the procedure here decribed is the rst contribution regarding
the e ciency acoustic optimization of top devices coupling a GA with a Dual BEM formulation.

3 Dual BEM formulation. Acoustic behavior of optimized barr ier
designs.

Two are the Dual BEM formulations depending on the nature of the problem under study and the
benet concerning the use of such a strategy. The nature of tese problems can be categorized
as follows: 1) the mitigation of the ctitious eigenfrequencies; 2) the numerical modeling of thin
geometries. Both di culties have strong presence in the barier models studied in this work. The
features of the formulation for both problems are describedn detail in the next subsections.

3.1 Dual BEM for avoiding ctitious eigenfrequencies

Some undesirable problems may arise at certain frequencieshen dealing with non-thin elements
in exterior problems. These mathematically-related e ectsreveal the eigenfrequencies of the interior
acoustic problem (the eigenvalues of the classical BEM maices) and may seriously a ect the intended
optimization process. With the purpose of solving this prodem, this work makes use of the formulation
proposed by Burton and Miller [29] for the exterior problem that features a ctitious resonances-free
solution. This formulation is based on the combined use of bl the Singular Boundary Integral
Equation (SBIE) and the Hyper-singular Boundary Integral E quation (HBIE) coupled by a frequency-
related complex value (). The expression for the boundary pointi to be solved by BEM can be written
then:

X X @G
05+ qi)+ (h+ mp)p= (g+ 1j)g+ Go+ @n 1)
j=1 j=1 "
In (D), p is the acoustic pressure eld over the barrier surfaceq is the ux (the derivative of the
@G

pressure with respect to the normal at each boundary node) ash Gy and @n (Ho) the half-space
fundamental solution and its derivative concerning the exernal noise source, respectively. Finallyh
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Figure 3: Top designs of the models under study. Left, modelgeaturing just non-thin elements after
lling the set of wells (d; = 0:000 m). Right, models featuring both non-thin and very thin bodies in
the scenario in which every well is completely empty (for moels (a) and (b): d; = 0:250 m; for model
(C)Z dy = dip=0:808 m,dy = dg =0:643 m,d3 = dg =0:350 m andd; = ds = dg = d7 = 0:185 m)
For the ease of viewing, non-thin elements are represented blue, while very thin bodies are idealized
as null-thickness type and depicted in red. Dimensions exm@ssed in meters.



and g are the integration cores of the BEM formulation and | and m the integreation cores of the
hiper-singular one, involving just the variables of the prdblem along the barrier boundary with N
nodes after the discretization process. The most commonly sed value for the coupling parameter is
found to be = i=k [32,133], beingi the imaginary unit and k the wave number. The hyper-singular
formulation of the method demands the collocation pointj, as known, to be inside the element. This
way, the free term is assumed as 0.5 in all cases.

As the barrier boundaries are considered perfectly rigid inthis work (g = 0), (L) can be written
matricially:

(O:51+H +(i=k)M) P =Gg (i=k)Ho (2

with | being the identity matrix and Ho a matrix concerning the derivative of the half-space

fundamental solution of the external noise source.

3.2 Dual BEM for very thin bodies

The nature of the issue is dierent when dealing with very thin bodies. In this case, numerical
integration problems may appear a ecting, equally, to the barrier performance. The idealization of
such boundaries as non-thickness bodies not only solves tipeoblem but also contributes to ease their
geometric representation. With this aim, the SBIE and the HBIE are applied separately ([18, 34]).
Figures[2 and4 facilitates comprehension. The boundariestdoth sides of the idealized null-thickness
bodies are represented by the discretization, with disparte values of acoustic pressure and ux. The
application of the classic formulation of the method, basedn the standard boundary integral equation
(SBIE) applied at both sides of null-width elements, yieldsa 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 o ers a
proper solution to address problems like the one introducedere.

Figure [ represents an idealization of a generic thin body tde solved by the Dual BEM formu-
lation. After a discretization process, each node holds thevalues of pressure and ux with respect to
the boundary normal (p*, g, p , g hereinafter). The strategy used to isolate the singularity of the
method in this type of domains can be seen in_[35, 36]. Thus, # expression of both the BEM and
the hyper-singular BEM formulation for these boundaries can be written as follows:

X X
05 p" +p + Hj*pj+ +Hp = Gj"q” +G;q + Go(kr) (3)
j:l J:l
e . ep N .. X
05 —+ — + Mip +M: p = Lig +Lq 4)
@i @i - i P it . i i

being N the overall nodes number of the discretization over the boudary. Taking into account that
n* = n ,itis easily shown that:

Hf= H. - G = G (5)

@p + +
L= g ; M= M, ; LY=L, 6
@ ©)



Figure 4: Idealization of a generic thin-cross section nois barrier pro le as null thickness boundaries.
Discretization with parabolic elements (3 nodes).

As before and taking into consideration that barrier boundaries are considered perfectly rigid in
this work (g = 0), the following matrix expressions are obtained:

(051 +H)P =Gy (7)

M P =Hog 8)

being! a matrix that allows us to consider the contribution of the fr ee term at both sides of the
discretization nodes andH g a matrix concerning the derivative of the half-space fundanental solution
of the external noise source.

The Dual BEM model used to address the problems under study inthis work incorporates, as
previously mentioned, both versions of the dual formulation. To enable an easier, more general
procedure, a multiple collocation of nodes at extremes of ements with di erent nature (that is, at
borders between thin and non-thin bodies) is implemented. @ce the variables on the barrier boundary
are known, the acoustic pressure values at any internal poir(receiver position) can be easily obtained,
as usual, by applying the standard BEM formulation.

The numerical aspects related to the evaluation of both the mgular and the hyper-singular BEM
integrals developed and implemented in the computer code ecabe consulted in [35, 37{30].

The validation of the Dual BEM code is performed on the basis fresults present in the reference
papers from which model (a) and (b) (derived from a QRD and the so called waterwheel cylinder,
respectively) are inspired ([22, 2/7]).



4 Shape optimization

Figure B represents the general con guration for just one ofthe models under study -model (a)-. It
deals with a two-dimensional model concerning an in nite, ®herent mono-frequency source of sound,
generating pure tones within the considered frequency sp&am, parallel to an in nite barrier with

no geometric variation that stands on a at plane (ground) of uniform admittance. Both the ground
and the barrier boundary feature a perfectly re ecting surface (, = ¢ = 0). Just one receiver in
the shadow region is considered in assessing the overall astic e ciency (to be maximized along
the optimization process). Both the noise source and the resiver are located on the ground at a
horizontal distance of 5.0 and 25.0 m, respectively. As stad above, the maximum e ective height to
be achieved is = 3:0 m at the median vertical axis of the barrier.
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Figure 5: Bi-dimensional con guration 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 paper) with di erent well
depths d;.

Shape design optimization is performed by the combined usefan evolutionary algorithm and
the mentioned Dual BEM formulation. The evolutionary algor ithm software used in this work applies
the GAlib package [40]. This library is a collection of C++ genetic algorithm (GA) components from
which it is possible to quickly construct GA's to attack a wid e variety of problems.

In the harmonic problem, for every frequency from the analyed noise source, the e ectiveness of
the barrier design under study is given in terms of theinsertion loss (IL), de ned as usual:

IL= 20 logio Ps [dB] 9)
Pus

on every frequency of the broadband spectrum, and represesitthe di erence of sound pressure levels
at the receiver point in the situation with (P g) and without (P ys) considering the barrier.

With the purpose of conducting an optimization process whee the excitation is represented by
a noise source pulsing at every frequency of the band spectmy the e ciency of the barrier for the

10



Table 1: Description of the design variables of each model (@&l length, coded with binary bits) and
of the corresponding chromosome.
Chromosome Bit precision Design variable Discrete values
Model . .
length (ngp) per variable range [m] per variable
Symmetric: 15

(@) .
Non-symmetric: 30 o ..ch well)  0.000-0.250 32
(b) Symmetrlc._ 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

considered receiver can be written in terms of the broadbandnsertion loss as:

0 1
F

10Ai IL)=10
i=1

=

10Ai=10
i=1
being NF the studied spectrum number of frequencies, Athe spectrum A-weighted noise level and
IL; the insertion loss value for sources pulsing at every frequeey of the spectrum, according to [9).

In this work, the noise source has been characterized by usinthe UNE-EN 1793 [41] normalized
tra ¢ noise spectrum, generating pure tones ranging from 1 to 5 000 Hz corresponding to one-third
center band frequencies. Given the high frequency dependea of the studied designs and to assess as
accurately as possible the broadband IL, the 1/3-octave bads are expanded to 1/15 octave intervals,
represented by band center frequencies. The normalized lels for 1/15 octave frequency bands in this
corrected spectrum are calculated in such a way that the tota acoustic intensity is the same than
that of the original. The estimator taken into account along the shape optimization process, that is,
the objective function, is entirely based on the IL average pectrum value at the considered receiver
point (OF = IL ). The maximization of this latter parameter through the opt imization process is
intended.

As each objective function evaluation requires the executin of a high cost CPU for BEM, a high
exploitative strategy with high selection pressure has bee taken into account: a steady-state genetic
algorithm [42, 143] is used replacing the two worst individuds (in terms of their objective function) at
each generation. A population size of 100 individuals, witha two-point crossover operator (crossover
rate equal to 0.9) is used in this study. The considered mutabn rate is 1=ng,, where ny, is the
chromosome length with design variables coded with di erentbinary bit precision, depending on the
model, according to the Gray code (see Tabl€]1l). Five indepeatent runs of the optimization process
are considered for each symmetric and non-symmetric desigrThe stopping criterion condition is met
for 1 000 generations.

ILtota = 10 logio

[dBA] (10)
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To facilitate understanding of the methodology, Figure[8 slows a ow diagram concerning the
evolutionary process on the search of the best acoustic sdlans. The procedure makes use of ateady
state GA with individuals initially based on a proposal on random design variables of the model
under assessment, featured by discrete values of well lerigt A detailed description concerning the
de nition of both the design variables and the chromosome ofach model is collected in TabléIl. Such
design variables form the chromosome of the individual propsed by the GA shaping, therefore, the
geometry of the top device of the barrier. At this point, the screening behavior of each individual
is performed using the aforementioned Dual BEM code. This rguires a proper discretization of the
barrier boundary with ever-increasing number of elements bng the frequency spectrum. In this
work, parabolic elements are coded with a maximum length of hIf the wavelength of the frequency
under study for adequate convergence of the results. The itial population is then ranked in terms
of acoustic performance, here represented by the objectivieinction value (OF) characterized, in turn,
by the broadband insertion loss (Il ) (see [I0)). In this way, each individual is more likely to
be selected according to its screening behavior (OF). Thefere, by using the tournament selection
operator, two individuals are chosen farents in proper terminology of evolutionary algorithms) and
are to be crossed with a probability of 90% by thetwo-point crossover operator, leading to an o spring
comprised of two new individuals (children) whose chromosomes are eligible for mutation according
to probabilistic criteria. After mutation, o spring indivi duals 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 citerion, which is set at 1000 generations due
to balancing an acceptable convergence of the results witvested computational resources.

5 Results

5.1 Designs after shape optimization

Figure [7 illustrates the results concerning the best optimum individuals from the optimization pro-
cesses. In the left part, the top geometries of each model f@ymmetric and non-symmetric con gu-
rations are shown. The right part depicts the IL spectrum evdution of such optimum designs along
the considered frequency range, in comparison with their awesponding model for both completely
lled and completely empty wells (see Figure[3) and with a 3 m \ertical screen, for the given noise
source-receiver scheme. The overall acoustic performanoéthe optimum designs, according to [(ID), is
also included in the gure (see graphic legend). In addition Figure [ shows the acoustic performance
evolution of the presented models along the optimization pocess. Red lines represent the shielding
e ciency 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 vale considering the best individual of
each run (5 individuals in all) at each generation. As obsered, the graphs are shown in an adjusted
range in the ordinate coordinate. This facilitates viewingof the results with no loss of relevant details.
The results achieved suggest that further evolution is neeed for a proper convergence, specially in
the case of non-symmetric con gurations and, in particular, for model (b). The symmetric con gu-
ration of model (c) and both con gurations of model (a) present an acceptable convergence, though.
Numerical results concerning this graph can be consulted ifable 2.

Table 3 presents the well depths ¢;) of the best optimum designs for each model, con guration awl
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run. As an example, the corresponding computing time for modl (a) cases is 97 hours on average, run
in a CPU Intel” Xeon” 2.60 GHz processor (RAM is not signi cant here). Row IL 3MVe: collects
the acoustic e ciency gain of such optimums in comparison wih the reference 3 m vertical barrier.
Finally, with the intention of illustrating the e ects of the best optimum designs of non-symmetric
con gurations, Figure Blshows in colormaps the broadband sond pressure level (SPlyg , expressed
in dBA) in a domain with a noise source intensity of 90 dBA (measured 1 m away in the free eld)
pulsing at every frequency according to the spectrum consiered so far. Results are easily obtained

through simple operations from the Ly Vvalues associated with such optimums.

Table 2: Average and best values of all runs of the objectiveunction (OF) for the considered con g-
urations and models.

Best OF Average OF

Model (a) Symmetric  16.99 16.97
Non-symmetric 17.13 17.09
Symmetric  16.62 16.60

Model (b) Non-symmetric 16.62 16.59
Symmetric  18.75 18.74

Model (c) Non-symmetric  19.03 19.01
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Table 3: Design variablesd; (in centimeters) of the best optimum barrier pro les (see Figure[4) and
shielding e ciency gain with respect to a 3 m vertical screen(in dBA) for each model and con guration.

Symmetric Non-symmetric
Model (a) Model (b) Model (c) Model (a) Model (b) Model (c)

di 11.29 0.00 44.34 11.29 1.61 75.64
d> 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
da 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
ds 11.29 23.39 18.50 25.00 22.58 18.50
d; - 24.19 32.74 - 24.19 18.50

ds - 22.58 53.92 - 23.39 22.58

do - 18.55 44.34 - 22.58 60.14
dio - 15.32 - - 12.10 41.73

di1 - 12.10 - - 0.00 -

di - 0.00 - - 0.81 -

di3 - 0.00 - - 10.48 -

dig - 12.10 - - 17.74 -

dis - 15.32 - - 16.94 -

die - 18.55 - - 23.39 -

di7 - 22.58 - - 22.58 -

dig - 24.19 - - 25.00 -

dig - 23.39 - - 24.19 -

d2o - 25.00 - - 21.77 -

do1 - 17.74 - - 12.10 -

d22 - 5.65 - - 1.61 -

do3 - 1.61 - - 1.61 -

dog - 0.00 - - 1.61 -

IL 3mvet 1306 1267 +4.82 +3.20 +2.68 +5.10

total
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GENETIC ALGORITHM
v

OVERVIEW OF THE USED GA

GAlib C++ libraries (Wall [40])

Steady State GA

e Population of 100 individuals
e Generational replacement: 2%
e Crossover rate: 90%

e Mutation rate: 1/n%,

e Stop: 1 000 generations

: number of chromosome variables
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5.2 Designs for practical use

With the intention of both determining how important the rol e of wells at the top is in the shielding
behavior and leading to easier-to-build, more practical barier designs, Figure 10 shows some geometric
modi cations on the basis of the optimum symmetric and non-symmetric con guration of model (b).
Starting o from such designs after the GA optimization, slight modi cations, in terms of emptying-
lling patterns of some wells, are introduced (representedby Mod. #1 to Mod. #7). In brief, three
sets of wells with the same depth are considered, representdy the wells at the bottom, at the middle
and at the top of the device. In addition, a design previouslystudied in the literature by Okubo et
al. [27] is included as reference. Results are presented ierins of the broadband sound pressure level
(SPLyta ) in the vicinity of a noise source pulsing with a sound intendty level of 90 dBA according to
the used tra ¢ noise spectrum [41] for the considered sourceeceiver scheme. This way, the lower the
SPLgional, the better. As observed, the practical designs outperfornthe reference case over a decibel
in most cases for the symmetric con guration.

On the other hand, the bene ts of the methodology introducedin this work are shown in Figure 11.
As observed, the acoustic performance of the best optimum digns for symmetric and non-symmetric
con gurations of model (a) are compared with a QRD of same tomlogical design, previously studied
in the literature by Monazzam et al. [22]. Results suggest tie convenience of implementing procedures
like that presented here for raising the acoustic performane of already existing barrier designs.
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5.3 Discussion

From the analysis of the results obtained some conclusionsnothe response of the models studied in
this work may be drawn:

~

The shielding e ciency of the models studied here clearly odperform the acoustic behavior of
the reference 3 m vertical screen for the considered noiselsce-receiver scheme. The non-so-near
placement of the receiver point makes this issue more remaable.

The use of designs with longer wells raises the acoustic perinance of the barrier. This is well
illustrated by model (c) (Figure 7), where the IL curve performs far better than the 3 m vertical
screen even for low frequencies.

As expected, generally speaking, hon-symmetric best desig are always better than symmetric
ones, both in best values and average values. Even in the moldéb) case, the non-symmetric
optimum designs could have far outperformed the symmetric nes in a hypothetical scenario with
higher number of generations (as seen in the convergence éwion of the search in Figure 8).

Despite the well known strong frequency dependence-naturef these well-shaped devices (e.qg., [27]),
the optimum pro les present smoother IL curves than their corresponding model featuring com-
pletely empty wells (see Figure 7) but with considerably hider shielding e ciency.

As shown in Figure 8, a slightly further convergence of the agustic performance of the studied
models (particularly of models (b) and (c)) is still expected. Constraints regarding the consid-
ered spectrum (1/15-octave bands center frequencies) im@e a high consuming CPU time per
objective function evaluation, especially at high frequeries (the higher the frequency, the ner
the required BEM mesh). However, the stopping criterion adgted in this work seems to have
achieved reasonable convergence for the limited investedmputational resources.

The consideration of methodologies like the one here prestad allows the search of interesting
shielding solutions to be easily accomplished and can be csidered as an adequate procedure to
outperform the screening behavior of already existing barier designs (see Figures 10 and 11).

6 Conclusions

A procedure for the shape optimization of well-based designon the top of road barriers with both thick

and very thin bodies by coupling a genetic algorithm with a 2D Dual BEM code has been presented.
In order to ease the geometric de nition of such designs, thevery thin elements featuring the top of

the barriers have been mathematically considered as null baies. The methodology presented in this
work focuses on searching for series of wells based on diderealues that maximizes the screening
performance of the aforementioned models. With the purposef highlighting the robustness and
exibility of the methodology, numerical results of three complex designs on the top of road barriers
for both symmetric and non-symmetric con gurations have been presented. The results show that
despite the well known strong frequency dependence-naturef these well-shaped devices, the optimum
pro les present smoother IL curves than their correspondirg model featuring completely empty wells
but with considerably higher shielding e ciency. In additi on, the use of designs with potential deeper

21



wells considerably raises the acoustic performance of thealrier since the shielding e ciency performs
well from low frequencies onwards, for the considered soueereceiver scheme.

The versatility of the algorithm responsible for the geomety generation of the barrier makes the
building of the prole to be easily accomplished. The Dual Baundary Element formulation here
presented allows a simple treatment of the complex con guréions. This is a signi cant advantage
over the case when dealing with geometries of real barrier jrles, as the evaluation process for the

feasibility of the design proposed by an evolutionary algoithm is often cumbersome and di cult to
establish.
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