
UNIVERSIDAD DE LAS PALMAS
DE GRAN CANARIA

DOCTORAL DISSERTATION

Application of Evolutionary Algorithms
and the Boundary Element Method in the
optimization of noise barrier profiles

Rayco Toledo Quintana

Continuum Mechanics and Structures Division
Las Palmas de Gran Canaria • November 2015











Application of Evolutionary Algorithms and the
Boundary Element Method in the Optimization

of Noise Barrier Profiles

























Contents





Contents

Contents iii

List of Figures iii

List of Tables v

1 Introduction and background 3
1.1 Literature review 4
1.2 Background 8
1.3 Aims and objectives 9
1.4 Numerical approaches implemented in this thesis 11
1.5 Structure of the dissertation 15
1.6 Published works derived from this thesis 17

1.6.1 Conference contributions 18
1.6.2 Book chapter contributions 18
1.6.3 Contributions in indexed (ISI-JCR) journals 19
1.6.4 Contributions in other journals 19

2 Fundamentals of acoustics 23
2.1 Introduction 24
2.2 Assumptions and governing equations 25

2.2.1 Continuity equation 26
2.2.2 Constitutive or state equation 28
2.2.3 Equilibrium equation 29
2.2.4 Wave equation 31
2.2.5 Plane harmonic waves 32

2.3 Boundary conditions 34
2.3.1 One-dimensional fluid interaction problem 35

2.4 Determination of the acoustic impedance of partially absorbing bound-
aries. Delany and Bazley model 38

2.5 Acoustic magnitudes of interest 39
2.5.1 Sound pressure level 39
2.5.2 Insertion loss coefficient 41
2.5.3 Broadband insertion loss 41

2.6 Frequency noise characterization 42
2.6.1 One-third octave bands spectrum 42
2.6.2 One-fifteenth octave bands spectrum 44

Shape optimization of noise barriers | Instituto Universitario SIANI iii



Contents

3 Dual boundary elements formulation 51
3.1 Singular boundary integral equation. Classical BEM formulation 52
3.2 Hyper-singular boundary integral equation 53
3.3 Dual BEM formulation 56

3.3.1 Approach for avoiding fictitious eigenfrequencies 56
3.3.2 Approach for the idealization of for very thin elements as

single-wire bodies 57
3.3.3 Approach for volumetric configurations featuring very thin

bodies idealized as null sections 60
3.4 Sound pressure in the domain 61
3.5 Discretization criterion applied 61
3.6 Collocation point strategy performed 62
3.7 Validation studies 63

4 Fundamentals of evolutionary optimization 69
4.1 Introduction to Evolutionary Algorithms 70
4.2 Genetic Algorithms: an overview 71
4.3 Description of the performed genetic algorithm (GA) 75

4.3.1 Chromosome representation 75
4.3.2 Overview of the GA applied 79
4.3.3 GA operators 80

4.4 Introduction to multi-objective optimization and related concepts 82
4.4.1 Concept of dominance 82
4.4.2 Concept of Pareto optimality 83
4.4.3 Measuring performance of an evolutionary multi-objective

(EMO) algorithm 86
4.4.4 Aims of an EMO algorithm 87

4.5 Description of the applied multi-objective genetic algorithm (MOGA) 88
4.5.1 Chromosome representation 88
4.5.2 Overview of the MOGA performed 88
4.5.3 Genetic operators 91

5 Methodology applied to the study of very thin barriers 95
5.1 Description of the shape optimization framework 96

5.1.1 Determination of the acoustic efficiency of the barrier 98
5.1.2 Applied spectrum 99
5.1.3 Representation of the barrier models 99
5.1.4 Overview of the process 100

iv Shape optimization of noise barriers | Instituto Universitario SIANI



Contents

5.2 Numerical shape optimization 101
5.2.1 Study #1. Noise barriers with improved performance 103
5.2.2 Study #2. Influence of the barrier location on the screening

performance 118
5.3 Validation and application of the methodology on the basis of an

scale model test from the bibliography 126

6 Methodology applied to the study of diffuser-based barriers 131
6.1 Diffuser-based top designs for sound attenuation in exterior acous-

tic problems 132
6.2 Description of the shape optimization framework 134

6.2.1 Bi-dimensional configuration 135
6.2.2 Determination of the acoustic efficiency of the barrier 136
6.2.3 Road traffic noise spectrum applied 137
6.2.4 Used GA parameters 137
6.2.5 Overview of the process 137

6.3 Numerical shape optimization 140
6.3.1 Description of the topological models 140
6.3.2 Designs after optimization 142
6.3.3 Designs for practical use 143
6.3.4 Discussion of the results 149

7 Multiobjective optimization of very thin barriers 153
7.1 Description of the multi-objective optimization framework 154

7.1.1 Bi-dimensional configuration 155
7.1.2 Definition of the conflicting objectives 155

7.2 Numerical simulations 157
7.2.1 Description of the models 157
7.2.2 Designs after optimization 157
7.2.3 Discussion 170

8 Summary, conclusions and future research directions 173
8.1 Summary and conclusions 173
8.2 Future research directions 178

A Numerical aspects of the hyper-singular BEM formulation 183

Shape optimization of noise barriers | Instituto Universitario SIANI v



Contents

Summary of the dissertation in Spanish 189

Bibliography 261

vi Shape optimization of noise barriers | Instituto Universitario SIANI



List of Figures

List of Figures
1.1 Examples of complex designs eligible for geometric idealizations 13
1.2 Example of barrier discretization with parabolic elements 14

2.1 Fluid flow through elemental volume dΩ in x direction 27
2.2 Elemental forces on dΩ in x direction 30
2.3 Transmission and reflection of plane waves (normal incidence) after

changing mediums 36
2.4 One-third octave bands and corresponding corrections according to the

normalized traffic noise spectrum by the UNE-EN 1793 standard 47
2.5 Some one-fifteenth octave bands and corresponding corrections after

expanding the normalized traffic noise spectrum by the UNE-EN 1793
standard 48

3.1 Source-image collocation to integrate over a generic element 54
3.2 Geometric idealization and strategy used to avoid the singularity around

the collocation point 58
3.3 Non nodal collocation points at the bound limits of the element when

dealing with the hyper-singular BEM formulation 62
3.4 Validation of the Dual BEM approach for volumetric barriers 64
3.5 Validation of the Dual BEM approach for very thin barriers 65
3.6 Validation of the Dual BEM approach for general volumetric barriers

with very thin elements 65

4.1 Taxonomy of Evolutionary Optimization Techniques 69
4.2 Generic flow diagram of the basis of a genetic algorithm (GA) 74
4.3 Bi-dimensional coordinate systems and transformation process from the

transformed domain into the Cartesian domain 76
4.4 Example of chromosome encoding with binary variables of 8 bits precision 77
4.5 Mesh discretization of the GA search space 77
4.6 Chromosome encoding representation and process to obtain the final

barrier geometry 78
4.7 Scheme of the crossover operators used in the single-objective opti-

mization 81
4.8 Scheme of the mutation operator used in the single-objective optimization 81

Shape optimization of noise barriers | Instituto Universitario SIANI vii



List of Figures

4.9 Generic scheme of a multi-objective optimization by minimizing both
objectives 84

4.10 Simplified representation of Pareto fronts according to the optimiza-
tion criterion applied to each objective 85

4.11 Fitness assignment based on Pareto dominance method with the divi-
sion of population into rank-based fronts 86

4.12 Illustrative representation of the hypervolume measure 87
4.13 Crowding distance cuboid example 90
4.14 Scheme of the uniform crossover operator used in the multi-objective

optimization 92

5.1 Geometric idealization of very thin barriers 97
5.2 Bi-dimensional coordinate systems 99
5.3 Overview of the GA used, layout of a generic bi-dimensional configura-

tion and optimization flow diagram 102
5.4 Bi-dimensional configuration for the shape optimization of noise ba-

rriers with improved performance 103
5.5 Proposed models for the shape optimization of noise barriers with im-

proved performance 105
5.6 Convenience of the choice of a parametric representation to generate

a multiple splines-based curve 107
5.7 Results derived from the shape optimization of models a), b) and e).

Case 1 (rigid boundaries) 111
5.8 Results derived from the shape optimization of models c) and d). Case

1 (rigid boundaries) 112
5.9 Results derived from the shape optimization of models f), g) and h).

Case 1 (rigid boundaries) 113
5.10 Results derived from the shape optimization of models f), g) and h).

Case 2 (absorbing boundaries) 114
5.11 Sensitivity of the shielding efficiency to receivers’ placement 117
5.12 Bi-dimensional configuration for the study of the influence of barrier

location on the shielding efficiency 119
5.13 Proposed models for the study of the influence of barrier location on

the shielding efficiency 120
5.14 Results derived from the study of the influence of barrier location on

the shielding efficiency. Ca receivers configuration 122
5.15 Results derived from the study of the influence of barrier location on

the shielding efficiency. Cb receivers configuration 123

viii Shape optimization of noise barriers | Instituto Universitario SIANI



List of Figures

5.16 Evolution graphs of models for Ca receivers configuration 124
5.17 Evolution graphs of models for Cb receivers configuration 125
5.18 Thin barrier model under testing in the validation of the presented Dual

BEM formulation 128
5.19 Validation of the presented Dual BEM formulation for very thin barriers 128

6.1 Examples of complex designs with elements eligible for geometric ide-
alizations 133

6.2 Example of barrier discretization after idealization of very thin bodies
as null-width elements 134

6.3 Bi-dimensional configuration to be used in the optimization process of
the models presented in this work 136

6.4 Overview of the GA used, layout of the considered bi-dimensional con-
figuration and optimization flow diagram 139

6.5 Top designs of the models under study 141
6.6 Results of the best optimum designs 144
6.7 Evolution graphs for each model and configuration 145
6.8 Broadband sound pressure level colormaps 146
6.9 Geometric modifications on the basis of best optimum designs 148
6.10 Sound pressure level evolution graphs 149

7.1 Bi-dimensional configuration for the multi-objective optimization of
noise barriers with improved performance 155

7.2 Total length of the barrier to be minimized 156
7.3 Models under study for the multi-objective optimization 159
7.4 Model a): 3-sided polygonal shaped barrier results 160
7.5 Model b): 5-sided polygonal-shaped barrier results 161
7.6 Model c): 3-cubic splines-shaped barrier results 162
7.7 Model d): 5-cubic splines-shaped barrier results 163
7.8 Model e): Y-shaped barrier results 164
7.9 Model f): Tree-shaped barrier results 165
7.10 Model g): Y-variant-shaped barrier results 166
7.11 Model h): Fork-shaped barrier results 167
7.12 Hypervolume measures of the optimization runs. Models a) to d) 168
7.13 Hypervolume measures of the optimization runs. Models e) to h) 169

A.1 Element geometry around the collocation point i and integral equality
around the singularity 184

Shape optimization of noise barriers | Instituto Universitario SIANI ix



List of Figures

A.2 Distances from the collocation point i to the extremes of the quadratic
element in the hyper-singular boundary integral formulation 187

x Shape optimization of noise barriers | Instituto Universitario SIANI



List of Tables

List of Tables
2.1 Sonorous sensations and their corresponding sound pressure levels 40
2.2 Octave bands, one-third octave bands and their corresponding central

frequencies 43
2.3 Corrections for the A-weighting normalized traffic noise spectrum by

the UNE-EN 1793 standard 45
2.4 A-weighting one-fifteenth noise spectrum derived from the normalized

one by the UNE-EN 1793 standard for one-third octave center band
frequencies 46

5.1 Acoustic efficiency of the best optimum designs after the study of noise
barriers with improved performance 110

5.2 Design variables of the best optimum designs after the study of noise
barriers with improved performance 110

5.3 Regions under study in the assessment of the influence of the barrier
location on the shielding efficiency 119

5.4 Acoustic efficiency of the best optimum designs after the study of the
influence of the barrier location on the shielding efficiency 121

5.5 Design variable values of the best optimum designs after the study of
the influence of the barrier location on the acoustic performance 121

6.1 Description of the design variables of each topological model to be
optimized and of the corresponding chromosomes 138

6.2 Design variables of the best optimum designs 147

7.1 Hypervolume measure of the optimal Pareto fronts of barrier models
under study 158

Shape optimization of noise barriers | Instituto Universitario SIANI xi





1. INTRODUCTION
AND
BACKGROUND

1.1 Literature review
1.2 Background
1.3 Aims and objectives
1.4 Numerical approaches imple-

mented in this thesis
1.5 Structure of the dissertation
1.6 Published works derived from this

thesis





Introduction and background 1

Shape optimization of noise barriers | Instituto Universitario SIANI 3



1 Introduction and background

1.1 Literature review

4 Shape optimization of noise barriers | Instituto Universitario SIANI



Introduction and background 1

Shape optimization of noise barriers | Instituto Universitario SIANI 5



1 Introduction and background

6 Shape optimization of noise barriers | Instituto Universitario SIANI



Introduction and background 1

Shape optimization of noise barriers | Instituto Universitario SIANI 7



1 Introduction and background

1.2 Background

8 Shape optimization of noise barriers | Instituto Universitario SIANI



Introduction and background 1

1.3 Aims and objectives

Shape optimization of noise barriers | Instituto Universitario SIANI 9



1 Introduction and background

10 Shape optimization of noise barriers | Instituto Universitario SIANI



Introduction and background 1

1.4 Numerical approaches implemented in this thesis

Shape optimization of noise barriers | Instituto Universitario SIANI 11



1 Introduction and background

12 Shape optimization of noise barriers | Instituto Universitario SIANI



Introduction and background 1

REAL VOLUMETRIC VERY

THIN SOUND BARRIER

IDEALIZATION AS A 

SINGLE-WIRE GEOMETRY

REAL VOLUMETRIC SOUND

BARRIER WITH VERY 

THIN SECTIONS

VOLUMETRIC GEOMETRY.

IDEALIZED ELEMENTS

AS SINGLE-WIRE TYPE

(a) (b)

Shape optimization of noise barriers | Instituto Universitario SIANI 13



1 Introduction and background

(a) (b)

14 Shape optimization of noise barriers | Instituto Universitario SIANI



Introduction and background 1

1.5 Structure of the dissertation

Shape optimization of noise barriers | Instituto Universitario SIANI 15



1 Introduction and background

16 Shape optimization of noise barriers | Instituto Universitario SIANI



Introduction and background 1

1.6 Published works derived from this thesis

Shape optimization of noise barriers | Instituto Universitario SIANI 17



1 Introduction and background

1.6.1 Conference contributions

!

!

!

!

!

1.6.2 Book chapter contributions

!

18 Shape optimization of noise barriers | Instituto Universitario SIANI



Introduction and background 1

!

1.6.3 Contributions in indexed (ISI-JCR) journals

!

!

1.6.4 Contributions in other journals

!

Shape optimization of noise barriers | Instituto Universitario SIANI 19





2.FUNDAMENTALS
OF ACOUSTICS

2.1 Introduction
2.2 Assumptions and governing equa-

tions
2.3 Boundary conditions
2.4 Determination of the acoustic im-

pedance of partially absorbing
boundaries. Delany and Bazley
model

2.5 Acoustic magnitudes of interest
2.6 Frequency noise characterization





Fundamentals of acoustics 2

Shape optimization of noise barriers | Instituto Universitario SIANI 23



2 Fundamentals of acoustics

2.1 Introduction

t
x y z

24 Shape optimization of noise barriers | Instituto Universitario SIANI



Fundamentals of acoustics 2

t ux uy uz

t vx vy vz
ρ0
ρ ρ t
p0
pT pT t
p t pT − p0
c

2.2 Assumptions and governing equations

Shape optimization of noise barriers | Instituto Universitario SIANI 25



2 Fundamentals of acoustics

2.2.1 Continuity equation

dΩ
dΩ = dx dy dz

dΩ
dΩ

dΩ x

− ∂(ρ vx)

∂x
dx(dydz) = −∂(ρ vx)

∂x
dΩ

dΩ

−
[
∂(ρ vx)

∂x
+

∂(ρ vy)

∂y
+

∂(ρ vz)

∂z

]
dΩ = −∇(ρ ) dΩ

∇ = ∂
∂x + ∂

∂y + ∂
∂z

dΩ

∂ρ

∂t
dΩ = −∇(ρ ) dΩ

∂ρ

∂t
dΩ+∇(ρ ) dΩ = 0

26 Shape optimization of noise barriers | Instituto Universitario SIANI



Fundamentals of acoustics 2

dΩ x

s

s =
ρ− ρ0
ρ0

ρ = ρ0(1 + s)

ρ0

∂s

∂t
+∇ [ (1 + s)] = 0

|s| << 1

∂s

∂t
+∇ +∇(s ) = 0

Shape optimization of noise barriers | Instituto Universitario SIANI 27



2 Fundamentals of acoustics

∂s

∂t
+∇ = 0

∫ (
∂s

∂t
+∇

)
dt = 0

∫ (
∂s

∂t

)
dt = −

∫
(∇ ) dt = −∇

∫
dt = −∇

s = −∇

2.2.2 Constitutive or state equation

28 Shape optimization of noise barriers | Instituto Universitario SIANI



Fundamentals of acoustics 2

pT = p0 +

(
∂pT
∂ρ

)

ρ0

(ρ− ρ0) +
1

2

(
∂2pT
∂ρ2

)

ρ0

(ρ− ρ0)
2 + . . .

pT = p0 +

(
∂pT
∂ρ

)

ρ0

(ρ− ρ0)

K

K = ρ0 +

(
∂pT
∂ρ

)

ρ0

|s| << 1

p = K s

p = −K∇

2.2.3 Equilibrium equation

dΩ = dx dy dz

Shape optimization of noise barriers | Instituto Universitario SIANI 29



2 Fundamentals of acoustics

dΩ x

x

dfx = dm
∂vx
∂t

dm dΩ

−∂p

∂x
dx(dydz) = ρ0 dΩ

∂vx
∂t

−∂p

∂x
= ρ0

∂vx
∂t

−∇p = ρ0
∂

∂t

30 Shape optimization of noise barriers | Instituto Universitario SIANI



Fundamentals of acoustics 2

2.2.4 Wave equation

−∇2p = ρ0∇
∂

∂t

∂2s

∂t2
+

∂

∂t
∇ =

∂2s

∂t2
+∇∂

∂t
= 0

∇2p = ρ0
∂2s

∂t2

∇2p =
ρ0
K

∂2p

∂t2

c =

√
K

ρ0

Shape optimization of noise barriers | Instituto Universitario SIANI 31



2 Fundamentals of acoustics

∇2p =
1

c2
∂2p

∂t2

c

c

∇2p+
1

c2
b( , t) =

1

c2
∂2p

∂t2

2.2.5 Plane harmonic waves
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2.4 Determination of the acoustic impedance of partially
absorbing boundaries. Delany and Bazley model [115]
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2.5 Acoustic magnitudes of interest

2.5.1 Sound pressure level
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2.6 Frequency noise characterization

2.6.1 One-third octave bands spectrum
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2.6.2 One-fifteenth octave bands spectrum
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3.1 Singular boundary integral equation (SBIE). Classical
BEM formulation

i

cipi +−
∫
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p
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∂nj
dΓ = G0(k, r) +

∫

Γ
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−
∫

i ci
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βg ci
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2π
[K0(ikr) +K0(ikr)]

∂G(k, r)
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i k r r
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3.2 Hyper-singular boundary integral equation (HBIE)

i
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qkl · likl

NE

· =
(

− h
)
· +

∂

∂ni

h

∂
∂ni

Shape optimization of noise barriers | Instituto Universitario SIANI 55



3 Dual boundary elements formulation

mik
l =

∫

Γk

∂2G(k, r)

∂ni nj
φl dΓk ; likl =

∫

Γk

∂G(k, r)

∂ni
φl dΓk

i k φl

ξ

3.3 Dual BEM formulation

3.3.1 Approach for avoiding fictitious eigenfrequencies

α
i
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Dual boundary elements formulation 3

0.5 (pi + α qi) +
N∑

j=1

(hj + αmj) pj =
N∑

j=1

(gj + α lj) qj +

(
G0 + α

∂G0

∂ni

)

p q

G0
∂G0
∂ni

h g l m

N

α = i/k i k

j

qj = −i k βΓ pj

[0.5 (1 + β) + + (i/k) + (i k − ) β] · = − (i/k)
∂

∂ni

3.3.2 Approach for the idealization of for very thin elements as single-
wire bodies
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3 Dual boundary elements formulation

p+ q+ p− q−

58 Shape optimization of noise barriers | Instituto Universitario SIANI



Dual boundary elements formulation 3

0.5
(
p+i + p−i

)
+

N∑

j=1

(
H+

j p+j +H−
j p−j

)
=

N∑

j=1

(
G+

j q
+
j +G−

j q
−
j

)
+G0(k, r)

N
n+ = −n−

H+
j = −H−

j ; G+
j = G−

j

(0.5 ∗ + + i k β ) · = 0

∗

∗ =

⎡

⎢⎢⎢⎣

1 1 0 0 0 0 · · · 0 0
0 0 1 1 0 0 · · · 0 0

0 0 0 0 0 0 · · · 1 1

⎤

⎥⎥⎥⎦

0.5

(
∂p+i
∂n+

i

+
∂p−i
∂n+

i

)
+

N∑

j=1

(
M+

j p+j +M−
j p−j

)
=

N∑

j=1

(
L+
j q

+
j + L−

j q
−
j

)

∂p−i
∂n+

i

= −qi ; M+
j = −M−

j ; L+
j = L−

j
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3 Dual boundary elements formulation

[i k β (0.5 ∗ + ) + ] · =
∂

∂ni

⎡

⎢⎢⎣

0.5 ∗ + + i k β

i k β (0.5 ∗ + ) +

⎤

⎥⎥⎦ ·

⎧
⎨

⎩

⎫
⎬

⎭ =

⎧
⎪⎪⎨

⎪⎪⎩∂

∂ni

⎫
⎪⎪⎬

⎪⎪⎭

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

= 0.5 (1 + β) + + (i/k) + (i k − ) β

= 0.5 ∗ + + i k β ; = i k β (0.5 ∗ + ) +

= 0 − (i/k)
∂

∂ni
; = 0 ; =

∂

∂ni

⎡

⎣

⎤

⎦ ·

⎧
⎨

⎩

⎫
⎬

⎭ =

⎧
⎨

⎩

⎫
⎬

⎭

NThick xNUnk NThin xNUnk

NThick NThin

NUnk
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Dual boundary elements formulation 3

NThick + 2xNThin

NUnk

NThick

NThin

3.4 Sound pressure in the domain

pi = G0(k, r)−
NUnk∑

j=1

(hj + i k β gj) pj

3.5 Discretization criterion applied

r

r
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3 Dual boundary elements formulation

3.6 Collocation point strategy performed

δ

δ = 5

δ
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Dual boundary elements formulation 3

3.7 Validation studies
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3 Dual boundary elements formulation
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Dual boundary elements formulation 3
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4.EVOLUTIONARY
OPTIMIZATION
FUNDAMENTALS

4.1 Introduction to Evolutionary Algo-
rithms

4.2 Genetic Algorithms: an overview
4.3 Description of the performed ge-

netic algorithm (GA)
4.4 Introduction to multi-objective

optimization and related con-
cepts

4.5 Description of the applied multi-
objective genetic algorithm
(MOGA)
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4 Fundamentals of evolutionary optimization

4.1 A brief introduction to Evolutionary Algorithms
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Fundamentals of evolutionary optimization 4

4.2 Genetic Algorithms: an overview
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4 Fundamentals of evolutionary optimization
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4 Fundamentals of evolutionary optimization

Fitness evaluation
of the modified offspring

Crossover
finished?

Selection of one
child of the offspring

Apply mutation operator to
tproduce mutated offspring

Mutation
finished?

Incorporation of the new
individual into population, in 
case of fitness improvement

End condition
satisfied?

START

Seed population

Generation of n individuals

Evaluation of the fitness
of each individual

Crossover to 
produce offspring:

Child #1 and Child #2

Selection of two individuals:

Parent #1 and Parent #2
NO

YES

YES

NO

NO

END
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Fundamentals of evolutionary optimization 4

4.3 Description of the performed genetic algorithm (GA)

4.3.1 Chromosome representation
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4 Fundamentals of evolutionary optimization

ξ1 η1 ξ2 η2 ξ3
η3

ξ η
28

ξ η
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Fundamentals of evolutionary optimization 4

ξ η
ξ η
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4 Fundamentals of evolutionary optimization
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Fundamentals of evolutionary optimization 4

4.3.2 Overview of the GA applied

P0 N

P0

T n
n

Pt t

Pt

T

T Pt

T
Pt

t = tmax.

t = t+ 1
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4 Fundamentals of evolutionary optimization

4.3.3 GA operators

Selection

Crossover

Mutation

/
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Fundamentals of evolutionary optimization 4
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4 Fundamentals of evolutionary optimization

4.4 Introduction to multi-objective optimization and re-
lated concepts

4.4.1 Concept of dominance
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Fundamentals of evolutionary optimization 4

x y

x
y

y
x

y

x
y x ≺= y

y x

x y

x y

x y

4.4.2 Concept of Pareto optimality
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4 Fundamentals of evolutionary optimization

P
P P

Feasible region
(dominated solutions)

N
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inated solutions
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f2

Ideal optimum f2

Ideal optimum f1

Unfeasible
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p
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a
l P

a
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Unfeasible solution

Utopia solution

f1 f2
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Fundamentals of evolutionary optimization 4

f1

f2

Pareto Optimality

A B

D C

A: min. f1 and max. f2

B: max. f1 and max. f2

C: max. f1 and min. f2

D: min. f1 and min. f2
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4 Fundamentals of evolutionary optimization

O
p
tim

a
l P

a
reto fron

t
f1

f2

Ranking nº #0

Ranking nº #1

Ranking nº #2

Ranking nº #3

D
om

inated solutions

4.4.3 Measuring performance of an evolutionary multi-objective (EMO)
algorithm
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Fundamentals of evolutionary optimization 4
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N
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Reference point

Space of dominated 
solutions

4.4.4 Aims of an EMO algorithm
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4 Fundamentals of evolutionary optimization

4.5 Description of the performed multi-objective genetic
algorithm (MOGA)

4.5.1 Chromosome representation

4.5.2 Overview of the MOGA performed
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Fundamentals of evolutionary optimization 4
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m N
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4 Fundamentals of evolutionary optimization

O
p
tim

a
l P

a
reto fron

t

f1

f2

Pareto front #0
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Fundamentals of evolutionary optimization 4

t = t + 1 Pt+1

Pt Qt

4.5.3 Genetic operators

Selection

Crossover

Mutation

/
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4 Fundamentals of evolutionary optimization
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5.METHODOLOGY
APPLIED TO THE
STUDY OF VERY
THIN BARRIERS

5.1 Description of the shape opti-
mization framework

5.2 Numerical shape optimization
5.3 Validation and application of the

methodology on the basis of an
scale model test from the bibliog-
raphy
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5 Methodology applied to the study of very thin barriers

5.1 Description of the shape optimization framework
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5 Methodology applied to the study of very thin barriers

5.1.1 Determination of the acoustic efficiency of the barrier
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Methodology applied to the study of very thin barriers 5

5.1.2 Applied spectrum

5.1.3 Representation of the barrier models

ξi ηi
ξi ηi
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5 Methodology applied to the study of very thin barriers
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5.1.4 Overview of the process
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Methodology applied to the study of very thin barriers 5

5.2 Numerical shape optimization
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5 Methodology applied to the study of very thin barriers
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Methodology applied to the study of very thin barriers 5

5.2.1 Study #1. Noise barriers with improved performance

βg = 0 = .

= .
= .
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5 Methodology applied to the study of very thin barriers

∆ = . ∆ = .

= .

Polygonal-shaped barrier
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5 Methodology applied to the study of very thin barriers

Splines-based-shaped barrier

Y-shaped barrier
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Methodology applied to the study of very thin barriers 5

Tree-shaped barrier

Y-variant-shaped barrier

η1 η6
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5 Methodology applied to the study of very thin barriers

Fork-shaped barrier

/

Considered surface treatments

βΓ = 0

σ = · /
= .

Acoustic performance of the introduced models
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∆ = . ∆ = .
= .
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5 Methodology applied to the study of very thin barriers

∆ ∗ ∆ ∗ ∆ ∗

∗∆ = −

ξ1
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ξ2
η2
ξ3
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ξ4
η4
ξ5
η5
ξ6
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Methodology applied to the study of very thin barriers 5
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Sensitivity of the acoustic performance to receivers’ location

±

Discussion
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5.2.2 Study #2. Influence of the barrier location on the screening
performance

= .
βg = βb = 0

=
=

∆

∆
∆
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Results and discussion

∆
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∆ ∆ ∗

∗∆ = −
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5.3 Validation and application of the methodology on the
basis of an scale model test from Fujiwara et al. [12]
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6.1 Diffuser-based top designs for
sound attenuation in exterior
acoustic problems

6.2 Description of the shape opti-
mization framework

6.3 Numerical shape optimization
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6.1 Diffuser-based top designs for sound attenuation in
exterior acoustic problems
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Parabolic elements (3 nodes)

1 2 3

6.2 Description of the shape optimization framework
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6.2.1 Bi-dimensional configuration

βb = βg = 0

= .
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=

6.2.3 Road traffic noise spectrum applied

=

6.2.4 Used GA parameters

/

6.2.5 Overview of the process

Shape optimization of noise barriers | Instituto Universitario SIANI 137



6 Methodology applied to the study of diffuser-based barriers

138 Shape optimization of noise barriers | Instituto Universitario SIANI



Methodology applied to the study of diffuser-based barriers 6

STOP YES

NO

1
/1
5
oc
ta

ve
ban

d center frequencies

Shape optimization of noise barriers | Instituto Universitario SIANI 139



6 Methodology applied to the study of diffuser-based barriers

6.3 Numerical shape optimization

6.3.1 Description of the topological models

di

di
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6.3.2 Designs after optimization
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di

.

6.3.3 Designs for practical use

Shape optimization of noise barriers | Instituto Universitario SIANI 143



6 Methodology applied to the study of diffuser-based barriers

2.0

2.5

3.0

S
ym

m
e
tr

ic
 (

a
)

y 
[m

]

BEST OPTIMUM PROFILES

2.0

2.5

3.0

N
o
n
-s

ym
m

e
tr

ic
 (

a
)

y 
[m

]

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

IL
 [
d
B

]

IL EVOLUTION FOR 1/15-OCTAVE BAND CENTER FREQUENCIES

3m vertical screen. ILtotal = 13.93 dB(A)
Symmetric (a). ILtotal = 16.99 dB(A)

Non-symmetric (a). ILtotal = 17.13 dB(A)
Completely filled wells. ILtotal = 14.68 dB(A)

Completely empty wells. ILtotal = 16.08 dB(A)

2.0

2.5

3.0

S
ym

m
e
tr

ic
 (

b
)

y 
[m

]

2.0

2.5

3.0

N
o
n
-s

ym
m

e
tr

ic
 (

b
)

y 
[m

]

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

IL
 [
d
B

]

3m vertical screen. ILtotal = 13.93 dB(A)
Symmetric (b). ILtotal = 16.62 dB(A)

Non-symmetric (b). ILtotal = 16.62 dB(A)
Completely filled wells. ILtotal = 14.09 dB(A)

Completely empty wells. ILtotal = 13.55 dB(A)

2.0

2.5

3.0

S
ym

m
e
tr

ic
 (

c)

y 
[m

]

2.0

2.5

3.0

-0.5 0.0 0.5

N
o
n
-s

ym
m

e
tr

ic
 (

c)

y 
[m

]

x [m]

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

100 125 160 200 250 315 400 500 630 800 10001250 160020002500 3150 40005000

IL
 [
d
B

]

f [Hz]

3m vertical screen. ILtotal = 13.93 dB(A)
Symmetric (c). ILtotal = 18.75 dB(A)

Non-symmetric (c). ILtotal = 19.03 dB(A)
Completely filled wells. ILtotal = 14.56 dB(A)

Completely empty wells. ILtotal = 17.73 dB(A)

144 Shape optimization of noise barriers | Instituto Universitario SIANI



Methodology applied to the study of diffuser-based barriers 6

16.5

17.0

17.5

M
O

D
E

L
 (

a
)

O
F

 [
d
B

(A
)]

Symmetric. Average OF of the best solutions at each run (OF = 16.97 dB(A) at final generation)
Non-symmetric. Average OF of the best solutions at each run (OF = 17.09 dB(A) at final generation)

Symmetric. Best OF value from the 5 runs (OF = 16.99 dB(A) at final generation)
Non-symmetric. Best OF value from the 5 runs (OF = 17.13 dB(A) at final generation)

15.0

15.5

16.0

16.5

17.0

M
O

D
E

L
 (

b
)

O
F

 [
d
B

(A
)]

Symmetric. Average OF of the best solutions at each run (OF = 16.60 dB(A) at final generation)
Non-symmetric. Average OF of the best solutions at each run (OF = 16.59 dB(A) at final generation)

Symmetric. Best OF value from the 5 runs (OF = 16.62 dB(A) at final generation)
Non-symmetric. Best OF value from the 5 runs (OF = 16.62 dB(A) at final generation)

18.0

18.5

19.0

19.5

100 200 300 400 500 600 700 800 900 1000

M
O

D
E

L
 (

c)

O
F

 [
d
B

(A
)]

Generation

Symmetric. Average OF of the best solutions at each run (OF = 18.74 dB(A) at final generation)
Non-symmetric. Average OF of the best solutions at each run (OF = 19.01 dB(A) at final generation)

Symmetric. Best OF value from the 5 runs (OF = 18.75 dB(A) at final generation)
Non-symmetric. Best OF value from the 5 runs (OF = 19.03 dB(A) at final generation)

Shape optimization of noise barriers | Instituto Universitario SIANI 145



6 Methodology applied to the study of diffuser-based barriers

-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0
x [m]

50 55 60 65 70 75 80 85 90 95 100

0.0

1.0

2.0

3.0

4.0

5.0

y 
[m

]

50 55 60 65 70 75 80 85 90 95 100

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
x [m]

2.75

3.00

3.25

3.50

3.75

0.0

1.0

2.0

3.0

4.0

5.0

y 
[m

]

3.00

2.00

2.25

2.50

2.75

0.0

1.0

2.0

3.0

4.0

5.0

y 
[m

]

2.25

2.50

2.75

3.00

3.25

0.0

1.0

2.0

3.0

4.0

5.0

y 
[m

]

2.00

2.25

2.50

2.75

3.00

SPLtotal [dB(A)] SPLtotal [dB(A)] 

146 Shape optimization of noise barriers | Instituto Universitario SIANI



Methodology applied to the study of diffuser-based barriers 6

di

d1
d2
d3
d4
d5
d6
d7
d8
d9
d10
d11
d12
d13
d14
d15
d16
d17
d18
d19
d20
d21
d22
d23
d24

.

Shape optimization of noise barriers | Instituto Universitario SIANI 147



6 Methodology applied to the study of diffuser-based barriers

Optimum 
symmetric
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6.3.4 Discussion of the results
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7.MULTIOBJECTIVE
OPTIMIZATION
OF VERY THIN
BARRIERS WITH
IMPROVED
PERFORMANCE

7.1 Description of the multi-objective
optimization framework

7.2 Numerical simulations
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7.1 Description of themulti-objective optimization frame-
work
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7.1.1 Bi-dimensional configuration

7.1.2 Definition of the conflicting objectives
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7.2 Numerical simulations

7.2.1 Description of the models

7.2.2 Designs after optimization
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 1: OF1 = -19.31 [dBA] ; OF2 = 8.70 [m]

 2: OF1 = -18.83 [dBA] ; OF2 = 6.63 [m]

 3: OF1 = -18.64 [dBA] ; OF2 = 5.77 [m]

 4: OF1 = -17.84 [dBA] ; OF2 = 3.90 [m]

 5: OF1 = -17.31 [dBA] ; OF2 = 3.36 [m]

 6: OF1 = -15.08 [dBA] ; OF2 = 2.91 [m]

 7: OF1 = -14.02 [dBA] ; OF2 = 2.85 [m]

 1: OF1 = -18.58 [dBA] ; OF2 = 4.19 [m]

 2: OF1 = -17.72 [dBA] ; OF2 = 3.65 [m]

 3: OF1 = -17.71 [dBA] ; OF2 =3.37 [m]

 4: OF1 = -16.55 [dBA] ; OF2 = 3.20 [m]

 5: OF1 = -15.89 [dBA] ; OF2 = 3.04 [m]
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 7: OF1 = -14.13 [dBA] ; OF2 = 2.86 [m]
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 1: OF1 = -20.55 [dBA] ; OF2 = 4.63 [m]

 2: OF1 = -19.68 [dBA] ; OF2 = 4.47 [m]

 3: OF1 = -19.03 [dBA] ; OF2 = 4.14 [m]

 4: OF1 = -18.34 [dBA] ; OF2 = 3.70 [m]

 5: OF1 = -16.48 [dBA] ; OF2 = 3.18 [m]

 6: OF1 = -15.03 [dBA] ; OF2 = 2.95 [m]

 7: OF1 = -13.89 [dBA] ; OF2 = 2.89 [m]

 1: OF1 = -19.49 [dBA] ; OF2 = 5.03 [m]

 2: OF1 = -19.32 [dBA] ; OF2 = 4.66 [m]

 3: OF1 = -18.67 [dBA] ; OF2 = 4.33 [m]

 4: OF1 = -18.12 [dBA] ; OF2 = 3.99 [m]

 5: OF1 = -17.59 [dBA] ; OF2 = 3.30 [m]

 6: OF1 = -15.63 [dBA] ; OF2 = 2.97 [m]

 7: OF1 = -14.01 [dBA] ; OF2 = 2.85 [m]
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 1: OF1 = -19.35 [dBA] ; OF2 = 4.17 [m]

 2: OF1 = -19.29 [dBA] ; OF2 = 3.54 [m]

 3: OF1 = -18.18 [dBA] ; OF2 = 3.37 [m]

 4: OF1 = -16.71 [dBA] ; OF2 = 2.91 [m]

 5: OF1 = -15.42 [dBA] ; OF2 = 2.91 [m]

 6: OF1 = -14.53 [dBA] ; OF2 = 2.86 [m]

 7: OF1 = -14.02 [dBA] ; OF2 = 2.85 [m]

 1: OF1 = -19.49 [dBA] ; OF2 = 4.11 [m]

 2: OF1 = -19.19 [dBA] ; OF2 = 3.80 [m]

 3: OF1 = -18.73 [dBA] ; OF2 = 3.42 [m]

 4: OF1 = -17.52 [dBA] ; OF2 = 3.14 [m]

 5: OF1 = -15.94 [dBA] ; OF2 = 2.94 [m]

 6: OF1 = -14.93 [dBA] ; OF2 = 2.88 [m]

 7: OF1 = -14.05 [dBA] ; OF2 = 2.85 [m]
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 1: OF1 = -19.40 [dBA] ; OF2 = 7.66 [m]

 2: OF1 = -19.25 [dBA] ; OF2 = 4.17 [m]

 3: OF1 = -18.60 [dBA] ; OF2 = 3.36 [m]

 4: OF1 = -17.81 [dBA] ; OF2 = 3.20 [m]

 5: OF1 = -15.85 [dBA] ; OF2 = 2.98 [m]

 6: OF1 = -15.35 [dBA] ; OF2 = 2.88 [m]

 7: OF1 = -14.31 [dBA] ; OF2 = 2.86 [m]

 1: OF1 = -19.36 [dBA] ; OF2 = 4.11 [m]

 2: OF1 = -19.12 [dBA] ; OF2 = 3.43 [m]

 3: OF1 = -17.56 [dBA] ; OF2 = 3.11 [m]

 4: OF1 = -17.14 [dBA] ; OF2 = 2.94 [m]

 5: OF1 = -16.20 [dBA] ; OF2 = 2.88 [m]

 6: OF1 = -15.05 [dBA] ; OF2 = 2.87 [m]

 7: OF1 = -14.26 [dBA] ; OF2 = 2.87 [m]
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 1: OF1 = -19.29 [dBA] ; OF2 = 5.88 [m]

 2: OF1 = -18.83 [dBA] ; OF2 = 4.45 [m]

 3: OF1 = -18.51 [dBA] ; OF2 = 3.81 [m]

 4: OF1 = -17.41 [dBA] ; OF2 = 3.45 [m]

 5: OF1 = -14.77 [dBA] ; OF2 = 2.81 [m]

 6: OF1 = -13.28 [dBA] ; OF2 = 2.61 [m]

 7: OF1 = -10.55 [dBA] ; OF2 = 2.18 [m]

 1: OF1 = -19.22 [dBA] ; OF2 = 5.92 [m]

 2: OF1 = -18.59 [dBA] ; OF2 = 4.38 [m]

 3: OF1 = -17.76 [dBA] ; OF2 = 3.51 [m]

 4: OF1 = -16.43 [dBA] ; OF2 = 3.14 [m]

 5: OF1 = -15.28 [dBA] ; OF2 = 2.87 [m]

 6: OF1 = -11.52 [dBA] ; OF2 = 2.24 [m]

 7: OF1 = -10.05 [dBA] ; OF2 = 2.16 [m]
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 1: OF1 = -20.53 [dBA] ; OF2 = 4.75 [m]

 2: OF1 = -19.88 [dBA] ; OF2 = 4.56 [m]

 3: OF1 = -19.38 [dBA] ; OF2 = 4.33 [m]

 4: OF1= -17.25 [dBA] ; OF2 = 3.81 [m]

 5: OF1 = -17.25 [dBA] ; OF2 = 3.71 [m]

 6: OF1 = -16.17 [dBA] ; OF2 = 3.44 [m]

 7: OF1 = -15.23 [dBA] ; OF2 = 3.31 [m]

 1: OF1 = -20.50 [dBA] ; OF2 = 4.74 [m]

 2: OF1 = -19.97 [dBA] ; OF2 = 4.53 [m]

 3: OF1 = -18.87 [dBA] ; OF2 = 4.20 [m]

 4: OF1 = -17.66 [dBA] ; OF2 = 3.92 [m]

 5: OF1 = -16.78 [dBA] ; OF2 = 3.58 [m]

 6: OF1 = -15.70 [dBA] ; OF2 = 3.37 [m]

 7: OF1 = -14.98 [dBA] ; OF2 = 3.31 [m]
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 1: OF1 = -21.51 [dBA] ; OF2 = 4.81 [m]

 2: OF1 = -21.00 [dBA] ; OF2 = 4.76 [m]

 3: OF1 = -20.99 [dBA] ; OF2 = 4.64 [m]

4: OF1 = -20.20 [dBA] ; OF2 = 4.45 [m]

 5: OF1 = -19.28 [dBA] ; OF2 = 4.33 [m]

 6: OF1 = -18.25 [dBA] ; OF2 = 4.27 [m]

 7: OF1 = -17.43 [dBA] ; OF2 = 4.23 [m]

 1: OF1 = -21.12 [dBA] ; OF2 = 4.68 [m]

 2: OF1 = -20.99 [dBA] ; OF2 = 4.66 [m]

 3: OF1 = -20.92 [dBA] ; OF2 = 4.58 [m]

 4: OF1 = -20.04 [dBA] ; OF2 = 4.40 [m]

 5: OF1 = -19.12 [dBA] ; OF2 = 4.33 [m]

 6: OF1 = -18.10 [dBA] ; OF2 = 4.23 [m]

 7: OF1 = -16.80 [dBA] ; OF2 = 4.21 [m]
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 1: OF1 = -21.27 [dBA] ; OF2 = 5.75 [m]

 2: OF1 = -21.05 [dBA] ; OF2 = 5.47 [m]

 3: OF1 = -19.23 [dBA] ; OF2 = 4.93 [m]

 4: OF1 = -18.97 [dBA] ; OF2 = 4.88 [m]

 5: OF1 = -17.96 [dBA] ; OF2 = 4.63 [m]

 6: OF1 = -15.91 [dBA] ; OF2 = 4.26 [m]

 7: OF1 = -15.38 [dBA] ; OF2 = 4.20 [m]

 1: OF1 = -20.80 [dBA] ; OF2 = 5.78 [m]

 2: OF1 = -20.79 [dBA] ; OF2 = 5.63 [m]

 3: OF1 = -19.63 [dBA] ; OF2 = 4.98 [m]

 4: OF1 = -18.07 [dBA] ; OF2 = 4.65 [m]

 5: OF1 = -17.60 [dBA] ; OF2 = 4.55 [m]

 6: OF1 = -16.73 [dBA] ; OF2 = 4.37 [m]

 7: OF1 = -15.38 [dBA] ; OF2 = 4.20 [m]
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7.2.3 Discussion
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B.3 METODOLOGÍA APLICADA A LA OPTIMIZACIÓN DE PAN-
TALLAS CON DISPOSITIVOS DIFUSORES
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B.3.1 Dispositivos de borde basados en difusores para la atenuación
del sonido en problemas de acústica exterior
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GEOMETRÍA REAL
VOLUMÉTRICA

GEOMETRÍA VOLUMÉTRICA
CON ELEMENTOS IDEALIZADOS

(a)

GEOMETRÍA REAL
VOLUMÉTRICA

GEOMETRÍA VOLUMÉTRICA
CON ELEMENTOS IDEALIZADOS

(b)

B.3.2 Descripción del proceso de optimización
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1 2 3

Elementos parabólicos (3 nodos)

Shape optimization of noise barriers | Instituto Universitario SIANI 233



B Summary of the dissertation in Spanish

Configuración bidimensional estudiada

βb = βg = 0

= .

Determinación de la eficacia acústica de la pantalla

= − ·
( )

[ ]
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Descripción general del proceso
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B.3.3 Optimización numérica

Descripción de los modelos topológicos

di

di
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Diseños obtenidos tras la optimización
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Diseños de uso práctico

Discusión de los resultados
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Óptimo 
simétrico

SPLtotal=58.61

Mod. #1 Mod. #2 Mod. #3 Mod. #4 Mod. #5 Mod. #6 Mod. #7

SPLtotal=58.75 SPLtotal=59.00 SPLtotal=59.65 SPLtotal=60.06 SPLtotal=60.80 SPLtotal=59.56 SPLtotal=59.99 SPLtotal=61.69

Okubo et al., 1998 

Óptimo no 
simétrico

SPLtotal=58.62 SPLtotal=59.03 SPLtotal=59.08 SPLtotal=59.10 SPLtotal=59.10 SPLtotal=59.52 SPLtotal=59.42 SPLtotal=59.30 SPLtotal=61.64

Referencia 

248 Shape optimization of noise barriers | Instituto Universitario SIANI



Summary of the dissertation in Spanish B

35

40

45

50

55

60

65

70

75

100 125 160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000

S
P

L 
[d

B
]

f [Hz]

Pantalla recta de 3 m - SPLtotal = 61.58 dB(A)
QRD por Monazzam et al., 2005 - SPLtotal = 59.06 dB(A)

Mejor optimo simetrico (a) - SPLtotal = 58.24 dB(A)
Mejor optimo no simentrico (a) - SPLtotal = 58.10 dB(A)

d i

d1 d6
d2 d5 d3 d4

di

Shape optimization of noise barriers | Instituto Universitario SIANI 249



B Summary of the dissertation in Spanish

250 Shape optimization of noise barriers | Instituto Universitario SIANI



Summary of the dissertation in Spanish B

B.4 RESUMEN, CONCLUSIONES Y DESARROLLOS FUTUROS

B.4.1 Resumen y conclusiones
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Sobre la optimización de forma de pantallas muy delgadas
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Sobre la optimización de forma de pantallas con dispositivos difusores
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Sobre la optimización multi-objetivo de pantallas muy delgadas

B.4.2 Desarrollos futuros
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