N
N

N

HAL

open science

State estimation and inverse modeling applied to noise
pollution at a urban scale

Antoine Lesieur

» To cite this version:

Antoine Lesieur. State estimation and inverse modeling applied to noise pollution at a urban scale.

Acoustics [physics.class-ph]. Sorbonne Université, 2021. English. NNT: 2021SORUS109 .

03370707

HAL Id: tel-03370707
https://theses.hal.science/tel-03370707
Submitted on 8 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-03370707
https://hal.archives-ouvertes.fr

th -

. S O R B O N N E informatiques y 4 mathématiques

UNIVERSITE 2R —

Sorbonne Université

Ecole doctorale : ED 386
Sciences Mathématiques de Paris Centre

Inria

These de Doctorat
en
Mathématiques appliquées

présentée par

Antoine LESIEUR

ESTIMATION D’ETAT ET MODELISATION
INVERSE APPLIQUEES A LA POLLUTION
SONORE EN MILIEU URBAIN

Soutenue le 09/09/2021 devant un jury composé de :

M. Claudio GUARNACCIA Université de Salerne rapporteur

M. Olivier ROUSTANT INSA Toulouse rapporteur

M. Julien SALOMON INRIA directeur de these
M. Vivien MALLET INRIA encadrant de these
M. Arnaud CAN Université Gustave Eiffel — encadrant de these
M. Régis MARCHIANO Sorbonne Université examinateur
Mme. Olga MuLA Université Paris Dauphine examinatrice

M. Pierre AUMOND Université Gustave Eiffel  invité






Le bruit fait peu de bien, le bien fait
peu de bruit.

Saint Francois de Sales



Exergue

“Durant le temps nécessaire a I’écriture de ce livre, le site d’observation américain de
Mauna Loa !, & Hawaii, indique que la concentration de CO5 atmosphérique a franchi
la barre des 400, puis des 410 ppm. Cette mesure, qui enregistre la transformation du
climat d’origine humaine, prouve qu’a I’échelle d’une activité aussi minuscule que la
rédaction d’un ouvrage de philosophie, la réalité écologique se dégrade silencieusement
dans des proportions spectaculaires. Indiquons seulement que cette valeur était restée
sous la barre des 300 ppm pendant 'intégralité de I'histoire humaine préindustrielle et
que l'auteur de ces lignes est né a 340 ppm. Une étude allemande tres médiatisée (Hall-
mann et al., 2017) a également montré que la biomasse d’insectes volants a été réduite
de 76 % en vingt-sept ans : malgré les mesures de protection et la création de zones natu-
relles, trois quarts des insectes ont disparus en quelques décennies. Et cela n’est encore
qu’un indice au milieu d’un vaste ensemble de recherches sur la dégradation des sols,
des eaux, des fonctions de pollinisation et d’entretien des écosystémes, qui indiquent
que la transformation de la Terre se déroule désormais & un rythme commensurable
avec la durée d’une vie, et méme d’un simple projet d’écriture.

Lors de la méme période de cing ans, le paysage politique mondial a subi des transfor-
mations tout aussi sidérantes. L’accession au pouvoir de Donald Trump aux Etats-Unis
en 2017, de Jair Bolsonaro au Brésil en 2019, mais aussi la victoire des partisans du
Brexit des juin 2016 sont les repéres les plus nets dans une série d’événements souvent
interprétés comme la désagrégation de I'ordre libéral. Un peu partout dans le monde,
un mouvement de retour aux frontiéres et de conservatisme social fédére certains per-
dants du globalisme désespérément a la recherche de nouveaux protecteurs et des élites
économiques décidées a entrainer les peuples dans le jeu de la rivalité entre nations
pour préserver I’accumulation de capital. Un peu plus tét pourtant, les accords de Pa-
ris signés dans ’enthousiasme général en décembre 2015 laissaient entrevoir I’émergence
d’une diplomatie d’un nouveau genre, chargée de faire entrer dans ’ére climatique le
concert des nations. En dépit des faiblesses constitutives de cet accord, c’est a cette
articulation entre coopération diplomatique et politique climatique que se sont atta-
qués les nouveaux maitres du chaos : pas question en effet pour eux de fonder un ordre
mondial sur la limitation de I’économie.

Durant cette méme période encore, nous avons pu assister a la multiplication des
fronts de contestation sociale qui mettent directement ou indirectement en question
I’état de la Terre. Les derniéres corrections apportées a ce livre se sont faites au rythme
des mobilisations des Gilets jaunes en France, dont on ne peut oublier qu’elles ont été
déclenchées par un projet de taxe sur les carburants. L’invention d’un nouveau rapport
au territoire au sein de la ZAD de Notre-Dame-des-Landes, ou a ’occasion du conflit
entre les habitants de la réserve amérindienne de Standing Rock et le projet de pipeline
au Dakota, a débuté au moment ou je commencais, dans mes séminaires, a nouer des
liens entre I'histoire de la pensée politique moderne et la question des ressources, de
I’habitat et plus largement des conditions matérielles d’existence. L’actualité en somme,
confirme et alimente sans cesse 'idée d’une réorientation des conflits sociaux autour
des subsistances humaines. Mais & c6té de tout cela, a c6té des marches pour le climat,

1. gml.noaa.gov/ccgg/trends/



des discours de Greta Thunberg, des opérations de désobéissance menées par Extinc-
tion Rebellion & Londres, il y avait aussi Haiti, Porto Rico, Houston : L’intensification
des ouragans tropicaux et la faillite des réponses gouvernementales ont fait de la vul-
nérabilité climatique le révélateur d’inégalités sociales de plus en plus politisées. La
distribution des richesses, des risques, des mesures de protection oblige & comprendre
dans un méme geste la destinée des choses, des peuples, des lois et des machines qui les
assemblent.

Cing ans suffisent donc a enregistrer des mutations capitales. Cinq ans suffisent a
regarder un passé pourtant proche comme un univers totalement différent de celui
dans lequel on évolue désormais, et vers lequel on ne reviendra jamais. La rapidité de
ces évolutions nous laisse aussi devant une question plus sombre : ol en serons nous
quand cinq ans de plus se seront écoulés ?7”

Pierre Charbonnier,
Introduction de Abondance et Liberté, 2020.






Résumé

La pollution sonore est un probleme de santé publique bien identifié par les au-
torités sanitaires. Une exposition prolongée a des niveaux de bruit trop élevés peut
entrainer différents types de complications, qu’elles soient de natures psychiques ou
cardio-vasculaires. Dans une étude publiée en février 2019, Bruitparif, I’organisme de
surveillance du bruit en Ile-de-France, a conclu qu’a I’échelle de ’agglomération pari-
sienne, ce sont 3 années de vie en bonne santé qui sont perdues & cause de la pollution
sonore.

Afin d’établir 'exposition au bruit des populations, des cartes de bruit sont régulie-
rement générées a la demande des agglomérations et en conformité avec les réglementa-
tions de I'Union européenne. Ces cartes sont produites par des bureaux d’études, pour
les sources de bruit principales que sont les trafics routier, ferré et aérien, ainsi que
les principales industries. Pour le trafic routier, qui est reconnu comme étant la source
de bruit principale en milieu urbain, elles sont le résultat de simulations qui estiment
le niveau de bruit a partir des données de circulation, des données météorologiques,
de la topographie, de la distribution des batiments et de la végétation. Les données
qui varient dans le temps sont moyennées a 1’échelle annuelle. Les cartes obtenues sont
donc une estimation de la distribution spatiale des niveaux de bruit moyens sur la zone
d’étude. Ces données sont en plus limitées dans I’espace, et il existe une incertitude qui
empéche de connailtre précisément le trafic moyen annuel sur I’ensemble des voies de
la zone d’étude. Des estimations génériques complétent donc les mesures de trafic en
remplissant les zones non mesurées avec des données trafic qui sont des fonctions de
la nature de la voie. La précision des cartes de bruit est limitée aussi par la durée du
temps de calcul qui impose d’avoir des modeéles assez simple de la propagation acous-
tique. Il est aussi a noter que lors de comparaisons a des mesures sonométriques, il peut
y avoir une différence importante par le fait que, dans le cadre de cette étude, seules les
données de bruit routier sont prises en compte dans la simulation. Enfin, le fait d’avoir
en général une carte annuelle interdit d’estimer 1’évolution temporelle des niveaux de
bruit.

En plus de cartes de bruit, les parties prenantes réalisent parfois des campagnes
de mesures de niveaux de bruit a I’aide de sonomeétres. Ils mesurent ainsi 1’évolution
temporelle du niveau de bruit a une série d’endroits donnés. Ces données donnent un
reflet plus complet et réaliste du niveau sonore réel que les résultats des simulations de
cartes de bruit mais elles sont tres locales. Dans le cas de mesures fixes, elles permettent
de ne connaitre le niveau de bruit qu’a I’endroit ou ’appareil de mesure est situé. Elles
sont également cofiteuses, ce qui interdit un quadrillage extensif d’une zone avec un
réseau de capteurs.

Combiner les approches de la modélisation et des mesures permettrait d’augmenter la
quantité de données utiles pour la production des cartes de bruit. Une carte de bruit qui
combine les deux approches peut pallier les limitations de la simulation et des mesures,
et fournir une cartographie dynamique et en temps réel des niveaux sonores.

L’objectif de cette theése est de mettre en oeuvre des méthodes dites d’assimilation
de données pour unir les bénéfices des deux approches, simulation et observation. Ces
méthodes utilisent a la fois un simulateur de cartes de bruit et les données d’obser-



vation d’'un réseau de capteurs de niveaux de bruit distribués sur ’ensemble d’une
zone d’étude donnée. La premiere méthode propose d’ajouter une couche de correction
aux simulations de cartes de bruit qui dépend des observations a un instant donné.
La seconde méthode propose une paramétrisation des données d’entrée du simulateur
qui utilise les niveaux de bruit observés. Afin de contourner la contrainte du temps
de calcul lié a la simulation numérique, il est possible de générer des cartes de bruits
en quelques millisecondes a partir de nouveaux parametres a l'aide d’un méta-modele,
c’est-a-dire d’'un algorithme qui reproduit fidélement le comportement du simulateur
sur une zone donnée grace a des méthodes statistiques. Sa construction et 1’étude de ses
performances est ’objet du chapitre II. La mise en application des méthodes d’assimi-
lation de données faisant usage du méta-modele est ’objet des chapitres III et IV. Dans
le chapitre III, I’étude porte sur une méthode de correction d’une carte, générée par
le méta-modele, en utilisant les niveaux de bruit observés. Cette méthode est appelée
BLUE pour Best Linear Unbiased Estimator. Le chapitre IV quant a lui, s’intéresse
a une méthode de modélisation, la modélisation inverse, dont le but est de générer
les parametres d’entrée du méta-modele grace auxquels la carte simulée obtenue ap-
proche au mieux les données fournies par les sonometres. Ce chapitre étudie également
une combinaison des méthodes de modélisation inverse et d’assimilation de données
BLUE avec une méthode appelée JSPE pour Joint State Parameter Estimation. De
plus , cette méthode permet, dans certaines conditions, de s’affranchir de ’acquisition
préalable de données trafic et météorologiques en temps réel. Ce travail de these se
termine par le chapitre V avec I’étude d’'une méthode de diagnostic et d’estimation des
parametres d’une matrice de covariance. En effet, pour mener a bien I’assimilation de
données, il est nécessaire d’introduire les matrices de covariance des erreurs d’ébauche
et d’observation. Les composantes de ces matrices dépendent d’un vecteur de para-
metres inconnu. Il convient donc de diagnostiquer des parametres estimés a priori. Les
ouvertures qu’amenent ces résultats sont mentionnés a la fin de la these :

— l’extension de I'application des méta-modeles a ’analyse de sensibilité ;

— D’enrichissement des méta-modeles avec un nombre de parametres plus élévé afin

d’analyser plus finement la distribution des niveaux de bruits;
— I’étude de l'optimisation de la distribution des réseaux de mesures destinés a
I’assimilation de données.



Abstract

Noise pollution is a public health problem well identified by health authorities. Pro-
longed exposure to excessively high noise levels can lead to various types of complica-
tions, both psychological and cardiovascular. In a study published in February 2019,
Bruitparif, the noise monitoring organization in the Paris region, concluded that in the
Paris metropolitan area, 3 years of healthy life are lost due to noise pollution.

In order to establish the noise exposure of populations, noise maps are regularly gen-
erated at the request of the agglomerations and in compliance with European Union
regulations. These maps are produced by engineering offices for the main sources of
noise such as road, rail and air traffic, as well as the main industries. For road traffic,
which is recognized as the main noise source in urban areas, they are the result of
simulations that estimate the noise level from traffic data, meteorological data, topog-
raphy, building distribution and vegetation. Data that vary over time are averaged on
an annual basis. The resulting maps are therefore an estimate of the spatial distri-
bution of average noise levels over the study area. These data are moreover spatially
limited, there exists some uncertainties which prevent to know precisely the annual
average traffic on all the roads in the study area. Generic estimates therefore com-
plement the traffic measurements by filling in the unobserved areas with traffic data
that are functions of the nature of the road. The accuracy of the noise maps is also
limited by the length of the computation time, which requires fairly simple models of
the acoustic propagation. It should also be noted that in comparisons with sonometric
measurements, there can be an important difference by the fact that in this study, only
road noise data are taken into account in the simulation. Finally, usually working on
an annual map makes it impossible to study the temporal evolution of noise levels.

In addition to noise maps, stakeholders sometimes carry out noise level measurement
campaigns using sound level meters. In this way, they measure the temporal evolution
of noise levels at a series of given locations. These data give a more complete and
realistic reflection of the actual noise level than the results of noise map simulations,
but they are very local, in the case of fixed measurements they allow to know the noise
level only at the level where the measuring device is placed. They are also expensive,
which prohibits an extensive gridding of an area with a network of sensors.

Combining modeling and measurement approaches would increase the amount of
data useful for the production of noise maps. A noise map that combines the two
approaches can overcome the limitations of simulation and measurement and provide
dynamic, real-time mapping of noise levels.

The objective of this thesis is to implement so-called data assimilation methods to
unite the benefits of both approaches, simulation and observation. These methods use
both a noise map simulator and observation data from a network of noise level sensors
distributed over a given study area. The first method proposes to add a correction
layer to noise map simulations that depends on the observations at a given time. The
second method proposes a parameterization of the simulator input data using the ob-
served noise levels. In order to circumvent the computation time constraint related to
numerical simulation, it is possible to generate noise maps in a few milliseconds from
new parameters using a meta-model, i.e. an algorithm that faithfully reproduces the
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simulator’s behavior over a given area using statistical methods. Its construction and
the study of its performance is the subject of chapter II. The implementation of data
assimilation methods using the meta-model is the subject of chapters III and IV. In
the chapter III, the study deals with a method for correcting a map, generated by the
meta-model, using the observed noise levels. This method is called BLUE for Best Lin-
ear Unbiased Estimator. As for the chapter IV, it deals with a modeling method, the
inverse modeling, whose goal is to generate the input parameters of the meta-model,
thanks to which the simulated map obtained approaches as well as possible the data
provided by the sound level meters. This chapter also studies a combination of inverse
modeling and BLUE data assimilation methods with a method called JSPE for Joint
State Parameter Estimation. In addition, this method allows, under certain conditions,
to dispense with the prior acquisition of traffic and meteorological data in real time.
This thesis work ends with the chapter V, which proposes a diagnostic and estimation of
the parameters of a covariance matrix. Indeed, in order to carry out data assimilation,
it is necessary to introduce the covariance matrices of the background and observation
errors. The components of these matrices depend on an unknown vector of parame-
ters. It is therefore necessary to diagnose estimated parameters a priori. The openings
brought by these results are mentioned at the end of the thesis:

— the extension of the application of meta-models to sensitivity analysis;

— the enrichment of the meta-models with a higher number of parameters in order

to analyze more finely the distribution of noise levels;
— the study of the optimization of the distribution of measurement networks for
data assimilation.
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Foreword

There is a growing need for city planners to monitor the noise pollution across their
administration area, in order to develop decision-making tools or to supervise the pop-
ulation exposed to this annoyance.

It is possible to harvest observed noise data with an array of sound level meters
scattered across a study area. This method provides very accurate data about the
noise levels at point locations. It can also be used for special events such as outdoor
concerts or public works. However, the noise level can only be known in the vicinity of
the sound level meter.

An other way to monitor the noise level distribution is to perform a noise map across
the study area. This map is computed with a noise mapping reference software which
takes as inputs traffic data, weather data, topographic data and sets as outputs the
resulting noise level for each element of a grid of receptors. These noise maps suffer
from a lack of accuracy due to the time and space approximations of the noise sources,
and the approximations in the sound propagation calculation.

A new study area is the production of dynamic noise maps which allows to compute
the noise distribution every hour to improve the noise exposure assessment. Dynamic
noise mapping requires the generation of a large amount of noise maps and thus moti-
vates the creation of techniques designed to reduce the necessary computation burden.
Statistical methods and supervised machine learning are promising tools and will help
to develop so-called meta-models which allow to quickly generate noise maps over a
defined study area.

Data assimilation allows to merge computed noise maps with noise observations.
The dynamic behavior of observed noise levels is very relevant and can provide useful
information which can be integrated to a noise map. The combination of meta-model
generated noise maps and observed noise levels give dynamic noise maps with a lower
RMSE than the simulation only.

Thesis Plan

Chapter I introduces the mathematical tools and concepts which will be used through-
out the thesis, data assimilation principles, meta-modeling principles, and the regular
statistical tools required for the study. In addition, some basic acoustics concepts are
defined in this section, metrics, noise measures and simulation principles. This section
has been written in order to make the document understandable for audiences with an
acoustical background as well as people with a mathematical background.

Chapter II exposes the construction process of the meta-model, latin hypercube
sampling, dimension reduction, interpolation (RBF and kriging). Once the meta-model
is built its performance is tested by comparing its outputs with the outputs of the
reference noise mapping software.

13



14

Chapter III presents the data assimilation method BLUE applied to the outputs of
the meta-model when its inputs are the observed traffic and weather data. Its perfor-
mance is evaluated with a leave-one-out cross-validation process and an improvement
of 30% of the root mean square error is observed between the noise map which uses
data assimilation and the output of the meta-model.

Chapter IV presents an inverse modeling method which helps finding the most ac-
curate input parameters of the parameters with respect to the observed noise levels.
A method called JSPE merges the results of the inverse modeling with the data as-
similation principles presented in Chapter III. These methods allow to reduce the root
mean square error even more than the BLUE data assimilation used in chapter III. In
addition, it can be performed in areas where no observation input is conducted.

Chapter V presents a new approch to perform a diagnosis of the parameterized
covariance matrices of the error between the predicted and observed noise levels used
in chapter III and IV. It is compared with the current diagnosis method called x?
diagnosis. The extension of this method to parameters approximation is also presented.

Chapter VI concludes this study. It gives some perspectives on further uses of meta-
models such as sensitivity analysis, further refinements of the meta-model and opti-
mization of the distribution of the sound level meters applied to data assimilation.
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. Introduction

We introduce in this chapter the notions of acoustics that will be used
throughout this manuscript. In particular, the means of calculation and ac-
quisition of noise levels will be presented, as well as the methods used for the
elaboration of noise maps. The second part of this chapter formally intro-
duces the elementary concepts of data assimilation. The third part presents
the meta-model and its underlying mathematical principles.
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20 1. Introduction

I.1. Environmental Acoustics

1.1.1. Acoustic waves and sound levels

Acoustics is the science that studies sounds and their propagation as longitudinal
pressure waves through elastic media. When an acoustic wave passes through a fluid
environment, the pressure, speed, temperature, entropy and volumic mass fields are
perturbed. The pressure field is written as follows:

P(X,t) = Pam +p1(X,1) (1.1)

With p1 < Pyt The pressure of the fluid at rest is the atmospheric pressure Py,
and p1 (X, t) represents the disturbance related to the passage of the wave. The sound
level at a point X is defined relative to the evolution of the value of p;(X,t) over time.
The space dependency will now be implied and omitted to simplify the notation, and
the perturbation will be noted p(t). Several noise characterizations can be defined, the
most commonly used being the SPL ("Sound Pressure Level"), expressed in decibels
(dB):

2
L, = 10logy, (pRMS) = 201logy, (pRMS> . (1.2)
Po Po

This level describes the power ratio between on the one hand p, and on the other hand
a reference level set at pg = 20 pPa. This reference level pg is defined as the audibility
threshold. In this equation, prass is the RMS value of the pressure signal, calculated
through an RMS ("root-mean-square") average over a time interval of duration 7":

PRMS = || % /OTPQ(t) dt. (1.3)

In practice, the mean RMS is estimated by measuring instruments through a discrete

sum
1N
PRMS = | 77 P2, (1.4)
n=1

where p,, are instantaneous pressure levels, measured periodically at a given sampling
frequency.

The pressure levels associated with a p acoustic disturbance are very low compared to
the atmospheric pressure level. For example, for an overpressure of 1 Pa, corresponding
to a (high) level of 94 dB, the ratio is

1

- _~1.107°, L5
1013.25-102 (L.5)

The non-linear effects, associated with the products of the perturbation terms in the
fluid mechanics equations, are therefore quite negligible.
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1.1.1.1. Summing and averaging sound levels

The acoustic level Ly resulting from the combination of two signals p1 (t) and pa(t),
can be computed with equations (I.2) and (I.3). The RMS pressure prass of the signal
during a time period T is then:

1 T
PtotRMS = \/T/O (p1 +p2)2(t) dt

= \/711 /OTP%(t) +p3(t) + 2 (p1p2)(t) dt.

When p; and po are not coherent signals, the last term of the sum is equal to zero, We
get:

2 2

P1 + p2

Lyp,,, = 101og; ( 1S 2 RMS) : (1.6)
0

We then define the sum of two acoustic levels from non coherent signals as:
Ly @& Ly = 10log;o(10%1/10 4 1082/10), (1.7)

This equation can be generalised with IV non coherent signals (p;)c[1, n:

N
Ly, =L1® Ly &... Ly = 10log <Zl 10Li/10> : (1.8)

1.1.1.2. Noise measures

The function of a measuring device is to convert the measured acoustic energy into
another form of energy (often electrical), as accurately as possible regarding the infor-
mation conveyed. Ideally, the acquired signal z is strictly proportional to the input
signal p, regardless of the frequency content of p. The reference instrument for mea-
suring the noise level is the sound level meter.

An audio aquisition device fulfills the following confitions:

— The frequency response, generally represented by the phase and amplitude trans-

fer functions between p(t) and x(¢);

— The dynamic, i.e. the difference between the maximum amplitude of a signal
which can be recorded without being distorted and the background sound level
produced by the recording device;

— The correctness, i.e. the uncertainty level related with the recording;

— The precision, i.e. the reproducibility of a recording.

The reference instrument for measuring sound levels is the sound level meter. There
are international metrological standards for classifying industrial sound level meters
according to the expected measurement quality. These standards define minimum
accuracies that the sound level meter under evaluation must achieve when subjected to
standardized stimuli (pure sounds at predefined frequencies).
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1.1.1.3. Perception and frequency weighting

A sound signal is characterized by its amplitude and frequency content. The dy-
namic range of the human ear extends over approximately 140dB, with a generally
accepted audible frequency range from 20 Hz to 20kHz (Huber and Runstein, 2013).
The sensitivity of the hearing system is highly dependent on frequency.

Measured sound levels are often corrected by means of frequency weightings to ac-
count for this dependence. Psychoacoustic studies (Fletcher and Munson (1933)) aimed
at measuring sound, i.e. the loudness as perceived by listeners, have been used as a
basis for defining different weightings. The curves representing the A, B, C, and D
weightings, as described by ANSI S1.4! are presented in figure I.1. These weightings
are constructed on the basis of an estimation of the pitch of pure (sinusoidal) sounds.
For this reason, other weightings, such as the one described in Geddes (1968), seem
to be more suitable for a use of environmental nuisance measurement, composed of
complex sounds, but their use has remained very limited in practice compared to the
A-weighting. For this reason, we will use A-weighting throughout this manuscript, un-
less otherwise stated. Z-weighting (for “zero”; or linear “dB”, refers to a level calculated
without frequency weighting.

+20
+10

0
(©)

Gain dB

A) (not defined) %

-50

10 100 1000 10k 100k

Figure I.1. — Gain (dB) of the usual weightings as a function of frequency.

1.1.1.4. frequency windowing

In this case study, the noise data is stored in octave band noise level. An octave
is a frequency interval [f1, fo] logarithmically centered around a frequency f.. The
logarithm means that logy(f1) = logy(f.) — & and logy(f2) = logy(fe) + 5. Hence,
the interval of an octave around f. is [%, v2f:]. In order to get the noise level at a
given octave, the raw signal x(t) is dicretized to z(n) with a given timestep 7 such that
xz(n) = x(n7). It is then filtered by a band pass filter to give the filtered signal y(n).
The general expression of the filter is:

1. https://law.resource.org/pub/us/cfr/ibr/002/ansi.s1.4.1983.pdf last consulted february
8, 2021
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k

14
y(n) = Z biy(n — i) + Z a;x(n —1) (1.9)
i=1

=0

Its transfer function is given after a Z-transform as:

A .
Yiz) _ 2iz0 @iz (1.10)
X(z) 1= bz

The simplest band pass filters are second order filter, i.e. £ = k = 2. It is possible to

study the harmonic behavior of these filters. The attenuation of the amplitude against
the frequency of the signal is given in figure 1.2.

H(z) =

T TTTTTT T T TTTTT T TTTTTT T TTTTTT T T TTTTT T TTTTT
~—~ 0
a8
=
<5}
<
Z
= =20
(o
g
o
g
<
© 40
L il Ll Ll L il Ll N

10° 10! 102 10° 10% 10° 109
frequency (Hz)

Figure 1.2. — Gain of the amplitude of an octave band pass filter

For each octave f;, we get a signal yy,(n) obtained by a band pass filter Hy,(z).

1.1.1.5. time windowing

The sound level meter calculates a moving average in real time in order to provide the
user with an overview of the evolution of the noise level. This is called the instantaneous
noise level. The duration (or number of samples) to be considered for this average must
be chosen with regard to perceptual aspects. For example, if the sounds measured are
very brief but of significant amplitude (shocks, detonations), it is better to use a short
duration window, in order to integrate the signal only during the period when it has a
significant power level. The use of a longer window would also integrate the part of the
signal of negligible power, and thus artificially reduce the value of the calculated noise
level. The calculation of a level with a time window is performed through the following
moving average:

L) = 20 o Wl [ () ()]

where yy, is the filtered signal for a given octave; 7 is a time window. The time
constant used in this study is called F (Fast) and lasts 125 ms. When no time windowing
is applied, the signal power y, is integrated for the entire measurement interval [0, 7).
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This is called the L., 1 level, or equivalent level: the level thus expressed is that of a
signal of constant power that would contain the same amount of energy as yy, during
the measurement interval.

1.1.1.6. construction of the noise level

The combination of the frequency and the time windowing gives for each time window
Y a set of noise levels for N octaves. It is possible to build the LAy noise level by
weighting the noise level of each frequency f; by its corresponding weight wy,. The
noise levels are shown in table I.1.

frequency f; (Hz) 63 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000
weighting wy, (dB) | -26.2 | -16.1 | -8.6 | -3.2 0 1.2 1.0 | -1.1

Table I.1. — attenuation table for the A weighting

The equivalent noise level at time ¢ is built as follows:

N
LA-(t) = 101logy, (Z 1o<wa<t>+wfi>/10> (1.12)

=1

With LAy (t;), it is possible to build an average noise level for a larger time period
Y’ at a given time ¢;. with T' = {¢;|t; — 7/ < t; < t;}, we get :

1

LAT/ (t]) = 10 loglo (’T‘

> 10840/ 10) (1.13)

teT

1.1.1.7. The L,4.,, noise index

This level is an indicator expressing an overall average level over the whole day (
day, evening, night). Together with the Ly, level, it is one of the indicators recom-
mended in the diagnosis of population exposure by the European "Environmental Noise
Directive 2002/49/EC" (END). Its expression is as follows:

12 4 . 8 |
Lgen = 101og; (2410Lday/ 10 ﬂ10(Levenmg+5>/ 10 ﬂ10<Lwht+10>/ 10) ;o (114)

where Lguy, Levening and Ly;gne respectively represent an average level during the fol-
lowing 3 periods of the day:

day from 7am to 7pm;

evening from 7pm to 11pm;

night from 11pm to 7am.

Penalties of 5dB and 10dB are thus introduced to reflect the increased discomfort of
local residents during the evening and night periods. The timetables are given as an
indication, and can be defined at the discretion of the Member State.
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1.1.2. Acoustic models and noise maps

Modelling can be used in acoustics to study the impact of environmental noise. In
particular, it is useful during studies prior to environmental modifications likely to
change the exposure of populations. Such modifications are, for example: the installa-
tion of new infrastructures (buildings, noise barriers), changing the surface of a roadway,
changing the speed limit of traffic lanes, etc. Modelling is also an essential complement
to in situ measurement which, although potentially accurate, is extremely costly in
terms of time and human resources when the area under study is significant or when its
geometry or meteorological conditions result in an inhomogeneous acoustic field. The
product of a simulation is typically a noise map, representing an acoustic level, for a
given duration, over a certain geographical area.

Different modeling strategies can be adopted. Depending on the desired level of
precision and the technical and material constraints, the methods employed may use
simple heuristics, ray tracing type methods, or solve the acoustic equations on the
studied domain using finite element type numerical methods. Whichever method is
considered, the first stage of modelling consists in defining the sources of noise and the
environment in which its propagation takes place.

The sources are defined by their location, directivity, power and frequency profile
over time. The profile of the noise radiated by a source depends strongly on its na-
ture. For this reason, specific computation methods have been established for different
source categories: road traffic (Besnard et al., 2009; Abbaléa et al., 2009), rail traffic
(van Leeuwen, 2000), air traffic (CEAC, 1997), and industrial noise (ISO 8297 stan-
dard). As road traffic is one of the main sources of environmental noise in urban areas,
its estimation has a major influence on the results of a model. Traffic is sometimes
estimated by numerical simulation (Mai, 2006).

The environment corresponds to the propagation medium and to all the physical
elements that will be on an acoustic trajectory connecting a source to a receiver, i.e.
a point in space where a noise value is to be calculated. The geometry of the terrain,
the reflective or absorbent character of the materials constituting this terrain, the
meteorological conditions (wind direction and speed, temperature) are all parameters
that have a strong influence on the results. The propagation of acoustic energy can take
place directly between source and receiver, but it is necessary to consider the phenomena
of specular reflection or absorption by surfaces, diffraction at the boundaries of objects,
and atmospheric absorption.

The calculation of the noise level at a given receiver is performed by summing the
energy contributions (equation (I.8)) from the surrounding sources. The consideration
of interference phenomena, i.e. the coherent interaction of signals from the same source,
is generally limited to the rays propagating in the same vertical plane. In order to limit
the complexity of the calculations, the spatial extent considered around a source, as
well as the number of reflections and diffractions to be considered on the path of a ray
coming from this source are often limited.

1.1.2.1. Noise mapping reference software: NoiseModelling

The noise mapping software used all along this study is called NoiseModelling (Bocher
et al., 2019). This software follows the Common NOise aSSessements MethodS in
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Europe (CNOSSOS-EU) (European Commission, 2015) which is the standard reference
in the European Union. In order to compute a noise map, the software proceeds in two
steps:

Noise emission The only e