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•Calcul Scientifique :  
• Elements finis, équations intégrales 
• Méthodes de compression 

•Audio numérique 
• Audio spatialisé, captation et restitution 
• Acoustique des salles et auralisation 
• Localisation dans l’espace 

•Développement logiciel 
• Prototypes en Matlab (Gypsilab, myBino, libRta, etc)  
• Librairies industrielles en C++ (matriX, ambisoniX, etc)

Principales thématiques



Partenaires



https://github.com/matthieuaussal/gypsilab

GYPSILAB

Avec la participation de : 
• François Alouges 
• Martin Averseng 
• Marc Bakry 
• Yosra Boukari 
• Algiane Froehly 
• Houssem Haddar 

A venir : 
• Sopie Brou 
• Dorian Lerévérend 
• Philippe Moireau



• Lecture/écriture de maillages (.ply, .vtk, .stl, .mesh, .msh, etc.) 
• n-d dimensions (n=0 à 3), simplex uniquement 
• Affichage 3d, avec ou sans données (plot) 
• Calcul de données élémentaires (volume, tangentes, normales, etc.) 
• Outils d’extraction (surfaces, arrêtes, noeuds) 
• Outils de manipulations (union, intersection, rotation, etc.) 
• Nettoyage et raffinement (surface uniquement) 
• Arbres récursifs (binaire, octree) 

classdef msh
properties 
    vtx = [];      % VERTEX COORDINATES (3 dimensions)
    elt = [];      % ELEMENTS LIST (particles, edges, triangles or tetrahedron)
    col = [];      % ELEMENT COLOR (group number)
end

Maillage

https://github.com/matthieuaussal/gypsilab/openMsh

https://github.com/matthieuaussal/gypsilab/openMsh


• Interface au remailleur MMG tools, avec Algiane Froehly 
(INRIA) 

• Utilise la structure msh 
• Maillage triangle 2d, 3d 
• Maillage tétra 3d 
• Interface par lecture/écriture de fichiers .mesh 
• Toutes les options de MMG sont disponibles (maillage 

uniforme, carte de taille, anisotropie, etc…)

Re-Maillage

https://github.com/matthieuaussal/gypsilab/openMmg

https://github.com/matthieuaussal/gypsilab/openMmg
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• Boite à outil d’éléments finis, avec François Alouges (CMAP) 
• openDom :  

• Quadrature numérique de Gauss (nd) 
• Fonction intégral() pour écrire des formulations variationelles 

en matlab (e.g. freefem, phénix, etc.) 
• Intégration semi-analytique de noyaux intégraux (2d, 3d) 

• openFem : 
• Elements finis P0, P1, P2 (nd) Raviart-Thomas, Nedelec (2d, 3d) 
• Condition de Dirichlet et jonctions par élimination 
• Intégrale sur domaine et intégrale de trace

Quadratures et Elements finis

https://github.com/matthieuaussal/gypsilab/openDom 
https://github.com/matthieuaussal/gypsilab/openFem

https://github.com/matthieuaussal/gypsilab/openDom


% Gypsilab path 
run('../../addpathGypsilab.m') 
  
% Meshes 
mesh  = mshDisk(1000,1); 
  
% Domain 
omega = dom(mesh,3); 
  
% Finites elements space 
u = fem(mesh,'P1'); 
v = fem(mesh,'P1'); 
  
% Graphical representation 
plot(mesh,'w');  
hold on 
plot(omega) 
plot(u,'go') 
hold off 
axis equal; 
title('Mesh representation') 
xlabel('X');   ylabel('Y');   zlabel('Z'); 
alpha(0.99)

Exemple d’utilisation FEM

% Rigidity matrix 
K = integral(omega,grad(u),grad(v)); 
  
% Mass matrix 
tic 
M = integral(omega,u,v); 
toc 

% Right hand side 
f = @(X) X(:, 1).^2; 
F = integral(omega,u,f); 
  
% Solving 
uh = (K+M)\F ; 
  
% Plot the solution 
figure 
graph(u,uh); 
title('Solution') 
xlabel('X');   ylabel('Y');   zlabel('Z'); 
view(30,30) 
  
disp('~~> Michto gypsilab !') 



Exemple d’utilisation FEM
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% Parameters 
N   = 1e3 
X0  = [-1 0 0] 
k   = 5 
PW  = @(X) exp(1i*k*X*X0'); 
  
% Meshes 
sphere = mshSphere(N,1); 
square = mshSquare(5*N,[5 5]); 
  
% Graphical representation 
figure 
plot(sphere) 
axis equal 
hold on 
plot(square) 
plot(sphere,real(PW(sphere.vtx))) 
plot(square,real(PW(square.vtx))) 
title('Incident wave') 
xlabel('X');   ylabel('Y');   zlabel('Z'); 
hold off 
  
% Helmholtz kernel = exp(ik|x-y|)/|x-y|  
Gxy = @(X,Y) 1/(4*pi)  .* femGreenKernel(X,Y,'[exp(ikr)/r]',k); 
  
% Domain 
sigma = dom(sphere,3);     
  
% Finite elements 
u = fem(sphere,'P1'); 
v = fem(sphere,'P1'); 

  
% Boundary operator S 
S = integral(sigma,sigma,u,Gxy,v); 
  
% Regularization Sr 
Sr  = regularize(sigma,sigma,u,'[1/r]',v); 
  
% Incident wave 
RHS = - integral(sigma,u,PW); 
  
% Solve linear system [S] * lambda = P0 
lambda = (S+Sr) \ RHS; 
  
% Radiative operator 
Sdom = 1/(4*pi) .* integral(square.vtx,sigma,Gxy,v); 
  
% Regularization 
Sreg = 1/(4*pi) .* regularize(square.vtx,sigma,'[1/r]',v); 
  
% Domain solution 
Pdom = (Sdom + Sreg) * lambda + PW(square.vtx); 
  
% Graphical representation 
figure 
plot(sphere,'w') 
axis equal; 
hold on 
plot(square,abs(Pdom)) 
title('Total field solution') 
colorbar 
hold off 
  
 disp('~~> Michto gypsilab !')

Exemple d’utilisation BEM



Exemple d’utilisation BEM



Exemple d’utilisation BEM



• Compression et algèbre hiérarchique en matlab natif 
• Arbre binaire (nd) et calculs récursifs 
• Feuilles pleines (full), creuses (sparse) ou compressées (AB) 
• Algo de recompression ACA, SVD, RSVD, QRSVD, etc. 
• Pivotage total (plein/creux) ou partiel (noyaux G(X,Y)) 
• Surcharges des opérateurs de base (+,-,*,/) 
• Factorisation Choleski, LDLt, LU, etc. 
• Affichage de la structure hiérarchique (spy) 
• Complexité Nlog(N) pour les noyaux non oscillants,  

N^(3/2) en régime harmonique limite (kd=1).

Matrices hiérarchiques (H-Matrix)

https://github.com/matthieuaussal/gypsilab/openHmx

https://github.com/matthieuaussal/gypsilab/openHmx


[…]
% Boundary operator S
tol = 1e-3;
S = 1/(4*pi) .* integral(sigma,sigma,u,Gxy,v,tol);
 
% Regularization Sr
Sr = 1/(4*pi) .* regularize(sigma,sigma,u,'[1/r]',v);
S  = S + Sr;  
 
% Incident wave
RHS = - integral(sigma,u,PW);
 
% Solve linear system [S] * lambda = P0
[L,U] = lu(S);
lambda = U \ (L \ RHS);
 
% Visu
figure
subplot(2,2,1:2); spy(S)
subplot(2,2,3); spy(L)
subplot(2,2,4); spy(U)
 
% Radiative operator
Sdom = 1/(4*pi) .* integral(square.vtx,sigma,Gxy,v,tol);
[…]

Exemple d’utilisation H-Matrix

Rajouter un paramètre de 
précision « tol » au mot clé 
intégral() !
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• Convolution type Fast Multipole, avec Marc Bakry (CMAP) 
• Compression analytique de noyaux intégraux (3d) 

• Interpolation Lagrange pour tout noyaux 
• Interpolation Geggenbauer pour Helmholtz 

• Octree et calculs récursifs 
• Résolution uniquement itérative 
• Aucun stockage mémoire temporaire -> objectif HPC! 
• Complexité Nlog(N) pour les noyaux non oscillants 
• Complexité N^(3/2) théorique régime harmonique limite (kd=1),  
• Complexité Nlog(N) observée pour tout noyaux/fréquence

Fast Free-memory Method (FFM)

https://github.com/matthieuaussal/gypsilab/openFfm

https://github.com/matthieuaussal/gypsilab/openFfm


Fast Free-memory Method (FFM)

12 TITLE WILL BE SET BY THE PUBLISHER

measure the computation time. Two kinds of computation are performed:
(1) the wavenumber k is fixed and the number of nodes is increased by powers of 2. It corresponds to a

low-frequency regime and the FFM will perform quasi-linearly using the kernel-independent approach.
(2) the wavenumber is adjusted to the number of nodes such that k · �x ¥ 1. This is the high-frequency

regime where the FFM will perform like O(N3/2 · log2(N)) using the oscillatory approach.
For both cases, the scaling is compared to FMM library fmm3dlib-1.2 available on the personal webpage of L.
Greengard [16]. The computation1 was performed on a server on a single CPU core at 3.0 GHz, 512 GBytes
of RAM and Matlab R2019a using double precision floating point numbers. The relative accuracy for the
FFM is set to Á = 10≠4 while we use the accuracy parameter iprec=1 for the FMM (see the documentation of
fmm3dlib-1.2 at [16]). The results for the case k = 1 are displayed on Figure 6. Let d the maximum dimension
(d = 2 ·R), we are clearly in the low-frequency domain since the product k ·d = 2 is small. The FFM switches to
the Lagrange interpolation automatically and we can observe that both algorithms scale between (O(N)) and
O(N · log(N)). The results for the computation with k · d ¥ 1 are given on Figure 7. In this case the product

Figure 6. Comparison of the complexity between the FFM and the FMM for fixed k = 1.

k · d ranges from k · d ¥ 8 to k · d ¥ 1500. These results clearly show that the FFM is able to cover a large
range of frequencies and that the scaling, while tending slowly to the theoretical complexity O(N3/2 · log2(N)),
is comparable to the FMM.

1The convolution product between two sets of nodes may be computed using the ffmProduct() function, available within the
open-source Gypsilab framework [28] in the ./openFfm directory. An example is provided by running the nrtFfmBuilder.m script.
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Figure 7. Comparison of the complexity between the FFM and the FMM for k · d ¥ 1.

Parallelization of the FFM. The FFM can be parallelized quite naturally. Assuming Np the number of parallel
processes, both source and target sets are split in as many subsets. It is equivalent to a block-representation of
the original matrix with Np ◊Np sub-matrices. Finally, each process computes a single line-block. We illustrate
the parallelization for the Laplace Green kernel

G(x, y) = 1
4fi

1
|x ≠ y| (30)

and for the Helmholtz Green kernel. The computations are preformed on a 12 cores at 2.9 GHz, 256 GBytes of
RAM and Matlab R2017a using single precision accuracy. The results for the Laplace kernel are gathered on
Table 1 for a prescribed accuracy Á = 10≠3 on the matrix-vector product. We observe that the computational
scalability is close to linear. More importantly we are able to achieve a matrix-vector product with one billion

of nodes in each of the source and target set in less than four hours. In this last case, the memomry peak is
approximately 100 GBytes among which 40 GBytes are required for the storage of the coordinates of the nodes,
the input vector and the output vector. The multiplicative constant in the O(N) estimate is therefore almost
2.

The same experiment is repeated for the Helmholtz Green kernel. The results are given in Table 2 with the
corresponding maximum k · d value where d is the diameter of the sphere. Starting from N = 108, we probably
observe the O(N3/2 · log2(N)) scaling.



[…]
% Boundary operator S
S = 1/(4*pi) .* integral(sigma,sigma,u,'[exp(ikr)/r]',k,v,tol);
 
% Regularization Sr
Sr = 1/(4*pi) .* regularize(sigma,sigma,u,'[1/r]',v);
S  = S + Sr;  
 
% Incident wave
RHS = - integral(sigma,u,PW);
 
% Solve linear system [S] * lambda = P0
lambda = mgcr(@(V)S*V,RHS,[],tol,100);
 
% Radiative operator
Sdom = 1/(4*pi) .* integral(square.vtx,sigma,'[exp(ikr)/r]',k,v,tol);
[…]

Exemple d’utilisation FFM



Start MGCR : Multiple Generalized Conjugate Residual (no restart) 
 + Iteration 1 in 3.54 seconds with relative residual 5.63e-01. 
 + Iteration 2 in 3.42 seconds with relative residual 3.69e-01. 
 + Iteration 3 in 3.42 seconds with relative residual 2.71e-01. 
 + Iteration 4 in 3.36 seconds with relative residual 1.95e-01. 
 + Iteration 5 in 3.38 seconds with relative residual 1.44e-01. 
 + Iteration 6 in 3.40 seconds with relative residual 1.23e-01. 
 + Iteration 7 in 3.52 seconds with relative residual 1.02e-01. 
 + Iteration 8 in 3.54 seconds with relative residual 6.99e-02. 
 + Iteration 9 in 3.44 seconds with relative residual 4.41e-02. 
 + Iteration 10 in 3.79 seconds with relative residual 3.49e-02. 
 + Iteration 11 in 3.90 seconds with relative residual 2.85e-02. 
 + Iteration 12 in 3.52 seconds with relative residual 2.39e-02. 
 + Iteration 13 in 3.52 seconds with relative residual 2.02e-02. 
 + Iteration 14 in 3.57 seconds with relative residual 1.79e-02. 
 + Iteration 15 in 3.59 seconds with relative residual 1.63e-02. 

… 

 + Iteration 58 in 3.49 seconds with relative residual 1.02e-03. 
 + Iteration 59 in 3.48 seconds with relative residual 9.67e-04. 
mgcr converged at iteration 59 to a solution with relative residual 
9.669e-04.

Exemple d’utilisation FFM

Operateur S très mal 
conditionné…

Utiliser formulation 
« bien posée »! 
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Comparaison de solveur rapide (2015)
Int. representation Int. equations Acceleration Fast solvers

Full matrix-Vector product - Laplace kernel

Context : For all points (xi)iœ[1,N] and (yj)jœ[1,N] in R3, compute :

u(xi) =
Nÿ

j=1

1
4fi|xi ≠ yj |

f (yj)

Results : 4 cores. at 2.9 GHz, 32 GO de ram, Matlab R2014a,
(xi)iœ[1,N] and (yj)jœ[1,N] on the unit sphere S

2 :

N Time (s) Time 4 cores (s) Memory peak

104 2.04 0.72 1 Mo
105 328 83.9 10 Mo



Comparaison de solveur rapide (2015)
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Results : 4 cores. at 2.9 GHz, 32 GO de ram, Matlab R2014a,
(xi)iœ[1,N] and (yj)jœ[1,N] on the unit sphere S

2 :

N Time (s) Time 4 cores (s) Memory peak

104 2.04 0.72 1 Mo
105 328 83.9 10 Mo

Int. representation Int. equations Acceleration Fast solvers

H
1
-Matrix algebra - Laplace kernel

Context : For all points (xi)iœ[1,N] and (yj)jœ[1,N] in R3, compute
and store :

u(xi) =
Nÿ

j=1

1
4fi|xi ≠ yj |

f (yj)

Results : 4 cores. at 2.9 GHz, 32 GO de ram, Matlab R2014a.
(xi)iœ[1,N] and (yj)jœ[1,N] on the unit sphere S

2, ‘ = 10≠3 :

N Build time (s) MV time (s) LU time (s) Mem
1 core 4 cores 1 core 1 core

104 3.18 3.25 0.16 9.88 100 Mo
105 37.9 19.2 1.68 193 1 Go
106 518 214 25 4120 10 Go
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Int. representation Int. equations Acceleration Fast solvers

FFM matrix-Vector product - Laplace kernel

Context : For all points (xi)iœ[1,N] and (yj)jœ[1,N] in R3, compute :

u(xi) =
Nÿ

j=1

1
4fi|xi ≠ yj |

f (yj)

Results : 4 cores. at 2.9 GHz, 32 GO de ram, Matlab R2014a.
(xi)iœ[1,N] and (yj)jœ[1,N] on the unit sphere S

2, ‘ = 10≠3 :

N Time (s) Time 12 cores (s) Error L2 Memory peak

104 2.04 9.08 8.03 10≠5 1 Mo
105 9.30 17.1 1.34 10≠4 10 Mo
106 87.8 33.4 1.35 10≠4 100 Mo
107 1063 169 1.98 10≠4 1 Go
108 - 1499 1.81 10≠4 10 Go
109 - 11340 3.11 10≠4 100 Go



Block Matrix Method (BMM)

https://github.com/matthieuaussal/gypsilab/openBmm

• Algèbre par bloc de type :  
• Plein (full) 
• Creux (sparse) 
• Hiérarchique (hmx) 
• Produit matrice-vecteur (ffm) 

• Calcul parallèle en mémoire partagée ou distribuée 
• Formulations variationelles vectorielles (Stokes, Calderon etc.) 
• Couplage multi-physique (FEM/FEM, FEM/BEM, BEM/BEM) 
• Surcharges des opérateurs de base (+,-,*,/) 
• Concaténation de structures simplifiée 
• Affichage de la structure bloc (spy)

https://github.com/matthieuaussal/gypsilab/openBmm


Exemple de Block Matrix



Lancer de rayons

https://github.com/matthieuaussal/gypsilab/openRay

• Tir de rayons droits, avec Robin Gueguen (ISCD) 
• Outil pour l’acoustique des salles et l’auralisation 
• Réflexions spéculaires sur éléments triangles 
• Accélération par méthode type « Divide & Conquer » 
• Générations de sources images et réponses impulsionelles

Exemple 3 : Sphère réverbérante

Temps de calcul 3 sans octree (s)

# éléments 104 rayons 105 rayons 106 rayons

102 0.11 0.78 8.31

103 0.67 7.19 87.8

104 6.32 72.4 (¥ 700 ?)

3. Temps de calcul en secondes pour une itération de lancer de rayons.
(Réalisé sous Gypsilab, Matlab R2014a sur 1 coeur à 2.7 GHz et 32 Go de ram)

Exemple 3 : Sphère réverbérante

Temps de calcul avec octree (s)

# éléments 104 rayons 105 rayons 106 rayons

102 0.10 0.47 4.80

103 0.21 0.63 5.42

104 1.18 1.79 7.73

105 10.8 12.1 19.7

106 102 113 127

https://github.com/matthieuaussal/gypsilab/openRay


Exemple d’utilisation lancer de rayons
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Exemple d’utilisation lancer de rayons



APPLICATIONS…



Helmholtz - Calcul de filtre HRTF
Maillage par Symare & MMG



Maillage par ESI-group & MMG

Helmoltz - Diffraction HF (beTSSI)



Maillage par ESI-group & MMG

Helmoltz - Diffraction HF (beTSSI)



Maillage par ESI-group & MMG

Maxwell - Diffraction HF (NASA Almond)



Maillage par ESI-group & MMG

Maxwell - Diffraction HF (NASA Almond)



CAO ISAE, maillage maison & MMG

Maxwell - Diffraction HF (ISAE 2019)
Maillage par freeCAD & MMG
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Maxwell - Diffraction HF (ISAE 2019)
Maillage par freeCAD & MMG



CAO ISAE, maillage maison & MMG

Maxwell - Diffraction HF (ISAE 2019)
Maillage par freeCAD & MMG



FEM/BEM : Vibro-acoustique
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Result (setting 0 in �)

Coll. Marc Bakry
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Result (setting 0 in �)
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Coupling equations Implementation with Gypsilab Examples Conclusion
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Coll. Marc Bakry



3 La table d’harmonie

3.1 Les modes de la table d’harmonie
L’équipe de MAESSTRO a fourni des données spatiales de la table d’harmonie, des rai-

disseurs et des chevalets. Puis, la géométrie a été reconstruite et maillée à partir du logiciel
GMSH [8] (voir Figures 13, 14 et 15). Le maillage, avec les raidisseurs et chevalets, est composé
de 18156 noeuds et 56249 tétraèdres.

Figure 13 – Maillage de la table
d’harmonie.Vue du dessous

Figure 14 – Maillage de la table
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Figure 17 – Les 6 premiers modes numériques de la table d’harmonie avec raidisseurs et
avec chevalets

Figure 18 – Les 6 premiers modes numériques de la table d’harmonie avec raidisseurs et
avec chevalets par éléments finis Montjoie, ordre 4

Les modes de la table d’harmonie ont donc été calculés à partir de la résolution en domaine
fréquentiel de l’équation de l’élasticité linéaire.
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3.2 le rayonnement des modes de la table
Dans le cas 3D, la fonction de Green utilisée dans la représentation intégrale est :

G(x,y) =
1

4⇡

e
ik|x�y|

|x� y| .

Le calcul du rayonnement d’un mode propre de la table d’harmonie sur trois plans orthogonaux
met environ 3 minutes de temps de calcul, à l’aide de matrices hiérarchiques [9]. Sans celles-ci,
le calcul n’aboutit pas car la taille limite de tableaux sous MATLAB est atteinte.

La pression acoustique normalisée autour de la table peut être observée sur la Figure 19
ci-dessous. Les valeurs affichées correspondent au niveau sonore autour de la table, exprimé en
dB et lié à la pression acoustique par la formule :

LdB = 20 log10(
|pa|

max|pa|
)

La Figure 19 suggère que la table ne rayonne pratiquement pas dans son plan.

Figure 19 – Rayonnement du premier mode de la table d’harmonie sur trois plans
orthogonaux

Ainsi, à partir des équations de l’acoustique linéaire et de condition de couplage, nous
avons pu mettre en place l’équation qui régit la vibro-acoustique, l’interaction entre la table
d’harmonie qui est un solide et l’air qui est un fluide. Puis, le rayonnement ou encore la pression
acoustique en un point quelconque de l’espace est retrouvé par la formule de représentation
intégrale.

18



Coll. François Alouges

FEM/BEM : Maxwell PEC & Dielectric



Coll. François Alouges

FEM/BEM : Maxwell PEC & Dielectric



Coll. François Alouges

  10   20   30   40   50

30

210

60

240

90270

120

300

150

330

180

0

FEM/BEM : Maxwell PEC & Dielectric



Coll. Emile Parolin
56 ESAIM: PROCEEDINGS AND SURVEYS

Figure 6. The mesh of the UAV that was used, with the two volumic regions.

Figure 7. The mesh of the UAV. Close-up view on the nose

the problem with two unknowns, the electric current on the surface of the scatterer and the electric field inside
the dielectric material, coupled in two equations discretised respectively via the boundary element method and
the volumic finite element method. The BEM part is e�ciently computed by using the novel Sparse Cardinal
Sine Decomposition method. A test case of industrial interest has been successfully solved using the proposed
approach which has been implemented in a Matlab code.
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Figure 10. ISAR image - VV polarisation.



Autres applications

� 10�3 10�2 5 10�2

k = 0.25 0.2 0.3 0.43
k = 1 0.22 0.2 0.41
k = 2 0.2 0.28 0.4

Table 5: Relative error for the normal derivative associated with Example 3 (see Figure 4-
left) without post-processing (28) for di↵erent wave numbers k and noise levels �. Compare
with Table 4.

Example 4. We illustrate in this example how a good accuracy is achieved for the
reconstruction of the field in the interior of ⌦ even though the normal derivative is not
well reconstructed at the interface between �1 and �2. In the example we assume that the
domain ⌦ is a ball of radius 1 and the data is available on �2 = {(x, y, z) 2 @⌦; x > �0.5}.
Whence the Cauchy data is reconstructed on �1 leading to a knowledge of u�

� and @⌫u
�
�,

we evaluate the field and the normal derivative on the inner surface using the integral
representation (2). We observe that the accuracy obtained on the inner surface is very
good as shown in Table 6. The error is much lower than the one obtained on @⌦. This is
explained by the fact that the error contained in @⌫u

�
� is mainly due to high oscillations.

Since the single and double layer potentials are smoothing operators when evaluated at a
surface not intersecting @⌦, the error contained in @⌫u

�
� is smoothed out and the accuracy

of the reconstructed field appears better.
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Figure 5: Configuration of �1 (red) and �2 (blue) on the sphere. The mesh of the head is
a fictitious surface where the field will be evaluated.
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• Fluide de Stokes (A. Lefevre, L. Giraldi, L. Berti, …) 
• Simulation EEG (A. Gramfort et al) 
• Filtrage de Kalmann (P. Moireau) 
• Complétion de données (Y. Boukari et H. Haddar) 
• Acoustique de salles complexes (R. Gueguen) 
• …



FIN DE LA 1ère PARTIE…



Δp −
1
c2

∂2
t p = 0

Propagation du son dans l’air



Propagation du son dans l’oreille



Propagation du son dans la cochlée



Fréquence audibles

Théorique : Entre 20Hz et 20 kHz 
Pratique : Loin de là…
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Fonction de transfert de tête (HRTF)



Synthèse binaurale



Mesure des HRTF





Simulation numérique des HRTFSimulation numérique des HRTF

Acquisition morphologique

Maillage de calcul (géométrie)

Y
]

[

≠(�ui + k2ui ) = 0 œ �i ,
≠(�ue + k2ue) = 0 œ �e ,

lim
ræ+Œ

r (ˆr ue + ikue) = 0,

u(x) =
⁄

�
G(x, y)⁄(y)dy ≠

⁄

�
ˆnG(x, y)µ(y)dy .

Equations de propagation des ondes

Mesures numériques
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