
Far-field acoustic prediction using the boundary
element method and robotized measurements

Caroline PASCAL

U2IS & UME – ENSTA Paris

December 7&8, 2023

Caroline PASCAL 15th FreeFEM Days December 7&8, 2023 1 / 31



Did you say far-field acoutsic prediction ?

Objective

Predict the far-field acoustic
quantities radiated by an unknwon

sound source, based on a set of
near-field measurements.

Idea

Combine robotized measurements
and the boundary elements method

(BEM).
Figure 1: Example of far-field acoustic
pressure prediction on a JBL Flip 2 at

50 Hz
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Robotized acoustic measurements

→ An increasing need of high
numbered 3D measurements.

Figure 2: 3D tracked [1] and array based [2]
acoustic measurements

→ A shy use of robots in
acousitcs.

Figure 3: Planar robotized acoustic
measurements [3]

=⇒ Objective: investigate the use of a robotic arm to perform numerous
and autonomous 3D acoustic measurements.
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Robotized acoustic measurements setup

Illustrative
speaker

Bruel & Kjaer
microphone

Custom
tool holder

7 d.o.f. robot
Franka Emika

Panda

Anechoic room
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Robotized acoustic measurements: Pros and Cons

→ Pros

High positionning flexibility,
with 6 degrees of freedom
(position and rotation).

Fully-autonomous
measurements, with no
required human intervention.

→ Cons

The studied sound source must
be repeatable and stable over
time. X

The robot positionning
accuracy (±2 mm) must be
taken into account [4]. X

The robot acoustic footprint
must also be assessed.
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Robot acoustic footprint: the bull in the china shop ?

→ Idea: compare the acoustic measurements with and without the robot
in several control configurations.
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Figure 4: Transfer functions - 10 s logsweep on a JBL Flip 2 sampled at 96 kHz,
Welch’s method and 12th octave smoothing
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Robot acoustic footprint: the bull in the china shop ?
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Figure 5: Transfer functions relative delta

=⇒ The 40 Hz - 1 kHz frequency range is considered valid for acoustic
measurements (∆ < 3 dB).
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The Boundary Elements Method (BEM)

∂Ω∞

n∞

∂Ω
n

O

Ω

x

y

Helmholtz free-field equation with Sommerfeld radiation condition
∆p(x) + k2p(x) = 0 in Ω

p(x) = p0(x) on ∂Ω

lim
∂Ω∞→∞

(
∂
∂|x | − ik

)
p(x) = 0

(1)

→ Exterior Dirichlet problem for Helmholtz equation
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The Boundary Elements Method (BEM) [5]

Single layer potential associated to the Helmholtz equation

∀ x ∈ Ω \ ∂Ω, S(φ)(x) =

∫
∂Ω

G (x , y)φ(y)dσ(y)

Where G (x , y) =
exp ik|x−y |

4π|x−y | is the free-field Green function, and

φ ∈ H−1/2(∂Ω) defines a boundary density.

→ S(φ) is a solution of (1), provided that φ is such that the boundary
conditions are satisfied.

Boundary conditions integral formulation

∃ φ : ∂Ω→ C, ∀ x ∈ ∂Ω, γ0p(x) = p0(x) =

∫
∂Ω

G (x , y)φ(y)dσ(y) (2)

Where γ0 describes the Dirichlet trace operator.

!4 Some values of k lead to spurious resonances while solving (2) !
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The Boundary Elements Method (BEM)

Double layer potential associated to the Helmholtz equation

∀ x ∈ Ω \ ∂Ω, D(φ)(x) =

∫
∂Ω

∂G (x , y)

∂n(y)
φ(y)dσ(y)

Combined layer potential associated to the Helmholtz equation [6]

∀ x ∈ Ω \ ∂Ω, C (φ)(x) = D(φ)(x)− ikS(φ)(x)

→ C (φ) is a resonance free solution of (1), provided that φ is such that
the boundary conditions are satisfied.

Boundary conditions integral formulation

∃ φ : ∂Ω→ C, ∀ x ∈ ∂Ω,

p0(x) =

(
φ(x)

2
+

∫
∂Ω

∂G (x , y)

∂n(y)
φ(y)dσ(y)

)
− ik

∫
∂Ω

G (x , y)φ(y)dσ(y)
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Numerical assessment setup

FreeFem++ [7] implementation of the combined boundary integral
equation resolution (BemTool & Htool libraries).

→ Linear surface elements and P0 Lagrange elements.

Near-field measurements simulated on a spherical mesh of
diameter 50 cm and variable resolution.

→ A geodesic polyhedron primitive is used to ensure a uniform
distribution of the vertices.

Far-field prediction computed on a circular mesh of diameter 1 m
containing 100 vertices.
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Numerical assessment: the acoustic monopole

Acoustic monopole

pM(x) =
exp ik |x − x0|
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Figure 6: Prediction results obtained at
1 kHz , with a 5 mm resolution
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Numerical assessment: convergence

→ L2 prediction error theoretical convergence behaviour for linear surface
elements and P0 Lagrange elements: O(h2) [8][9]

10−26× 10−3 2× 10−2 3× 10−2 4× 10−2

resolution (m)

−4.5

−4.0

−3.5

−3.0

−2.5

−2.0

−1.5

lo
g(

av
er

ag
e

re
la

ti
ve

er
ro

r)

Relative error

frequency = 100.0 (Hz)

α = 1.765, β = -0.452, R2 = 0.999

frequency = 500.0 (Hz)

α = 1.942, β = 0.154, R2 = 1.0

frequency = 1000.0 (Hz)

α = 1.912, β = 0.391, R2 = 1.0

frequency = 5000.0 (Hz)

α = 2.04, β = 1.349, R2 = 0.997

Caroline PASCAL 15th FreeFEM Days December 7&8, 2023 16 / 31



Numerical assessment: the acoustic dipole

Acoustic dipole

pD(x) = pM(x +δ)−pM(x−δ)
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Figure 7: Prediction results obtained at
1 kHz , with a 5 mm resolution
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Numerical assessment: convergence

→ L2 prediction error theoretical convergence behaviour for linear surface
elements and P0 Lagrange elements: O(h2) [8][9]
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Numerical assessment: and when the robot steps in ?

→ Study of the impact of the robot positionning inaccuracies, by adding a
gaussian noise (σ = 1, 25 mm) on the mesh vertices position.
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Robotized acoustic measurements
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Figure 8: Sound pressure levels and phase measured at 500 Hz for each measured
position, using a JBL Flip 2

372 measurements, spherical mesh of diameter 35 cm and resolution 5 cm
(total duration ±2 h)
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BEM based Far-field acoustic prediction
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Figure 9: Predicted and measured sound pressure levels at 500 Hz and 1000 Hz
20 measurements, circular trajectory of diameter 50 cm at z = 0 cm
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BEM based Far-field acoustic prediction
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Figure 10: Predicted and measured data over the measurements frequential
validity range

Measurement at x = 25 cm and y = 0 cm
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BEM based Far-field acoustic prediction
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Figure 11: Predicted and measured data relative delta over the measurements
frequential validity range

Measurement at x = 25 cm and y = 0 cm
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Projected work and perspectives

Reduce the prediction errors at high frequencies

→ Reduce the robot acoustic footprint and the distance between
measurements to increase accuracy.

→ Use higher order surface elements, and shape functions.

Tackle the near-field acoustic holography problem

→ Inverse problem: how about the acoustic field close to the source ?

→ Requires regularization while solving the boundary integral
equation (PETSc - TAO !).

Furhter investigate sound field derivatives

=⇒ In acoustic, the pressure gradient is proportionnal to the particle
velocity.

→ How about the implementation of the ”derivatives” of the single
and double layers potentials ?
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Conclusion

Thank you for your time and attention !

robot arm acoustic
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Robot acoustic footprint assessment
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Robot acoustic footprint assessment
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Example of robotized acoustic measurements

Click!
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