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ABSTRACT

Absorption and scattering coefficients of surfaces are cru-
cial for simulations in room acoustics and outdoor sound
propagation. Because of the poor availability of data, scat-
tering coefficients are among the most uncertain quantities
in the simulation chain. In this work, we use an estab-
lished free-field measurement approach and introduce this
for a numerical framework to determine the scattering pat-
tern. It is based on the open-source software Mesh2HRTF,
which uses the fast multipole boundary element method,
FM-BEM. Furthermore, the characteristics of scattering
patterns of references surfaces, such as sine and rectangu-
lar shapes, and of specifically designed shapes of building
facades are presented.

Keywords: scattering, numerical simulation, auraliza-
tion.

1. INTRODUCTION

Acoustic scattering from surfaces is crucial for acoustic
simulations of rooms and urban spaces. Sound propa-
gation in simulations is usually calculated by geometric
methods using random incident scattering coefficients [1].
The scattering coefficient describes the ratio of the scat-
tered energy to the total reflected energy from a surface,
as shown in Fig. 1. Due to the small amount of available
data that can be used in simulations, the integration of the
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scattering coefficient in the design of real-world applica-
tions is a major challenge.
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Figure 1. Energy reflected from a corrugated surface
into a scattered (green) and specular (red) portion.
The total reflected energy is defined as (1 − α), the
scattered energy as (1−α)s and specularly reflected
energy as (1−α)(1−s), where α denotes the random
incidence absorption coefficient and s the random-
incidence scattering coefficient. [2]

The random scattering coefficient can be determined
in a standardized way in a reverberation room according
to ISO 17497-1 [1]. In addition, a free-field approach ac-
cording to Mommertz [3] is available.

Since the scattering databases are rare, a scattering co-
efficient database of several facades or classical diffusors
should be established, therefore many reflection patterns
have to be determined. One approach is to simulate the
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Figure 2. Overview of processing steps in Mesh2Scattering.

scattered sound pressure from the sample surface. This
requires an easy-to-use, open and stable numerical tool-
box, to ensure that others can easily extend the database.

There are several numerical methods for solving the
Helmholtz equation, such as the finite element method
(FEM), boundary element method (BEM) for the fre-
quency domain, or finite difference time domain (FDTD)
for the time domain. These methods differ in their effi-
ciency for certain problems. In our case, BEM would be
the most efficient because the sound is scattered from a
surface. Many BEM toolboxes are available, such as com-
mercial software like COMSOL and FastBEM. Open soft-
ware is also available such as Mesh2HRTF [4], AcouSTO
[5], Bempp [6] and OpenBEM [7].

This paper presents Mesh2scattering, a numerical
toolbox for determining the scattered sound pressure of
different surfaces. The toolbox is based on Mesh2HRTF,
therefore we use the same terminology as in [4]. It cov-
ers the whole process from the mesh to the scattering
pattern to the random scattering coefficients or diffusion
coefficients [8]. In the following, the workflow with
Mesh2scattering is discussed in detail. Furthermore, the
toolbox is validated with standard surfaces such as sinu-
soidal and rectangular surfaces and their analytical solu-
tion [9, 10]. At last, a case study with a facade surface is
presented.

2. MESH2SCATTERING

Mesh2scattering is based on Mesh2HRTF, but is opti-
mized to simulate scattered sound pressure from geomet-
rical surfaces and calculate their scattering and diffusion
coefficients. The structure is based on Mesh2HRTF, as
shown in Fig. 2. Unlike Mesh2HRTF, Mesh2scattering

is a pure Python package 1 and does not include a MAT-
LAB API or Blender dependencies. Like Mesh2HRTF, it
is fully unit-tested and documented.

2.1 Mesh2scattering.input

Figure 3. Input mesh or geometry of
mesh2scattering, with the surface sample (left)
and the reference flat sample (right).

This module converts the input meshes and surface
metadata into a numcalc project that can be simulated.
Fig. 3 shows the two input meshes, with the sample under
investigation on the left and a reference sample with the
same dimensions but with a flat surface on the right. This
reference is required for the scattering coefficient calcula-
tion after Mommertz [3]. The reference mesh can also be
created within mesh2scattering based on the sample mesh
or geometry.

The mesh should have a maximum mesh size of
dmesh < λair/6 [11]. If no mesh but only geometry is
given, a mesh can be generated by input module.

For post-processing, various metadata such as

• Surface properties (e.g. structural wavelength,

1 https://pypi.org/project/
mesh2scattering
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peak-to-peak height, diameter, scale and symmetry
properties),

• Simulation parameters (e.g. speed of sound and
medium density), and

• source and receiver positions, (incl. area weights)

must be defined. These metadata are used to setup the
mesh2scattering project and to define parameters for the
post-processing. Tey are stored in the root directory as
parameters.json for each mesh2scattering project.
The folder structure is shown below:

project name

sample ... numcalc project.

EvaluationGrids

NumCalc

ObjectMeshes

reference ... numcalc project.

...

parameters.json

The sample folder contains the numcalc project accord-
ing to [4] to determine the scattered sound pressure from
the sample mesh, analogously the reference folder.

Compared to Mesh2HRTF.Mesh2input, Blender
is no longer needed, so everything is done directly in
Python.

2.2 Mesh2scattering.numcalc

This part is based on the Mesh2HRTF.NumCalc mod-
ule with only minor changes. Mesh2HRTF.NumCalc
and numcalc consist of two parts, first the numerical
core itself and some tools to run the simulations in parallel
from Python. The numerical core uses the boundary ele-
ment method coupled with the multi-level fast multipole
method [12]. Since we are only interested in the scattered
sound pressure field, the numerical core has been adapted
so that the direct sound is no longer included by default.
The numerical core evaluates the sound pressure and the
particle velocity on the boundary and on the evaluation
grid.

2.3 Mesh2scattering.output

This module reads the scattered sound pressure results
from the mesh2scattering project. It then applies symme-
try properties to the sample pressure based on the meta-
data. For now, rotational symmetry and plane symmetry
is supported. The data is then saved as Spatially Oriented

Format for Acoustics (SOFA) [13] files and added to the
project folder as follows

project name

sample

reference

sample.pressure.sofa

reference.pressure.sofa

In this way the sound pressure data can also be imported
into other software, as SOFA is an open file format.

2.4 Mesh2scattering.process

This module processes the scattered sound pressure data
from output. It contains

• scattering coefficient calculation [3],

• diffusion coefficient calculation [8],

• random incident scattering and diffusion coeffi-
cients, and

• directivity calculation [14]

• angular sectoring for directivity [14].

All results are saved in SOFA format in the project root
directory.

3. VALIDATION

Figure 4. Geometry of the incident wave and the
reflected wave vectors.

The simulation is validated against the analytical ref-
erence. A sinusoidal surface and a rectangular surface
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were used to validate the simulation. Both analytical so-
lutions are known from Embrechts [9, 10].

The free-field scattering coefficient calculation [3]
requires free-field measurements of the scattered sound
pressure or reflection pattern as shown in the Fig. 4. Two
reflection patterns must be measured

• p0(ϑS , φS , ϑR, φR), the reflection pattern of an
equally sized flat surface, and

• p1(ϑS , φS , ϑR, φR), the reflection pattern of the
test sample,

where p0 serves as a reference measurement to determine
the total specular reflectance. Then, the scattering coeffi-
cient for each incident plane wave direction is determined
according to

s(ϑS , φS) = 1−
|
∑

p
1
(ϑR, φR) · p∗0(ϑR, φR) · w|2∑

|p
1
(ϑR, φR)|2 · w ·

∑
|p

0
(ϑR, φR)|2 · w

(1)

where w is an area weighting factor resulting from the
integration over the receiver half sphere.

For the validation, a sinusoidal and a rectangular sur-
face with a structural wavelength of Λ = 70.8 mm and
a peak-to-peak height of H = 20.4 mm were chosen.
The angle of incidence of the sound source was set to
ϑS = [15, 30, 45, 60, 75]◦ and φS = 90◦ at a distance
of rS = 10 m from the center of the sample. The receiver
array was set to a 47th order Gaussian distribution at a
distance of rR = 5 m. The frequency input was fixed to
a 24th-octave band from 0.125 < Λ/λ < 2, which cor-
responds to 500 Hz < f < 10 kHz. All defined measures
are according to Fig. 4. In this way, the distances corre-
spond to the far-field definition of the diffusion coefficient
standard [8].

3.1 Results

Fig. 5 and Fig. 6 directly contrast the analytical solution
and the numerical simulation. Overall, a good agreement
between the results can be observed. As expected, the
simulated scattering coefficient increases before the ana-
lytical one due to the edge effect of the finite samples in
the simulation. This effect is even higher for more flat
sound incidence (i.e. larger θ), because the edge effect
becomes more dominant.

For the sinusoidal surface in Fig. 5, the scattering co-
efficient is partly lightly overestimated compared to the
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Figure 5. Comparison of analytical and simulated
scattering coefficients of a sinusoidal surface for dif-
ferent angles of incidence.
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Figure 6. Comparison of analytical and simulated
scattering coefficients of a rectangular surface for
different angles of incidence.

analytical solution, especially for rapid scattering coeffi-
cient changes over frequency.

Generally, the rectangular surface (Fig. 6) shows
slightly less agreement between the simulated and the an-
alytical solution compared to the sinusoidal surface. This
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might be due to the longer edge of the rectangular surface.

4. CASE STUDY

Figure 7. Building facade under investigation (left)
and the corresponding sample (right).

As for its intended use, the tool is used to simulate
real building facades to determine the random-incidence
scattering coefficients for auralization. In this example,
we used the facade of the Institute for Hearing Technol-
ogy and Acoustics (IHTA), Kopernikusstraße 5, Aachen
at the RWTH Aachen University. The facade is shown
in Fig. 7 (left). It has a real structural wavelength of
Λreal = 1.37 m and a real depth of Hreal = 179.12 mm.
To scale the sample to a diameter of d = 80 cm with 11
repetitions in one dimension, we chose a scaling factor
of 19. This results in a sample structural wavelength of
Λ = 72.105 mm and a sample depth of H = 9.4274 mm.
Fig. 7 (right) shows the small scale sample of the building
facade.

Fig. 8 shows the scattering coefficients for the IHTA
facade up to Λ

λ = 2, which corresponds to a real frequency
of fmax = 500 Hz. As expected, the random incident
scattering coefficient starts to increase around Λ

λ = 0.5.
This scattering coefficient can be used for geometrical
acoustic methods to properly account for scattering.

5. CONCLUSION AND OUTLOOK

Mesh2HRTF 1.x is a numerical solver optimized for
HRTF simulations. Mesh2scattering was forked from it
and completely reused for scattering pattern simulations.
In addition, post-processing steps for the calculation of
diffusion coefficients, scattering coefficients, random inci-
dent coefficients, directivity calculation and angular sec-
toring are introduced. The goal is to simulate scattering
coefficients of surface structures for geometric acoustics.

Furthermore, the simulation was validated by com-
paring the scattering coefficient for different angles of in-
cidence with the corresponding analytical solutions. With
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Figure 8. Random incident (–) and averaged for in-
cident angles (others) scattering coefficients of the
IHTA facade.

a sinusoidal and a rectangular surface chosen as sample
surfaces, an overall good agreement between the simu-
lated and the analytical scattering coefficient solution was
shown.

Finally, a case study of a building facade was pre-
sented. The thus simulated random incident scattering
coefficient simulated can be used for more accurate au-
ralization.

Instead of separating the energy into scattered and re-
flected parts, the reflection pattern as well as the depen-
dency on the angle of incidence should be included. This
will be discussed in the complementary study [14].
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