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Abstract

Acoustic Radiation Modes (ARMs) and their correspond-
ing radiation efficiencies characterize the emission of
sound from the surface of a vibrating structure to the
air [1]. This gives a more accurate prediction of sound
power than using the hypothesis of monopole radiator.
Previous research shows that the ARMSs of different ge-
ometries are similar. Thus, the assumption is made that
the ARM:s of a three-dimensional convex geometry can be
obtained from the known ARMs of simple geometries, for
example, spheres [2]. Other than the traditional mapped
ARM using Boundary Element Method (BEM) [3], Ar-
tificial Intelligence (AI) techniques gain our attention to
optimize and accelerate the identification process. In this
work, a set of virtual data from numerical simulations are
acquired for Al-aided identification of mapped ARMs.
Besides, the numerical simulation is validated with the-
oretical knowledge.

Acoustic Radiation Modes

The simulation of radiated sound power P(f) of a struc-
ture has two major tasks, which are the structural re-
sponse to the excitation force and the acoustic radiation,
as shown in Figure 1 [4]. The structural response trans-
forms excitation forces to the vibration velocity on the
structure’s surface. Afterward, the acoustic radiation de-
scribes the sound emission from vibrating surface to the
medium, usually to the air. This approach is mathemati-
cally formulated in the fundamental equation of machine
acoustics

P(f)=F*(f)-

where the structure-borne transfer function T2(f) and
the input impedance Z2(f) are used to calculate the vi-
bration velocity #(f) from excitation F2(f) in terms of
effective values. The vibration on the surface S radi-
ates sound power with the radiation efficiency o(f) to
the medium, which has the specific acoustic impedance
';nedium [4]
A conservative estimation of radiation efficiency o(f) is
based on the monopole assumption, which assumes that
the structure vibrates like a monopole radiator with the
area average effective velocity 92(f). Thus, the sound
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Figure 1: Two steps of sound power simulation [4]

power is given by the equation [4]

P(f)

172(]0)507”0”0(.}0) ;nedium' (2)

Because the monopole radiator has larger radiation effi-
ciency in the low-frequency range than higher-order ra-
diators, for example, the dipole radiator [2, 4], the sound
power does not exceed the conservative estimation us-
ing monopole assumption in reality. However, the sound
power can be overestimated.

In order to give a more precise estimation of acoustic ra-
diation, ARMs are introduced [1]. In the framework of
ARMSs not only the monopole mode but also the higher-
order modes are considered. These ARMs g, are orthog-
onal to each other and have independent radiation co-
efficients )\;. Thus, the sound power can be calculated
as [1]

P(f) =2"Q T AQu,

in which the i-th ARM gq; is i-th row vector of Q@
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and A is the diagonal matrix of radiation coefficients \;
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The sound power is obtained from ARMs and vibration
velocities. Thus, this method is referred to as Velocity-
based Dominant Radiation Mode (VDRM) [5]. The ma-
trix of ARMs @ and radiation coefficients A can be solved
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using Singular Value Decomposition (SVD) of the Radi-
ation Resistance Matrix (RRM) [6]

R=Q"AQ. (6)
The analytical solutions of ARMs exist only for few sim-
ple geometries, such as baffled plates [1] and spheres [2].
Other than that, the ARMs can be obtained from the
Boundary Element Method (BEM) [3], which requires a
large amount of computational resources. To reduce the
complexity of ARMs’ acquisition generally, the Mapped
ARMs based on the analytical ARMs of spheres show
potential for three-dimensional geometries [2]. In this
work, a review of the Mapped ARMs is given in the fol-
lowing section. A workflow to build the dataset of ARMs
for a two-dimensional convex baffled plate is introduced
afterward.

Mapped ARMs

The Mapped ARMs for three-dimensional convex geome-
tries base on the analytical solution of ARMs on a unit
sphere. In the spherical coordinate system (r, 8, ¢) in Fig-
ure 2, the ARMs of an unit sphere correspond to spherical
harmonics

v
v,

cos(me) ;" (cos(6)), (7)
sin(mae) P (cos(6)), (8)

where P is the associated Legendre polynomial of de-
gree n and order m [2]. Considering the spherical har-

Figure 2: Spherical coordinates system

monic Y, as the velocity distribution of the vibrating
sphere, the sound pressure yields

pnm(r) = h%l)(kr)yfln(& ¢)

and the pariticle velocity

9)

_OnSY (kr)

U (1) = a0er)

n

(0,9) (10)
at position 7 in the exterior acoustic field of the sphere
under free field condition with wave number k, where
the spherical Hankel’s functions hgll)(kr) are of the first
kind [2, 7].

The principle of Mapped ARMs is the projection of the
sound pressure and particle velocity from the vibrating
unit sphere on an imaginary convex surface, e.g. a box.
In practice, the spherical harmonic velocity of a unit
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sphere at one frequency is set up as a boundary con-
dition. Then, the velocity distribution on the mapped
surface is derived from the real part of Equation (10) [2].

Compared with the directly simulated ARMs using BEM
simulation, the Mapped ARMs show similar but not iden-
tical velocity distributions [2]. However these Mapped
ARMs build a basis for the reconstruction of the real
ARMs using sparse regression because they are linear in-
dependent [7]. Furthermore, the mapped ARMs are less
computational expensive than the BEM-Simulation [7].

In order to take advantage of the Mapped ARMs to ap-
proach the real ARMs of arbitrary geometry, AI tech-
niques are interesting to reconstruct the real ARMSs based
on mapped ARMs. Therefore, a sufficient amount of data
for training is required.

Acquisition of ARMs on a convex baffled
plate

The ARMs of a baffled rectangular plate is derived from
the analytical impedance Matrix Z. Considering each
discretized element with surface size S in Figure 3 as
an elementary radiator, the specific acoustic transfer
impedance z(7;,7;), which is the transfer function from
elementary radiator 7; to an observation position r; with
distance 7; j, is given by

jpr e*jkri,j

z2(rs,m5) = 27 (ri #7j), (11)
jwpS
Z("'i;"'j) = ‘% (’I”,; = ’l”j), (12)

where w is the angular frequency of the vibrating elemen-
tary radiator [1].

The impedances z(r;,r;) are the elements of the
impedance matrix Z and correspond to elementary ra-
diators at position r; and r;, with a total number of N
elementary radiators. Using

S
R = CRe(Z), (13)
yields [1]
1 sink(krlz) sink(k'r] N)
w2p52 sin(kra1) 7“112 sin(zlr];N)
kray kran
R = —
4drme :
sin(krn1)
kTNIIH 1
(14)

After that, the matrix of ARMs @ and their radiation
coefficients A can be solved with SVD according to Equa-
tion (6).

In the implementation, the size of the baffled plate is set
up as 0.62m by 0.87m. And the ARMs are evaluated on
1/3 octave center frequencies from 40 Hz to 6300 Hz. As
shown in Figure 4, the first six ARMs of the baffled plate
at low-frequency range (40 Hz) have polynomial shapes.
Based on the order of the polynomials from zero to two,
these ARMs can be classified into three groups. The first



Figure 3: Rectangular Plate with structured mesh

mode in Figure 4 - (a) corresponds to the polynomial zero
order, which is comparable to the monopole mode of the
spherical harmonics. The second and the third groups
have two ARMs (Figure 4 - (b) and (c)) and three ARMs
(Figure 4 - (d), (e), and (f)) respectively.
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Figure 4: First six ARMs of the rectangular plate at 40 Hz.

The grouping characteristic exists also in radiation co-
efficients in low-frequency range. In Figure 5, the fist
radiation coefficient \; rises proportionally to f? with
increasing frequency f

Ay o f2. (15)

In the second and the third groups the dependencies of
radiation coefficients on frequency are given by

A2, oc f4

Aas.6 o< fO.

(16)
(17)
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The calculated ARMs and their radiation coefficients
match the conclusion from previous literature well [1].
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Figure 5: Radiation coefficients of the first six ARMs on the
rectangular plate

For a random convex baffled plate, the shape is gener-
ated with random points in the area 1 m by 1 m and
their convex hull by applying the ConvexHull function in
scipy.spatial library [8]. The mesh grid is then generated
with the open-source meshing Application Programming
Interface (API) Gmsh [9], see Figure 6.
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Figure 6: (a): Randomly generated points in the area [0, 1] x
[0,1] and their convex hull; (b): Mesh grid on the random
plate.

Due to the non-uniform sizes of elementary radiators, the
elements of R read

w2pSiSj ] sin(krij)

Rij = —,— Frs (i # J), (18)
w2pS’iSj . .
Rij = ——— (i = j). (19)

The SVD of the matrix R yields first six radiation coef-
ficients in Figure 7. In this plot, the radiation efficien-
cies appear similar to those obtained for the rectangular
plate. In case of the plate with random shape it is pos-
sible to obtain the ARMs by introducing area weighting
as follows

*

g = (11,92

. 20
%) (20)
where the i-th ARM q; = [gi1, ¢i2, - - -] is obtained from
SVD. The independence of ARMs on underlying surface
mesh can also be achieved by introducing the continuous
surface contribution of the sound radiation [10].
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Figure 7: Radiation coefficients of first six ARMs on a ran-

domly generated plate

Figure 8 illustrates the first three ARMs of the random
plate. They have polynomial shape and are similar to
those obtained for the rectangular plate.
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Figure 8: First three ARMs of random plate

Conclustion and outlook

In this work, a brief review of ARMs in terms of theory,
acquisition, and mapped ARMs is given. The mapping
method approaches the ARMs with optimizable accuracy
and lower demand on computational resources than BEM
simulations. To improve the prediction of ARMs, Al
techniques are interesting to modify the mapped ARMs
to match the real ARMs. Therefore, a sufficient amount
of data of ARMs are necessary for training. The build-
ing of data set starts with two-dimensional baffled plates,
which have analytical solutions using RRM and SVD. In
this data set, not only the rectangular plate but also a
randomly generated convex plate is included. The re-
sults of the analytical evaluation of ARMs correspond to
previous research. Consequently, this workflow to build
data set of ARMs of baffled plates can be validated.

In future work, the data set of ARMs needs to be ex-
tended to random 3D geometries. This will require a
more robust method to obtain ARMs, e.g., by setting up
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the eigenvalue problem in such way that different area
sizes of elementary radiators will not affect the shape of
ARMs. Furthermore, the suitable Al technique needs to
be implemented. The framework Sparse Identification of
Nonlinear Dynamical Systems (SINDy) [11] appears in-
teresting to identify ARMs by solving a sparse regression
problem. Based on this, ARMs can be obtained for 3D
geometries with various complexity in shape, and the lim-
its of mapped ARMs could be investigated with respect
to complexity of shape.

References

[1] Elliott, S. J.; Johnson, M. E.: Radiation modes and
the active control of sound power. The Journal of the
Acoustical Society of America 94 (1993), S. 2194-
2204.

Cunefare, K. A.; Currey, M. N.; Johnson, M. E.; El-
liott, S. J.: The radiation efficiency grouping of free-
space acoustic radiation modes. The Journal of the
Acoustical Society of America 109 (2001), S. 203-215.

Liu, J.; Liu, Y.; Bolton, J. S.: Acoustic source re-
construction and visualization based on acoustic ra-
diation modes. Journal of Sound and Vibration 437
(2018), S. 358-372.

Kollmann, F. G., Schésser, T. F.; Angert, R.: Prak-
tische Maschinenakustik. Springer-Verlag, Berlin Hei-
delberg, 2006.

Bai, M. R., Tsao, M.: Estimation of sound power
of baffled planar sources using radiation matrices.
The Journal of the Acoustical Society of America 112
(2002), S. 876-883.

Liu, J.; Liu, Y.; Bolton, J. S.: Calculation of acoustic
radiation modes by using spherical waves and gen-
eralized singular value decomposition. The Journal
of the Acoustical Society of America 146 (2019). S.
EL347-EL351.

Wu, H.; Jiang, W.; Zhang, Y.; Lu, W.: A method to
compute the radiated sound power based on mapped
acoustic radiation modes. The Journal of the Acous-
tical Society of America 135 (2014), S. 679—692.

Virtanen, P.; et al.: SciPy 1.0: Fundamental Algo-
rithms for Scientific Computing in Python. Nature
Methods 17 (2020), S. 261-272.

Gmsh, URL: http://gmsh.info/, last accessed on
March 1, 2022.

[10] Marburg, S.; Losche, E.; Peters, H.; Kessissoglou,
N.: Surface contributions to radiated sound power.
The Journal of the Acoustical Society of America 133
(2013), S. 3700-3705.

[11] Brunton, S. L., Proctor, J. L., Kutz, J. N.: Discov-
ering governing equations from data by sparse iden-
tification of nonlinear dynamical systems. In: Pro-
ceedings of the National Academy of Sciences of the
United States of America 113 (2016), S. 3932-3937.

(9]



