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1 Introduction

Beamforming algorithm makes it possible to estimate both
the direction and the level of the sound sources. Sources are
depicted by color spots in an acoustic image. Color spots
represent lobes, with the mainlobe identifying the source po-
sition, while sidelobes correspond to spurious sources result-
ing from the array design. Various criteria exist to assess the
quality of an acoustic image and, by extension, the efficiency
of an array design and the associated algorithm. The level
of the source (is indicated by the mainlobe) [1], the level of
the mainlobe-to-sidelobe ratio (MSR) [2], and the area ratio
of the mainlobe and occasional sidelobes in the acoustic im-
age, known as the spatial resolution [3], are well-established
criteria. Several methods are used to calculate the area ratio
of the presence of the lobes with respect to the total area of
the acoustic image. Mainlobes can be uniform or spread, and
sidelobes are scattered, which increases the complexity task.
For spherical microphone arrays (SMA), the ellipse area can
be used, considering a polar projection of a hemisphere [4]
or as an ellipse array ratio [5—7]. The area ratio depends on
the array design, the algorithm, and the frequency. This pa-
per proposes to compare the solid angle as a spatial resolution
criterion in the field of acoustic imaging.

This paper is organized as follows. Details of the numer-
ical simulation are given first. Then, the covariance ellipse
and the solid angle are described. Third, both ellipse area and
solid angle as criterion are compared. Finally, Discussion and
conclusion are provided in the last section.

2 Methodology
2.1 Numerical simulation

A numerical simulation is conducted in a free-field environ-
ment with a rigid SMA and a t-design geometry of 36 mi-
crophones [8]. The SMA is located 2 meters away from a
monopole that emits a pure tone. In the following, the fre-
quency is represented as kr, a dimensionless number, where
k is the wavenumber and r is the radius of the sphere. Sev-
eral positions of monopoles are considered: directly in front
of the SMA (6 = 90°, ¢ = 0°), in front of the SMA near the
floor (0 = 45°, ¢ = 0°) and almost behind the SMA near the
floor (6 = 45°,¢ = 135°). Spherical harmonics are used to
obtain the sound pressure at each microphone, then the SHB
algorithm is used to obtain the acoustic image [6]. The scan
zone is a grid of points 90 x 180, respectively in elevation and
azimuth, and is applied at 2 m. The ellipse and the solid angle
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are calculated at —9 dB to further distinguish the two meth-
ods and reach the sidelobes. For acoustic images at kr = 1
(low frequency) and kr = 6 (high frequency), the truncation
order N is equal to 2 and 5, respectively.

2.2 Covariance ellipse

Spatial resolution with the covariance ellipse method to assess
the area ratio in the acoustic image consists in computing the
area of an ellipse whose radii correspond to the eigenvalues of
a covariance matrix from the acoustic image data at a chosen
dynamic [3]. The computed surface area is then normalized
by the theoretical maximum, that is 7 x 90° x 180° in an
arbitrary unit and leads to S.

2.3 Solid angle

The solid angle is a quantitative method used in various scien-
tific fields to assess the spatial dispersion of light, energy, par-
ticles, and the apparent size of celestial objects for instance.
For acoustic imaging, the spatial resolution with the proposed
solid angle is based on the calculation of the ratio of a por-
tion of the sphere’s surface area to the square of the sphere’s
radius. The infinitesimal solid angle is defined as,

dQ = i—f = |d(cos 8)d¢|, (D)
where 6 is the elevation angle, ¢ the azimuth angle and the to-
tal solid angle over a sphere is f dQ2 = 47 in steradian (sr) [9].
Then, Eq. (2) is decomposed into a sum of finite differences
and a normalized solid angle is computed from the acoustic
image data at a chosen dynamic given by,

1 d

U= Z(— cos i1+ cosb;)(dir1 — i), (2)
where (0;, ¢;) are a set of positions around (6;, ¢;) positions
where [ = 1,..., L is the index of ascan gridand ¢ = 1, ...,
is the index of mid-positions around (6, ¢;) of a scan grid.
The number of scan grid positions is L = Ny x Ny and the
number of mid-positions is I = (Ng + 2) x (N, + 2) where
N is the number of positions per angle. Attention is given to
the continuity of the angular periodicity, i.e. § = © = 0 [n]
and ¢ = 27 = 0[27], enabling computation on the whole
sphere. Thus, the computation around each position (0;, ¢;)
in the acoustic image represents a fraction of the total solid
angle.

3 Results

For kr = 1 and for the source directly in front of the SMA,
(see in Fig. 1.a), the mainlobe is uniform and both meth-
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ods provide similar values of area ratio: S = 20% and
Q = 19.1%. In Fig. 1.b) the source is in front of the SMA
near the floor and the mainlobe is spread out towards the south
pole due to the spherical plane, although it is the same source
as before. The normalized ellipse area increases to 48 %,
while the normalized solid angle remains stable at 19.2 %. In
Fig. 1.c) the source is almost behind the SMA near the floor,
the map is similar, but part of the source shape is transferred
to the other side of the acoustic image: S = 82.4 % is larger
and = 19.2 % remains unchanged. For kr = 6, the source
is directly in front of the SMA, (see Fig. 1.d), the mainlobe
is smaller and two symmetrical sidelobes appear. In this case
S = 28.1%, which is much larger than the solid angle value
Q=171%.

The results for kr = 1 show that the solid angle method
has a low computational error with respect to the position of
the source compared to the ellipse method. The ellipse may
exceed the acoustic image frame when the mainlobe is dis-
torted around the poles. The ellipse calculates the lobe area
from the radii in a plane, while the solid angle considers the
spherical plane, and the solid angle reflects the quality of the
acoustic image with a SMA. For kr = 6 there are sidelobes
and the ellipse surrounding them and exceeding the acous-
tic image frame, which leads to a high value of the criterion,
while the solid angle calculates the sum of the emerging lobes
at —9 dB, which leads to a lower value. Sidelobes position
affects the value of the ellipse, potentially leading to the mis-
interpretation of a large mainlobe.

In the literature, the acoustic source is often located in
front of the SMA and therefore the source is located at the
center of the image. In this case and without sidelobes, similar
values are found for both methods. In practice, the source
may be close to the ground or ceil (toward a pole) or off-axis
of a SMA, and in these cases the solid angle is more suitable
than the ellipse.

4 Conclusions

Spatial resolution criteria have been compared, such as the co-
variance ellipse and the proposed solid angle. Both methods
give a similar value when the source is centered in the acous-
tic image and in low frequency. Differences between these
methods occur when the source position is near the edges
or when there are sidelobes at high frequency. The values
given by the solid angle method, calculated in the spherical
plane, are not sensitive to the source position. Therefore, this
method is more robust to assess the image quality in the pres-
ence of different sources.
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Figure 1: Acoustic images at kr = 1 with source positions, a) =
90°,¢ = 0°,b) 0 = 45°, ¢ = 0°,¢) 0 = 45°,¢ = 135° and d)
at kr = 6 with source position § = 90°,¢ = 0°, the green cross
depicted the source position, computed ellipse is depicted in green
dashed line and solid angle is computed on displayed colormap.
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