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ABSTRACT

We present experimental data comparing the accuracy obtained for 2D and 3D scanning
surfaces using CLEAN-SC deconvolution of beamformed acoustic maps. A spherical array
is used to obtain recordings from a dense point cloud of sound source locations. Beamform-
ing and CLEAN-SC acoustic maps are generated using traditional 2D scanning surfaces
and 3D scanning surfaces corresponding to the surface geometry of an object being acous-
tically imaged. Results for the 3D method show improved accuracy of measured positions
and magnitudes of sound sources under a range of circumstances. The most benefit, in
regard to position error, is for frequencies above 5kHz and sound sources located less than
a metre from the array. In these circumstances, the three-dimensionality is more dominant.

1 INTRODUCTION

Acoustic imaging using microphone phased array beamforming and deconvolution have tradi-
tionally used planar scanning surfaces to image the noise emitted by an object. This 2D scan
surface is usually oriented perpendicular to the array’s Z axis and located roughly at the same
distance from the array as the object. This method is simple to use since the only informa-
tion required to be known about the object is the approximate distance of the object from the
array. Often, however, only a few of the scan points will correspond to the actual 3D surface
of the object. This can cause incorrect focus (time delays) and spherical spreading correction
being used for the beamforming. This can lead to errors in the resulting 2D beamforming and
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deconvolution maps which appear as incorrect measured sound pressure levels (SPL) and in-
correct location of sound sources [5, 9, 11, 12]. There can also be parallax errors relating to the
projection from the 2D map to the 3D object [8].

To address such issues, multiple planes forming a 3D grid of scan points have also been used
for beamforming and deconvolution [3, 7, 13, 17] or similar acoustic imaging methods [14, 16].
Most of these scan points do not correspond to the surface geometry of the object. A problem
encountered using this method, however, is that, for most practical arrays, the beamforming and
deconvolution resolutions are poor in the direction along the array axis (longitudinal direction)
compared to that in a direction parallel to the array (lateral direction) [3]. Also, these 3D grids
can contain a large number of scan points which can make deconvolution of these 3D grid
beamforming maps very computationally expensive.

(a) Traditional 2D scanning surface. (b) A 3D scanning surface corresponding to the
surface of the object.

Figure 1: Illustration of a traditional 2D scanning surface and a 3D scanning surfaces corre-
sponding to the surface geometry of the object for a SADA [10] microphone phased
array.

An alternative technique that has been developed for beamforming is to use a scanning sur-
face which corresponds to the 3D surface geometry of the object that is being acoustically
imaged [1, 4, 9, 11, 12]. This method should provide more accurate beamforming focus (time
delays), allow correction for spherical spreading to be made, and improved plotting accuracy by
eliminating or reducing parallax effects. Experimental work using beamforming has shown this
method can provide more accurate sound source magnitudes [5, 11, 12]. Improved accuracy
of the localisation of sound sources using the 3D method is also mentioned in these works but
no details on the magnitudes are provided. No detailed analysis comparing the position errors
for 2D and 3D scanning surfaces for beamforming appears to have been previously carried out.
Also, deconvolution of these 3D beamforming maps has not previously been performed. This
paper presents experimental work which compares the magnitude and localisation accuracy
obtained using beamforming and CLEAN-SC deconvolution for 2D and 3D scanning surfaces.
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2 METHODOLOGY

2.1 Data Acquisition

(a) Scanning surface No.1 (Z = 0.164m). (b) Scanning surface No.6, (Z = 0.466m).

(c) Scanning surface No.15, (Z = 1.305m). (d) Scanning surface No.19, (Z = 1.717m).

Figure 2: Illustration of several traditional planar scanning surfaces and the locations of the
sound sources.

The sound source object used in this experiment was a piece of perspex or Lucite plastic
which and had six 26mm diameter speakers inserted into its surface at set locations. These
speakers have a relatively poor gain above 15kHz. The rig was setup on a tripod in front of a
spherical 72 element, 0.6m dimeter microphone array. A new calibration technique (yet to be
published) had been used to obtain the microphone coordinates ~Xm in the reference frame of
the array’s camera. For each position and orientation of the speaker rig, nine microphone array
recordings were made of white noise played on the speakers using simultaneously sampling,
a sampling rate of 96 kSPS per channel, and a resolution of 16 bits. First, white noise was
played on each of the six speakers in turn. Then white noise was played on four speakers
simultaneously and then on all six speakers simultaneously. These white noise signals were
generated using six analog outputs of the data acquisition hardware and different sequences in
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a Kasami set and using an output sampling rate of 48kSPS. As a comparison, an additional
recording was then made of uncorrelated white noise played on four speakers simultaneously
using four microcontrollers with sperate clocks and on/off buttons. This process was repeated
for 140 positions of the speaker rig. This gave a total of 1260 microphone recordings.

2.2 Data Processing

(a) Six speaker locations and 23 traditional 2D scanning surfaces.

(b) Depth of field for a single speaker played
(Record No.1).

(c) Depth of field for six speakers played simul-
taneously (Record No.8).

Figure 3: Plot showing the measured depth of field for 23 traditional 2D scanning surfaces at
different distances from a spherical array corresponding to Speaker No.1, which was
located at a distance of 0.773m from the array using normalised steering vectors.
(Speaker No.1, Image No.45, Traditional Image No.1-23.)
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(a) A single 3D scanning surface passing
through six sound sources.

(b) One hundred and forty 3D scanning surfaces each passing
through six sound sources.

Figure 4: Illustration of the 3D scanning surfaces and the corresponding sound sources they
pass through.

Using an automated process, frequency domain beamforming and CLEAN-SC deconvolution
plots were then generated for each microphone array recording for both 2D and 3D scanning
surfaces. The same methodology (yet to be published) was used to obtain both the 2D and 3D
scanning surfaces. Cross spectral matrices G were then generated using a data block length K of
4096 samples, an overlap of data blocks of fifty percent, and a Hann window. The cross spectral
matrices were then summed into twelfth octave frequency bands from 300Hz to 23kHz. These
cross spectral matrices were then calibrated using Dougherty’s eigenvalue calibration method
[6]. A beamforming acoustic map b was then generated in each twelfth octave frequency band
using

b(~ξn) = w†(~ξn) G w(~ξn), ~ξn = ~ξ1 . . .~ξN (1)

where ~ξn is the nth scanning point coordinate and w is the array steering vector. The array
steering vectors were initially calculated using

wm(~ξn) =

eiω ‖ ~Xm−~ξn‖/c

‖ ~Xm−~ξn‖√
∑

M
m=1

1
(‖ ~Xm−~ξn‖)2

, (2)

where ω is the angular frequency [2]. However, since they are normalised, they apply the same
gain to each scan point and do not correct for spherical spreading. As a comparison, the steering
vector

wm(~ξn) =
1
M
‖ ~Xm−~ξn‖ eiω ‖ ~Xm−~ξn‖/c, (3)
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was also used. This is a slightly modified version of that given by Brooks and Humphreys
[2, 10]. This gives a distance dependant weighting to each scan point and attempts to correct
for spherical spreading.

Deconvolution of these beamforming maps was performed using CLEAN-SC [15]. Beam-
forming and CLEAN-SC were performed in an automatically process cycling through all record-
ings. For each CLEAN-SC map, the peak magnitudes bmax and their coordinates ~ξmax in the
CLEAN-SC maps are obtained and used for error analysis. For a 3D scanning surface corre-
sponding to the surface of the object, one could define the position error ε to be

ε= ‖ ~Xs−~ξmax‖, (4)

where ~ξmax is the deconvolution peak coordinate. However, if a 2D scanning surface is used,
the scanning surface does not pass through a speaker coordinate ~Xs. The deconvolution peaks
were, therefore, projected from ~ξmax to a point ~ξp in a plane perpendicular to the array axis at
the same distance Z = ~Xs(3) as the speaker. The error may, therefore, be defined as

ε= ‖ ~Xs−~ξp‖. (5)

Perspective projection from the center of the microphone coordinates was used. This position
error method was used for both the 2D and 3D scanning surfaces.

3 RESULTS

3.1 Depth of Field

The depth of field of an array describes the reduction of the measured sound pressure level of
a sound source as a traditional planar scanning surface is moved away from the true source
location due to incorrect focus (time delays) being used. This was investigated for the spherical
array using a single sound source and 23 traditional 2D scanning surfaces at different distances
from the array, see Figure 3a. The CLEAN-SC depth of field, for sound played on only one
speaker, is shown in Figure 3b. Since only one sound source is used, this is also equivalent to
the beamforming depth of field. This plot shows a decrease in measured SPL as the traditional
planar scanning surface was moved away from the true sound source location. This is consistent
with the results obtained by [5, 11, 12] for beamforming. Figure 3c shows the CLEAN-SC depth
of field for the same speaker but where all six speakers were played simultaneously. This plot
shows similar results compared to the single speaker case but appears to have more noise.

3.2 Position Error

3.3 Scanning surfaces corresponding to the 3D surface geometry of the object

The CLEAN-SC position errors were then investigated for scanning surfaces corresponding
to the 3D geometry of the object, see Figures 4a and 4b. In Figure 5, these position errors
are averaged, for all speaker positions, into 12th octave frequency bands. The position errors
are high for low frequencies but reduce as the frequency is increased. For a single speaker
played at a time, the mean position error is 3.7mm for the frequency the range 5-15kHz. This
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Figure 5: Clean-Sc position error averaged into 12th octave frequency bands for 3D scanning
surfaces and sound played on only one speaker at a time. For frequencies from 5-
15kHz, the position error is less than the diameter of the speaker.

(a) (b) (c)

Figure 6: Example images of CLEAN-SC peaks for speakers at a mean distance of 0.7m from
the array using 3D scanning surfaces.

error is remarkably small considering that the diameter of the speakers was 26mm and the
scanning grid spacing used was 6mm. The poor performance at low frequencies was expected
since beamforming resolution is proportional to wavelength. A plot of the position errors as a
function of wavelength shows this linear relationship.

3.4 Comparison of position errors for 2D and 3D scanning surfaces

The CLEAN-SC position error was investigated as function of frequency for both the 2D and
3D case. The position error was averaged into octave frequency bands and plotted as a function
of frequency for a white noise played on only a single speaker at a time, see Figure 7a and
where sound was played on all six speakers simultaneously, see Figure 7b. At low frequencies,
the position error for the 2D case was the same as that for the 3D case. However, the position
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(a) White noise played on a single speakers (Record
No.1-6).

(b) White noise played on multiple speakers simulta-
neously (Record No.8).

Figure 7: Position error averaged into 12th octave frequency bands.

error for the traditional 2D scanning surfaces increased significantly above that of the 3D case
for frequencies above 4.78kHz. An exception to this was for 2D scanning surface No.1 which
departed from the 3D case at 1.4kHz.

The position error as a function of the Z component of the speaker positions was also inves-
tigated, see Figure 8. Here it can be seen that poor performance was achieved for 2D scanning
surface No.1 and No.6 (Z= 0.164 and 0.466 m), for all speaker distances except for speaker
coordinates near the 2D scanning plane. For 2D scanning surface No.15, No.19, and No.23
(Z= 1.305,1.717, and 2.120 m), the position error was comparable to the 3D case for speakers
located further than about 0.8 to 1m from the array. An interesting feature observed when using
a 3D scanning surface was that increased accuracy for lower frequencies was achieved as the
sound was moved closer to the array. This was in contrast to the 2D case where high errors was
observed for sound sources located near the array.

4 SUMMARY

The deconvolution algorithm CLEAN-SC was investigated using 3D scanning surfaces corre-
sponding to the surface geometry of an object, and compared to results obtained for traditional
2D scanning surfaces. It was found that using 3D scanning surfaces corresponding to the sur-
face geometry of an object gave under certain conditions large improvements in the accuracy of
measured sound source magnitudes and positions compared to those obtained using the tradi-
tional 2D scanning surface. The greatest benefit of using the 3D scanning surface was achieved
for higher frequencies and sound sources located near the array. Future work would repeat the
experiment described above for the Underbrink multi-arm spiral array and the SADA array. The
improvement in accuracy achieved for the spherical array using the 3D method is expected to
be significantly greater for the Underbrink multi-arm spiral array, which has a shorter depth of
field. Other deconvolution algorithms could also be investigated using the same methodology.

8



(a) True 3D scanning surface. (b) Traditional 2D scanning sur-
face No.1, Z = 0.164m.

(c) Traditional 2D scanning surface
No.6, Z = 0.466m.

(d) Traditional 2D scanning sur-
face No.15, Z = 1.305m.

(e) Traditional 2D scanning surface
No.19, Z = 1.717m.

(f) Traditional 2D scanning sur-
face No.23, Z = 2.120m.

Figure 8: Comparison of position error as a function of distance Z from the array for the true
3D scanning surface and five traditional 2D scanning surface. The frequency range
used was between 2 and 18kHz. The relatively poor position accuracy from 15 to
18kHz is related to the poor gain of the speaker at these higher frequencies. (Record
No.1-6)
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