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Abstract

To improve the computation and real-time performances of the multiple signal classification
(MUSIC) algorithm in 3D space, a fast sound source localization method based on the bat algorithm
(BA) and the 3D-MUSIC, called BA-based 3D-MUSIC algorithm (3D-BMUSIC), is presented in this
paper. 3D-BMUSIC greatly reduces the computation load by replacing the regular grid search with
the BA. First, the near-field spherical wave model is established to obtain the spectral function of the
3D-MUSIC. Then, the spectral function is defined as the fitness function, which calculates the fitness
value corresponding to each bat position. Finally, the global optimal bat position with the largest
fitness value, as sound source localization, is obtained by successive iteration and sorting. The
simulation and experiment show that 3D-BMUSIC accurately estimates the DOA and distance of
near-field sources, and the root-mean-square error (RMSE) of 3D-BMUSIC is less than that of 3D-
MUSIC. In addition, 3D-BMUSIC effectively reduces the computation time by approximately 96—
98%. With shorter computation time and higher efficiency, 3D-BMUSIC promotes hardware
implementation and is more suitable for high-precision localization of near-field sound sources.
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Introduction

Sound source localization, as one of the key research directions in array signal processing, ' is widely
applied in many fields, such as sonar, wireless communications, and biomedical engineering. For
multiple sound sources, the localization algorithms are divided into two categories: one is the super-
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resolution spectrum estimation; the other is the beamforming. Over the past few decades, many 2D
localization algorithms, such as multiple signal classification (MUSIC),? estimating signal pa-
rameter via rotational invariance techniques (ESPRIT),” maximum likelihood estimation (ML)* and
various beamforming methods (BF), have been proposed for direction-of-arrival (DOA) estimation.
The traditional algorithms are based on the far-field assumption that a signal travels as a plane wave
and the difference in the amplitude attenuation of the received signal is ignored. Unlike the far-field
DOA estimation, the near-field sound source localization needs to estimate the distance in three-
dimensional space,’ which makes the computation time-consuming.®™'" The research of the super-
resolution spectrum estimation mainly focuses on 2D space. However, in recent years, there is an
increasing trend in localizing sound sources on 3D space by various beamforming methods, such as
DAMAS, CLEAN, CLEAN-SC.

As a classical algorithm in super-resolution spatial spectrum estimation, the MUSIC algorithm
has been improved for real-time performance in the past few decades. According to the Vandermode
structure of the steering vector of a uniform linear array (ULA), the root-MUSIC algorithm is
proposed to reduce the computation by constructing a root-finding polynomial instead of con-
ducting a grid search. However, the shortcoming is obvious: the root-MUSIC is only applicable to
ULA. To overcome this shortcoming, the AI, MST, and FD-root-MUSIC !> 1# algorithms are
proposed by converting arbitrary arrays into virtual ULAs. Another problem is that the polynomial
equations are very difficult to solve due to the high order of root-seeking polynomials constructed by
these algorithms. It is claimed that converting complex domain computations of spatial spectrum
estimation algorithms into real domains can reduce the computation complexity of DOA
estimation.”> ™' Liu'® proposed a fast algorithm for root-MUSIC with real-valued eigen-
decomposition which requires a large number of snapshots and high SNR. In recent years, Yan
and Ming applied compressive sensing theory in DOA estimation,”®** which effectively estimates
the DOA by reconstructing the original signal with very few observations, but there is a limit to the
amount of computation that can be reduced in this way. Masato™ applied particle swarm opti-
mization (PSO), a type of swarm intelligence optimization, to reduce the peak searching time.
Similarly, Yang proposed a new bionic intelligent optimization algorithm that combines the ad-
vantages of PSO and the genetic algorithm (GA)** and named it the bat algorithm (BA).>* There are
very few studies on 3D positioning methods based on spectrum estimation.

The research of the 3D positioning method is mainly concentrated in the field of BF (such as
DAMAS, CLEAN, CLEAN-SC, et al.). Brooks*® investigated the exploitation of the DAMAS
approach with several arrays of different sizes and designs, demonstrating that a large array is
advantageous for extracting sound source location and strength in 3D application. Legg and
Bradley”’ studied the amplitude and localization accuracy calculated by CLEAN-SC for 2D and 3D
scanning surfaces with a spherical array and proved that 3D scanning surface provides higher
localization accuracy for higher frequency sound sources. Geyer®® presented the superiority of 3D
beamforming in enhancing noise source distribution for standard 2D mapping. Sarradj** ' pointed
out that the deconvolution approach is mandatory in the analysis of 3D beamforming and compared
four different steering vectors in applications. Porteous®> compared the performances of four
beamforming algorithms for the localization of acoustic dipole sources in a 3D domain with two
arrays placed orthogonally to each other. Thomas™ compared Clean-SC, L1-GIBF, DAMAS, and
SC-DAMAS in the case of 2D and 3D scan zones. Xenaki** proposed two Fourier-based de-
convolution approaches to improve the quality of 3D beamforming with phased arrays. Ning®”
proposed the use of compressed sensing in three-dimensional localization. Chu**~*° and Koutny*'
studied the three-dimensional deconvolution method based on the spherical array and compared the
localization effect of various methods. Wang** proposed expectation-maximization (EM) and
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Evidential EM (E2M) algorithm to estimate multiple sound sources in a statistical framework by
maximum likelihood. The major contribution is the suppression of uncertain problems, such as
uncertainty related to ill-known microphone locations and wavenumber. The 3D representation is
very useful when analyzing the envelope surface of the car with a microphone array. Doebler*’
computed a 3D beamforming map of the surface enveloping the “Panamera S body with three
arrays and proved that CLEAN-SC is an efficient deconvolution method for this particular ap-
plication. Dougherty** compared the performances of CLEAN-SC, DAMAS for the 3D localization
of an engine noise source.

Based on the above discussions, the current research for MUSIC mainly focuses on DOA
estimation (2D), while research on 3D-MUSIC is limited. Compared with BF-type methods, the
research on MUSIC-type 3D positioning methods needs to be developed. The computation obstacle
of 3D-MUSIC has not been effectively solved, and the optimization algorithm of 3D-MUSIC needs
to be researched further. This paper proposes a 3D-BMUSIC algorithm for near-field sound source
localization, which uses the BA instead of a grid searching in the 3D-MUSIC algorithm. First, the
near-field sound source spherical wave signal model is established, the spectral function of in-
dependent variables such as the elevation, azimuth, and distance are derived. Second, the spectral
function is taken as the fitness function, which is used to calculate the fitness value corresponding to
each bat position. Finally, the global optimal bat position, as the localization of the near-field sound
source, is obtained by iteration and sorting. The 3D-BMUSIC algorithm not only accurately es-
timates the localization of near-field sound sources but also has much lower computation com-
plexity and excellent real-time performance. In the near-field sound source localization, its
superiorities in terms of real-time and high precision are verified by simulations and experiments of
multiple sources.

Signal model and 3D-MUSIC algorithm
Signal model

According to the distance between the sound source and the microphone array, the sound prop-
agation model is divided into the near-field model and the far-field model.*>*® For the near-field
model, sound waves are transmitted in the form of spherical sound waves. The general near-field
judgment formula is

2D?
L=< 1
<= M

where D is the array aperture, A is the signal wavelength, and L is the distance between the sound
source and the microphone array. The spherical wave model is more accurate and reliable than the
far-field plane wave model when the sound source is in the near field. The array signal model based
on spherical waves contains the phase and amplitude attenuation information of the sound source.

S narrow-band signals s;(¢),s2(¢),...,ss(¢) are measured by the microphone array. The signal
received by the 7 th microphone can be expressed as

N

FO = s(t—1) +m(), i=1,2,..M, j=12..8 )

j=1
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where 7;(¢) is the Gaussian noise received by the i th microphone. t; is the relative time delay factor
of the j th signal received by the i th microphone.
The signal can be expressed in the complex envelope form

5(0) = w(0) 7 3)
5;(t — 1) = uy(t — 7)) 4)

where u(¢) is the amplitude of the received signal, f(¢) is the phase of the received signal, and w, is
the frequency of the received signal, . = 2xf..
For a narrowband signal, B(¢) can be obtained

Bt —1)=p(1) (5)

In the spherical wave model, the amplitude of the sound pressure is inversely proportional to the
propagation distance

w(t—1) _ry ©)

w(t) oy
Substituting equations (5) and (6) into equations (3) and (4) yields the signal in the complex
envelope form
Y —j.Tij
st = 7) = (1) )
. -
Therefore, the incoherent narrowband near-field signal model can be further written as

S
F0) =3 Memomg (1) 4 n(1), i = 1,2, M, j=1,2,...8 )

j=1 rU

equation (2) can be expressed in matrix form as Figure 1
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Figure |. Microphone array receiving signal model.
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F(t) = [a(rlaelsg”l)’ a(r2702s¢2)’ IEERE a(rS,QS,(oS)]S(t) +N(I) = AS +N (9)
where
7y 1y !
a(r,0,9,) = 1o ey, W eveny (10)
: Ty Ty

denotes the M steering vector and 7;; has the following form
v = (ls —pill = llsl))/C (an

where the sound source localization vectors are si, $3,..., Ss and the localization vectors of the
microphone in the array are py, ps,... py. ¢ is the velocity of the sound wave, which is taken as
343 m/s at 20 degrees Celsius.

3D-MUSIC

R, as the covariance matrix of F(f), is defined as
R = E{(AS + N)(AS + N)"} = AE{SS"} A" + ¢’T = ARssA" + &°1 (12)

Where ¢ is the Gaussian noise power. H represents the conjugate transpose of the matrix. Ei-
genvalue decomposition and ordering of the above formula can be obtained as follows

R(t) = Udl.ag[/ll,...,As,/ls+1,...,j,M}UH (13)

MyeeohsAsi1,--- Ay are the eigenvalues of R(#). According to subspace theory, the matrix U is
divided into two spaces: noise subspace (Uy) and signal subspace.

AUy =0 (14)
The spectral function is defined as

1
at(r,0,0)U, UM a(r,0,0)

Pyusic(r,0,9) = (15)

r,0, and @ are the distance, elevation and azimuth of the near-field sources, respectively. The 3D-
MUSIC algorithm searches for the 7,0, and ¢ values by grid search, in which the computation load
mainly depends on the grid spacing and search range, and the computation load formula can be
expressed as

O((rmax - rmin)(emax - 9min)(§0max - (omin)) (16)

AAA,

(Fmax — ¥min)>(Omax — Omin) and (@, — @) are the search range of the distance, elevation and
azimuth, respectively; A,,Aq , and A, are the corresponding grid spacing.
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3D-BMUSIC sound source localization estimation

Bat algorithm

BA is a random global optimization algorithm based on population. It was inspired by the echo
localization behavior of bats during hunting. During the hunting process, bats first send out a sound
signal, which is reflected when it encounters the surrounding objects. By analyzing the charac-
teristics of the echo frequency, loudness, and pulse emission rate, bats can avoid obstacles and
search for prey. The BA simulates the hunting process and maintains better coordination between
global and local search, enabling more accurate judgments to be made on the localization of prey.
The BA has the characteristics of a simple model, fast convergence, potential parallelism and
distribution.

The process of bat algorithm optimization is as follows: in the whole search space, individual
bats are randomly distributed as the basic unit of the bat algorithm. The optimal solution to the
problem is the localization of the bats. All bats have a fitness value corresponding to the opti-
mization problem. At the beginning of the algorithm, each bat senses its prey using its low pulse
frequency and high loudness. When the prey is found (the current optimal solution), the pulse
frequency increases and the loudness decreases. By comparing the fitness value of the inferior and
superior position, the bats in the inferior position (smaller fitness value) gradually move toward the
bats in the superior position (larger fitness value), after several searches, the bats will gather in the
position of the prey (the optimal position). The optimization is to find the best parameter that
maximizes a fitness function.

Optimization of 3D-MUSIC based on the BA

Grid search is the main factor that leads to the massive computation of the 3D-MUSIC algorithm.
This paper introduces the BA into near-field sound source localization. As a solution to the op-
timization problem, the bat position represents the estimated localization of the sound sources.
Primarily, set the bat population n, frequency range [fin/max], loudness attenuation coefficient a,
frequency increase coefficient y, number of algorithm iterations 7 ., Space dimension d, rate of the
pulse emission rp;, and loudness A4;.

The initialization formula of the sound source position is

X = Xmin + rand(07 1)(xmax - xmin) (17)

where X, and x,,;, are the upper and lower limits of the parameters, respectively.
The fitness function is defined as the spectral function of the 3D-MUSIC algorithm

1
al(r,0,0)U,UMa(r,0,0)

fitness(x) =

(18)

where U, is the noise vector. The fitness value of the initial bat position is calculated and sorted to
find the current optimal solution corresponding to the maximum fitness value. Record the optimal
solution x  of the iteration and its corresponding fitness value. Then, update the sound source
localization as follow

ﬁ :fmin + (fmax _ﬁnin) X rand (19)
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vi=v 4 (x’.’l —x*) X f; (20)

x=x" 21

f; is the pulse frequency at the current moment of the i th bat randomly assigned within the range

[fninsfmax] of the pulse transmission frequency, rand € [0, 1]; Tt is a factor affecting how quickly the
t o f—1

bat changes its flight velocity to veer toward the current best solution; vi,vi~" are the corresponding

flight >Epeeds of the i th bat at time ¢ and #-1; xf,xﬁ‘l are the positions at time ¢ and ¢-1 of the i th bat,
and x is the optimal individual at the moment.
If rand, > rp}, select one solution from the set of the best bat positions and generate a new

individual position through random flight
Xnew = Xold + 8At: oS [_ 17 1] (22)

Xoiq 18 a solution randomly selected from an existing set of optimal solutions, ¢ is a d-dimensional
random vector, and A’ is the average loudness of all individual bats in the same period. The new
individual position will then replace the current position of the i th bat.

If rand, > A'&f (x4) <f (x*), save this new solution while increasing 7p! and decreasing A.
Otherwise, the original position x/~! remains unchanged

141

= pl[1l — exp(y1)] (23)

At =04 (24)
rpitis the pulse rate of the bat at time ¢ + 1. A! is the loudness at time . o and y are constants, with
y>0 and 0<a<l.

Sort all sound source positions according to the adaptive function and find the current best sound
source position x . If the maximum number of iterations is not reached, update the sound source
l(zkcalization. If the termination condition is satisfied, output the global optimal sound source position
X .

For multi-sound source localization, another nested iterative searching is required. The basic idea
is that iterative searching of multiple sound sources can be done by suppressing the relevant
searching space. Figure 2 shows the flow chart of multiple sound source localization.

Simulation

In this section, the localization of incoherent sound sources is simulated. Based on the parameter L,
the sound source is in the near field. The computation load, computation time and statistical
performance of 3D-BMUSIC and 3D-MUSIC are compared. The coordinates of each microphone
in the microphone array are shown in Figure 3, and the number of snapshots is 500. Other simulation
settings are listed in Table 1.

Localization result and error analysis

Table 2 and Figure 4 show the ability of the 3D-BMUSIC algorithm for identifying near-field sound
sources with SNR of 20 dB. The root means squared error (RMSE) of 3D-BMUSIC and 3D-MUSIC
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Figure 2. Flow chart of 3D-BMUSIC.

are compared in Figure 5; 200 Monte Carlo simulations were conducted to obtain the RMSE curves
for error analysis.

Table 2 compares the actual source location and source localization estimated by 3D-BMUSIC.
The sound source coordinates estimated by 3D-BMUSIC are very close to the actual location co-
ordinates in Table 2. For convenience, Figure 4 shows the localization results in 2D and 3D spaces.
The circle represents the actual location and the triangle represents the sound source localizations
estimated by 3D-BMUSIC. Obviously, the estimated and the actual sound sources locations almost
overlap, indicating that 3D-BMUSIC can accurately localize near-field sound sources.

Figure 5 shows the RMSE curves of 3D-BMUSIC and 3D-MUSIC with different SNRs. On the
trend of the curve, as the SNR increases, the RMSE decreases significantly. The reason is that the
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Figure 3. Layout of the microphone array.

Table I. The simulation setting.

Name of parameter

Value

Coordinate system

Number of microphones
Source | localization

Source |

Source 2 localization

Source 2

Sampling frequency

Angle step in grid search of 3D-MUSIC
Distance step in grid search of 3D-MUSIC
Search range of elevation
Search range of azimuth

Search range of distance

Bat population

Frequency range

Rate of pulse emission

Pulse emission rate coefficient
Number of algorithm iterations
Spatial dimension

Loudness

Loudness attenuation coefficient
Number of snapshots

Spherical

M =36

(75°, 77°, 60 cm)
Narrowband (2000 Hz) random signal
(40°, 50°, 90 cm)
Narrowband (2000 Hz) random signal
6144 Hz

1e

I cm

1-90°

1-360°

1-100 cm

n =20

[0 1

rp; = 0

y=1

itermax = 100

3D

A,‘ =0.6

a=0.6

500
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Table 2. Actual position and localization result by 3D-BMUSIC.

Actual position Localization result

Spherical Cartesian (cm) Spherical Cartesian (cm)

Source | (75°,77°, 60 cm)  (13.04, 56.47, 15.53) (74.99°, 77.03°, 60.02 cm)  (13.01, 56.49, 15.54)
Source 2 (40° 50°, 90 cm)  (37.19, 44.32, 68.94)  (39.96°, 49.99°, 90.02 cm)  (37.17, 44.28, 69.00)

(a) (b)
Location of sound sources Location of sound sources
Jo(13.04.56.47.15.53) (13.04,56.47,15.53)
60 (13.01,56.49,15.54) (13.01,56.49,15.54) 37 19 44.32,68.94)
O
%q,%é’ga /o\ . °o°o° @217,44.28,69.00)
QYR (37.1944.32,68.94 A
Yiemy | Roggs®  (37.17.44.2860.00 Y(emy oo % °F
0o 90° 94
o
© oo o0
o000
0 -60
100 -60 -60 0 60
Z(cm
(cm) X(cm) X(cm

Figure 4. The localization of sound sources by 3D-BMUSIC: (a) spatial localization and (b) sound source
projection on the XOY plane.

—¢— Elevation(3D-MUSIC)
—&— Azimuth(3D-MUSIC)
100 —A— Distance(3D-MUSIC)
iy —¥-— Elevation(3D-BMUSIC)
AN —G~ Azimuth(3D-BMUSIC)
—&~ Distance(3D-BMUSIC)

RMSE

101§

%:f“ﬁ&:
e_

— A
= :_6::_?;

A

1072 ' ' ‘ '

-5 0 5 10 15 20
SNR/dB

Figure 5. The RMSEs of 3D-BMUSIC and 3D-MUSIC.
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noise and the signal subspace are completely separated, making the accuracy higher and the lo-
calization error smaller. On the other hand, the RMSE of 3D-BMUSIC is smaller than that of
3D-MUSIC as shown in Figure 5. Numerous simulations have shown that 3D-BMUSIC is excellent
in the near-field sound source localization.

Convergence property and computation load

The convergence rate is the main indicator for evaluating algorithm efficiency. Figure 6 shows the
iteration convergence curves of the elevation, azimuth and distance estimated by 3D-BMUSIC.
Table 3 and Table 4 compare the computation load and time of 3D-BMUSIC and 3D-MUSIC. The
computation time is the average of 200 runs of the algorithm on the Matlab2016b, and all parameters
of 3D-MUSIC and 3D-BMUSIC are listed in Table 1.

As shown in Figure 6, the convergence of the iteration is very fast. The algorithm localizes the
sound source well about 10 iterations and converges to a certain value within 85 iterations. The
number of bat populations is one of the key parameters of the iteration. If the number of bats is large,

(@) Sound source 1 (b) Sound source 2
80 T - - 100 T T -
77.1087 77.0845 77.0422 77.0422
e e ) >
75l i@ e ___ -9 90 r 90.1964 90.1542 90.1046" 901046
75.0517 74.8964 74.8426 | 74.8426 |
— ] —
£ | L E 80t ' ]
5 70 r Ll % — — — - Elevation
g ~ =~ Elevation ° Azimuth
5 Azimuth S 70+ Distance |
R Distance L T
0 65 T g I
o8 I B !
= I T 60r I
3 I 3 |
5 60 [ ] o » L) a |
o) 60.0954 60.2145 60.0143/1160.0143 o 50t ° ° le ®
o I o . 49.8433 49.8143 49.98171 149.9817
I [
55 I 4 |1
" 401300498~~~ "~ " 39,9502 39.0547 |39.9547
I I
50 L L L 11 30 L L L 1]
0 20 40 60 80 100 0 20 40 60 80 100
Number of iterations Number of iterations

Figure 6. The convergence curves of 3D-BMUSIC in the simulation: (a) sound source | and (b) sound source
2.

Table 3. The computation time of 3D-BMUSIC and 3D-MUSIC.

3D-BMUSIC average time/s 3D-MUSIC average time/s Average time ratio/%

0.67 35.65 1.90

Table 4. The computation load of 3D-BMUSIC and 3D-MUSIC.

Computation load of 3D-BMUSIC Comeputation load of 3D-MUSIC

0(2.0% 10%) 0(3.24 % 10°)
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Figure 7. Experiment apparatus.

Figure 8. Spatial localization of sound sources.

Table 5. The experiment setting.

Name of parameter

Values

Number of microphones
Sensitivity of microphone
Source | localization

Source |

Source 2 localization

Source 2

SNR

Size of semi-anechoic chamber
Background noise

Cutoff frequency
Measurement frequency range
Number of snapshots

M =36

64 mV/Pa

(28°,22°, 42 cm)

Narrowband (2000 Hz) random signal
(48°,201°, 64 cm)

Narrowband (2000 Hz) random signal
20 dB

9.8 mx8.6 mx3.5 m

18 dB

125 Hz

122387 Hz

500
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amore suitable position can be found in the first few iterations, so the convergence speed is faster. If
the number of bats is small, the initial localization result deviates from the true position, so the
number of iterations increases. There are two ways to terminate the iterations, one is to specify the
maximum number of the iterations as used in the paper, and the other is to set the difference between
the results of the two iterations. The number of iterations is mainly considered from two aspects:
First of all, the parameter 100 is conservative, which can ensure high accuracy of localization;
secondly, the number of iterations will increase for complex sound sources.

It can be seen from Table 3, the computation time of 3D-BMUSIC is only 1.9% of 3D-MUSIC.
As shown in Table 4, the computation load of 3D-MUSIC O(3.24 x 10°) is calculated by equation
(16), while the computation load of 3D-BMUSIC is mainly determined by the maximum number of
iterations and the population number, O(iter,,,; xn) = 0(2.0 x 10%). 3D-BMUSIC achieves high
accuracy estimation with a lower computation load than that of the traditional 3D-MUSIC. The
shorter computation time and faster convergence rate indicate that the real-time performance of 3D-
BMUSIC is excellent and suits the practical applications better.

Experiment

The experiment consisted of data collection, data analysis and sound source localization. As shown
in Figure 7, the sound pressure signals are sampled using the microphone array and the LMS-SCM-
05 multichannel data acquisition system. The experiments are carried out in a semi-anechoic

Location of sound sources 60 Location of sound sources
60 (18.28,37.08,7.39)
o 0o (182837.087.
°%q§‘8§’8 A(18-28,37.08,7.39) 0% o© 318'33’37'06'7'47)
Y(emy g ™18.3337.06.7.47) Y(cm) e 2% 422
o, 0
A(-44.40,42.82,-17.04) A oo o
(-44.56,42.84,-17.23) ©o0o0
60 (-44.40,42.82,-17.04)
0 (-44.56,42.84,-17.23)
60
50 0 -60
-60 0 60

Z(cm) 100 -60 X(cm) X(cm)

Figure 9. The localization of sound sources by 3D-BMUSIC: (a) spatial localization and (b) sound source
projection on the XOY plane.

Table 6. Actual position and localization result by 3D-BMUSIC.

Actual position Localization result
Spherical Cartesian (cm) Spherical Cartesian (cm)
Source | (28° 22° 42 cm) (18.28, 37.08, 7.39) (28.11°,22.17°, 42.02 cm)  (18.33, 37.06, 7.47)

Source 2 (48° 201°, 64 cm) (—44.40, 42.82, —17.04) (48.12°,201.14°, 64.17 cm) (—44.56, 42.84, —17.23)
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chamber. The array is placed 50 cm above the ground. Figure 8 shows the side view and front view of the
spatial position of the sound source in the experiment. Two speakers with a size of 11 cmx11 cmx13 cm
are used to simulate sound sources. Compared with the distance to the array, the speaker can be
considered as the compact sound source, and the center of the cone is defined as the position of the sound
source. The basic parameters are shown in Table 5 and Table 1 mentioned in chapter 4.

Localization result and error Analysis

Table 6 lists the coordinates of the actual sound source position and localization results of 3D-
BMUSIC in the experiment. The maximum distance deviation on the x-axis, y-axis and z-axis of the
Cartesian coordinate system is 0.05 cm, 0.02 cm, and 0.19 cm, respectively. For simplicity, Figure 9
shows the positions of the actual sound sources, the sources identified by 3D-BMUSIC and the
projection on the XOY plane in the Cartesian coordinate system. It can be found that 3D-BMUSIC
still locates the near-field sound source accurately in the applications. Table 6

Convergence property and computation load

Figure 10 shows the iteration convergence curves of the elevation, azimuth and distance estimated
by 3D-BMUSIC for two speakers. Compared with simulation, the iterative curve fluctuates slightly
due to the measurement noise. When the number of iterations exceeds 80, the estimated values of
the three parameters tend to be stable. The experiments prove the conclusion of the simulation:
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Figure 10. The convergence curves of 3D-BMUSIC in the experiment: (a) sound source | and (b) sound
source 2.

Table 7. The time comparison of 3D-BMUSIC and 3D-MUSIC.

3D-BMUSIC average time/s 3D-MUSIC average time/s Average time ratio/%

0.88 27.01 3.20
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3D-BMUSIC can localize the spatial sound sources quickly and accurately. Table 7 compares the
computation time of 3D-BMUSIC and 3D-MUSIC for two speakers. The computation time is the
average of 20 groups of array data. It can be seen from Table 7, the computation time of 3D-
BMUSIC is only 3.2% of 3D-MUSIC.

Conclusions

As a high-resolution algorithm, the study of MUSIC in 3D sound source localization is practical.
The large computation load of the 3D-MUSIC limits its application in the near-field sound source
localization. To improve the real-time performance of 3D-MUSIC, the BA-based 3D-MUSIC
algorithm (3D-BMUSIC) is presented in this paper. 3D-BMUSIC treats grid search as an opti-
mization problem, which achieves lower computation load and better localization accuracy by the
grid search optimization based on the BA. The multiple sound sources are localized by successively
iteration and sorting. Both simulation and experiment verify the excellent convergence property of
3D-BMUSIC, which localizes sound sources with higher precision and lower computation load than
3D-MUSIC. The maximum positioning deviation does not exceed 1 cm, and the computation time
of 3D-BMUSIC is only 1%—4% of 3D-MUSIC. In application, 3D-BMUSIC is an accurate and
efficient method for estimating the DOA and distance of sound sources in near-field by overcoming
technical obstacles. Due to the lower computation time and higher accuracy, the 3D-BMUSIC can
effectively improve the performance of the DSP-based sound source recognition system.
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