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Research on sound source localization method using data
fusion of multiple microphone arrays

Liu Yang Zhang Chuanying Zhao Jingyu Bu Fanliang

(College of Information and Network Security, People’s Public Security University of China, Beijing 102600, China)

Abstract: Addressing the issues of TDOA estimation accuracy being limited by sampling frequency and the large localization errors of a
single microphone array, this paper proposes two improved methods and conducts simulation verification. Firstly, to tackle the problem of
significant TDOA estimation errors caused by low sampling frequency, a modified cross-correlation algorithm based on cubic spline
interpolation is proposed. This method involves performing cubic spline interpolation after the first cross-correlation to increase the
sampling frequency, followed by a second cross-correlation to obtain the TDOA. Simulations under 10x interpolation conditions
demonstrate that this method reduces the TDOA error from 7. 6% to 0. 6%, effectively minimizing the estimation error. Secondly, to
address the large localization errors associated with a single microphone array, a multi-microphone array data fusion method for sound
source localization is proposed. This approach involves fusing the localization results of multiple microphone arrays to obtain the final
sound source position. Using a quaternary cross array as an example, simulations were conducted at 10 points in space, comparing far-
field localization accuracy between dual-microphone arrays, quad-microphone arrays, and single microphone arrays. The results show
that the localization error for a single microphone array exceeds 1 meter when the sound source is distant, whereas the proposed dual-
microphone array design achieves localization errors below 0. 3 meters, and the quad-microphone array achieves errors below 0. 2 meters,
significantly enhancing the accuracy of sound source localization.
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Fig. 1 Microphone array signal reception model
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Fig. 2 Interpolation based quadratic cross-correlation algorithm
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Fig.3 Modeling of quaternion cross-shaped microphone array
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Fig.4 Dual microphone array reception model
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Fig. 6 Quadruple microphone array reception mode
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Fig.7 General framework for multi-microphone array data fusion localization method

SNR 4 10, REERH 220 50 Hz, HEFAE X M,
M, TEAR R | 43 BELE (4,0,0),(~d,0,0) o Hrp
d 0.1 m AR S BEEAE(1.2,0.6,3.3) , AR E R
WA FE K M, F M, B ELSEIAE 22 Ry g, = 1,963 5x
107", AALINE 8 IR

K8 IFHEA TR AR Y

Fig.8 Time delay estimation environment model

TELLN 50T, A6 TDOA 1= EH k1Y B kA7
ERZE  TRHUCATE 1 = ORE A4 (A B0 /N 22 00
BB b ORI A (B A BRI R R R A A (B
fEg s E TR R B R B S, RS
T (OFRAEAE, FEA5 M L 30 dB (R HRAE AR I T 30k BUH

EAEECN 2,510 15 23 5 EAT 5206, 32 1 J7R e 4 A
(EASECT , M, F1 M, TDOA fili v+ T+ (B L b ds S
IR REAG T 5 ESE R 22
F1 FAEEFEHRETHENNEEZ
Table 1 Time delay difference calculated under

different interpolation factors

T E AT AR s TRE/s B/ s
2 2.040 8x107*  7.730 0x107° 0.033 7
5 1.995 5x10™*  3.200 0x107° 0.075 4
10 1.950 1x10™*  1.340 0x107¢ 0.114 2
15 1.9652x10™*  1.700 0x107’ 0.2325

PR 1 /LA BE S A0 R 11515 5
PR Ao IE 25 3R 25 A0 25 A8 /0N | (EL e 328 B B A 2 oz i 38
FEEE A S BRE LT J5 U040 il SRS B 1 75 L T LAACHE
FEH S RAE SRR AT B N 10 B TS50, 40 4
i CC.GCC-PHAT SCC ., DA KA SCHE B9 SCC-CST 553k
FHE R B AN SC R B AN 1] 9 BT 7S , W22 H: ok BRE AR i
B, PUFh e ARG LT 5 TDOA Al X 5 i iR
ZEUNE 10 B, o AR5 M R EFT 100 RIS

&9 4 BhOTIE T BRI A A B B, CC Bk
I GCC-PHAT Bk fr — R L2 M mi g mig K, %
B FEAR MR LA AR FUoR AR — 2 I 451 7, SCC At sCC-



57 3

2 242 v WSRO 7 D T A E 9T - 103 -

CSI At AY M 2> e T AR 56 A S A 56 IR v
o JAM,SCC-CSI BILA LT SCC Bk, 25 2 s fin i
i, O BT AT BRSNS BAY 1B I (A

12000 [~
10 000 [
8000 r
6000 [
o
& 4000
=/ L
= 2000
K 0
= -2.000 f
-4 000 f
-6 000
-8 000 : - : - : - : I
43 20 - 0 1 2 3 4
I /s
(a) HARKRE
(a) Cross-correlation algorithm
%10*
16 -
14 -
12 1
i 10 -
g ol
g 8
6 F
K
Z 4
2 S
0+ e
-2
-4 3 2 - 0 1 2 3 4
I /s

() ZIR MRS 1k

(c) Second-order cross-correlation algorithm

(F R, 2K B B ) R PR (L o R R ARG G 2
TR R 45 SRR S S A R

i i /s
(b) ™ CHHI AR BN S v

(b) Generalized cross-correlation phase weighting algorithm

x10M1
251

20
157
1.0~
05+

0
-05-
-1.0-
-1.5¢
-2.0 - .

-80 -60 -40 -20 0 20 40 60 80

IR 18)/s
(d) =T 4B — R EAISRE v

(d) Interpolation-based second-order cross-correlation

P LT

algorithm

B9 4 B ik B0 EAH G pR KL

Fig.9 Cross correlation functions of four methods

Bl 10 AT LA AR — SRR R LRI 4
PO 2 M RCR B R AL, 5 SCC-CSIT AR IH B A T H Al 7
o BRI LI A5 A3 0, TDOA Al i 3 07 AR 22
B TR BIEMRLL 15 2B THRE . ATk iy
B K A [ A F 3l (AR TR AEMR,
TDOA A Bt 48 o, (A5 34 AR DR 22 W AR T
HMbAEG 7k X — 45 R EAE T AT I A Z 55
S, TR AR R AT T 2R R A 7 IR A
Bro FEASWR A R, AT IR E A, =
1.814 1x10™'s,SCC-CSI Y455 7, =1.950 1x107's,
BLIR2ZE N 7. 6% FEIRE] T 0. 6% , W FI B i THE
T LI AR 225 M) B SiE 22 AT 007 AR B A R
4.2 SERREFIHEMEEMCT EEERTE

MRITT 4. 1T AT UG+ B8 XU T
UREBI LA B 0 22 5 IR 900 ) 52 2 7 32 14T #E MATLAB

BAF LA 05 BT, B R A AF R AR IRE L, 5

—&-CC
—9-GCC-PHAT
scc
—k—SCC-CSI

WITRiRE

5I lIO ll5 ZIO 2‘5 30
{58, L1 2/dB
B 10 R[EMEME LT B Al 12 Oy AR 2 2%
Fig. 10 Root mean square error of time delay estimation

under different signal-to-noise ratios



- 104 - LSRR R e o

38 &

FLiE hy SNR = 20, A J7EBFSE, 48— 15 W 40 M 19 B o
[EEE R 0.1 m, MFEPD ST 55 B d = d, = (0.1/
J2)m, BRI d=d,=0. 1 m, DU 5 KFED) d=
dy=(0.1/42)m, 7N 340 m/s, 95, TEARPR R F ik
B 10 AR R B4 T 7 A A, s S 22 AR X T
FLA B RG2S AT IR 220, RS,
TEVUTCRFAN I RERL Toy + Ty — Ty HHR T I IEA By 50—
AMR/NE, i LA AT B PR A SR RE A3 A ) 3 35 Hh B A% T
0 ITEAL 38 W AL45 R T I8 55 K, R (B I 75 125 7T
DAFEAN [ 380 3 o SR AN R] A (A5 A, T B 27 S, 959
BRG0P DR 7, B 3 NHHAE 7, Ty Ty 41

BIEBEAFR A A7E0CH 5,10 15 SEFTS2 4007, PUOCRES Y
10 YE LG R B ILE i 22 43 B I 3R 2 B, o3 AN
A H(1,0.3,2.3),(-0.3,1.6,3.8) 7£25 [i] 35 FBl #4715
AR 11 FR . B SOXUES 3 AN DY ST AR TR
W5, XU o KR B 1) 5 S 45 SR N 3 7, 0 e 43 1
PIASF B8 DA Sl & 2 DT A SR . RSB35 107 45
DA Rl 7 (51 235 R 19 25 ) 0 LA 1 12 s o DU 22 5 X
B 4 >R 53 500 5 57 (R 45 R L e il G )5 A 4 SR n <
4 Ji7R . DUZE e MBS e AR 250036 5 iR, B 4
ANTFREF 5 A 45 3 DL B Rl 7 o 285 L 1 23 Tl 4 ]
13 7R

®2 MT+rFEIEMER

Table 2 Localization results of quaternion cross-shaped array

HLS AR ATt AL AR AR BRI R TR 2 SE R
(1,0.3,2.3) (0.852 0, 0.255 6, 1.962 8) (-0.148 0, —0.044 4, —0.337 2) 0.370 9
(0.5,0.8, 1.3) (0.5103, 0.817 5, 1.327 3) (0.010 3, 0.017 5, 0.027 3) 0.034 0
(1.2,0.3, 3.5) (1.206 3, 0.300 4, 3.524 3) (0.006 3, 0.000 4, 0.024 3) 0.025 1
(-0.3, 1.6, 3.8) (-0.2381, 1.228 1, 2.923 3) (0.068 2, -0.3719, -0.876 7) 0.954 8
(-1,0.3, 1.6) (-0.8637, 0.260 1, 1.383 1) (0.136 3, -0.039 9, —0.216 9) 0.259 3
(3.2, 1.4, 1.5) (3.3141, 1.449 1, 1.5527) (0.114 1, 0.049 1, 0.0527) 0.1349
(1.7, -0.8, 5.0) (1.0450, -0.510 4, 3.1859) (-0.6550, 0.289 6, -0.1.814 1) 1.950 4
(3.2,2.4,5.4) (3.692 8, 2.763 3, 6.2302) (0.492 8, 0.363 3, 0.8302) 1.031 6
(0.5, 1.4, 5) (0.131 4, 0.365 6, 1.309 2) (-0.368 6, —1.034 4, —3.690 8) 3.850 7
(2.0, 4.0, 4.5) (3.6267, 7.268 4, 8.159 4) (1.626 7, 3.268 4, 3.659 4) 5.169 1
x3 WNEEREIIEMER
Table 3 Localization results of dual microphone array
HLI AR bR FHEF 1Ak Ae bR FHEF) 2 Al A b G J7 AT AR AR %wa ! ¥Ffw ? ﬁ:ﬂi??(ﬁ
R R R
(1,0.3,2.3) (1.4700,0.462 6,3.308 1) (0.7162,0.2303,1.599 6) (0.903 7,0.297 6,2.079 1) 1.124 1 0.7589 0.2410
(0.5,0.8,1.3) (0.447 6,0.721 1,1.1829) (0.4497,0.7155,1.1524) (0.4865,0.774 1,1.268 2) 0.150 6 0.1774 0.043 1
(1.2,0.3,3.5) (1.104 1,0.2450,2.979 1) (0.718 9,0.1950,2.304 6) (1.1469,0.278 6,3.343 8) 0.150 6 0.1663 0.1346
(-0.3,1.6,3.8) (-0.2601,1.3017,3.1208) (-0.2378,1.3446,3.1645) (-0.2931,1.5482,3.7077) 0.7429 0.6877 0.106 0
(-1,0.3,1.6)  (-0.9440,0.2779,1.5055) (-0.951 8,0.289 7,1.5326) (-1.0127,0.2984,1.6239) 0.1121 0.0836 0.027 1
(3.2,1.4,1.5) (2.916 6,1.2752,2.1.374 4) (3.406 1,1.486 7,1.593 6) (3.1225,1.3622,1.463 6) 0.3342 0.2424 0.093 6
(1.7,-0.8,5) (1.463 4,-0.7054,4.332 1) (1.6493,-0.777 1,4.8390) (1.701 4,-0.8155,5.001 6) 0.714 8 0.1704 0.0156
(3.2,2.4,5.4)  (4.264 6,3.2024,7.1547) (3.018 1,2.269 7,5.091 1) (3.0849,2.3349,5.2072)  2.2036 0.3814 0.233 8
(0.5,1.4,5) (0.9509,2.5597,8.9514) (0.3398,0.898 6,3.1242) (0.4230,1.218 1,4.22538) 4.142 6 1.9482 0.799 0
(2.0,4.0,4.5) (1.7657,3.5434,3.9892) (2.669 1,5.3428,6.0436) (2.0392,4.0628,4.581 1) 0.724 1 2.1526 0.109 8
x4 NEZREIIEMCLLER
Table 4 Localization results of quadruple microphone array
HLAAR FRES 1 AT bR FRES 2 At b FHEH 3 At Aebn FHES) 4 At A b il E LA bR
(1,0.3,2.3) (0.966 8,0.386 1,2.2304) (0.5613,0.1137,1.2940) (0.6778,0.1890,1.4196) (1.6132,0.5319,4.1243)  (1.0124,0.3051,2.3330)
(0.5,0.8,1.3)  (0.669 1, 1.2059, 1.7399) (0.2568, 0.3579,0.668 1) (0.469 3, 0.6240,1.0190) (0.464 1,0.9306,1.5132) (0.4933,0.788 7,1.284 5)
(1.2,0.3,3.5)  (1.1668,0.3843,3.3998)  (0.8451,0.1417,2.4575) (0.7459,0.1704,2.014 6) (1.5757,0.4309,5.0156)  (1.228 6,0.305 6,3.583 4)

(-1,0.3,1.6)  (-0.9223,0.3699,1.480 7) (-0.8605,0.173 6,1.376 9

(3.2,1.4,1.5)  (3.8241,1.7828,1.7928) (2.5592,1.042 4,1.197 8
(1.7,-0.8,5)  (1.4363,-0.6532,4.0657) (1.7718,-0.942 1,5.217 6)
(3.2,2.4,5.4)  (1.5638,1.2263,2.6296) (2.004 8,1.4452,3.385 1)
(0.5,1.4,5) (0.5356,1.6104,5.359 1) (0.270 7,0.701 2,2. 681 2)
(2.0,4.0,4.5) (1.4895,3.0408,3.3428)  (0.914 4,1.775 8,2.057 3)

(4.2540,1.791 2,1.938 7)
(1.145 0,-0.510 4,3. 185 9)
(4.3113,3.114 6,7.052 9)
(0.5133,1.194 8,4.281 1)
(7.271 8,13.912 6,15.59 6) (6.006 5,12.682 0,14.260 3)

)

(-0.3,1.6,3.8) (-0.2994,1.699 4,3.787 1) (-0.1819,0.8965,2.284 8) (-0.1104,0.8772,2.091 7) (-0.3263,1.306 8,3.1032) (-0.291 5,1.548 7,3.683 9)
) (-0.890 6,0.2933,1.582 6) (-0.9254,0.2549,1.345 1) (-1.0047,0.301 9,1.608 5)
)

(2.5403,1.1533,1.2245)  (3.2785,1.4323,1.535 8)
(0.993 7,-0.5037,3.008 7) (1.750 1,-0.830 5,5. 149 0)
(7.817 6,6.035 3,13.600 4) (3.078 4,2.307 2,5.188 9)
(0.2401,0.841 3,3.0065)  (0.500 1,1.398 7,4.999 7)
( (

1.946 5,3.892 2,4.380 4)
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Table 5 Localization error of quadruple microphone array
THEF 1 1R TS 2 22 TS 3 1% T Y 4 15222 filA E N iR 22
0.078 3 1.100 9 0.9827 1.972'5 0.035 6
0.561 9 0.758 6 0.356 4 0.258 1 0.020 3
0.106 7 1.102 8 1.590 7 1.594 7 0.088 3
0.0129 1.6352 1.857 1 0. 7596 0.127 2
0.1455 0.264 4 0.020 9 0.3123 0.009 9
0.745 1 0.753 9 1.120 6 0.670 8 0.092 1
0.981 8 0.2330 1.950 4 2.017 5 0.160 1
3.460 4 2.493 7 2.065 3 10. 1350 0.260 7
0.377 4 7.974 9 0.752 6 2.0573 0.001 3
1.649 8 3.414 4 15.752'5 13.693 2 0.169 6
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Fig. 11  Simulation of sound source localization using quaternion cross-shaped array
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