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Abstract On the base of the acoustic source localization technology based on sensor array, an improved Least Square

localization method is proposed. First, According to the effect of wind velocity, directions, and temperature on sound

velocity, the correction model of the observations is illustrated. then correct the weight matrix by the law of error

propagation, after that, location calculation by least square method. Considering that the existence of the gross error

is possible, IGG3 robust model is integrated into the process to improve the anti-interference ability of the system.

Additionally, the wrong observations are judged by observing the residuals vector, then the time series chaos problem is

solved by adjusting the series. Finally, the effectiveness and feasibility of the proposed method are certified by calculating

and analysing the real experimental data. The results show the improved Least Square localization method achieves the

location accuracy within 4 m. The method proposed can not only effectively reduce the influence of gross errors, but

also solve the chaos in observational series perfectly, and the reliability of the system can be improved. The research

work that is closely related to practice provides reference for the design and application of acoustic source localization

equipment.
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 � A�L�Mñö�N�O4��P�Q:��R�S�T�Uÿö�V�W:�:��XE�Y . 7�F��[Z�\�]�>�' � N�O è (1) ^�_ V�W����Q�� ð ò ó ô õ�`�a�b�c��� �4�5���
 / @
A ����d#�)�5�e�f�g�h�i��j4�5�� 6 -�.�k�l �� �m (2)

÷
n ��o�>��qp n �qp
	 ��1 ��r�s �����ut�J ��v/wù " �jQ���<�x ��?�y�z m (3) { 1 v ÷éøéö���� .,�| ö 0�}�}�~��������40 ��� ïñ÷:!ÿð�� n > ,� � .�=���} ú���&�������� $�� 2 ó�J�K����éö 0����� ������� [19],

\�� � 2 ó���E4
4J4K 
 � �
v ÷ ø�����������J�K 
 ��� v ÷ ø�������\���t��V�W�����Y 
 ���������éö ùéú�����m

(4)
� 1 ç� V�W4�4� ��¡ ö���¢ r�s J�! 2�" A¤£�¥ 
�¦�§��&��qI�J /�¨ ç�  R�©�G�% A �ª� ï�« 0�¬�­ �u���

��® �?!4#�¯�°4��±43�t���²�³���´ ��µ & [22], µ&ñö ¥ 
�t�I�¶�·��ñ÷ñøÿùñú:=:>4� � 0�* ¶�·����¸ ö���¹ ; �º <�»�¼ /�¨ ¥ 
ÿö�T�U�N�O:��½�¾�¢���� �A�<�� ö�7�F������ F�G�����p n �up
	 �qo�>�< ÷
n ö�������¿�À�� 0�� & y�z &�'���Á   ��& ð���T
;�Â W _ ��Ã ô��Ä¢���� ������� ö�Å�Æ ��Ç ÷ ø ùú�����m � 0 C�È 
 ! 2�" A ��E ¥ 
 µ &���É�Ê�&&�'���Ë 
 7�+�G�% A � . ¢�# ��¸ ö�Ê�Ì�Í ; ��ÎB ç <�* ö���� ��
 Å�Ï�Ð�J�+�Å�Ï�m�Ñ�%�� º <�1
v ÷ñøñö���� . ,�| ö 0�}�}�~�������� ��� $��
2 ó4J4K����ñö 0 ����� ������� ö�G�H:��¢����Ò � 1ñ÷ñøñùñú4�4�4��±�Wÿþ4F:G�!�Ó�Ô4& 	 � JÕ�Ö�h���×�Ø���E���� 0 � ��� ö�! 2�" ��Ù�<����
0 ��Ú�Û�Ü õ��q7�F 0 � ��� G�H��qÅ�Ý��q<�Þ  öß�à ç� ���? 74+ _�á ��âäã¤½�¾4�:�ÿö�� ?:; )��¡ ; �

1 åçæçèçéçêìëìí
1.1 î�ï�ð�ñ�ò�ó�ôõ�ö�÷�ø�ù�ú�û�ü�ý�þ

(x, y, z), ÿ������ 3 ���������	�
�����
 û�ü�������� � ����	 ù���ú
n ����� 1 ��� ��������ý�þ������� ����	 ý�þ�!�"ú

(x1, y1, z1), (x2, y2, z2), · · ·, (xn, yn, zn), t1, t2, · · ·, tn

ú# �#�#	#$#%#
 û�ü#&#'#�#(#) � � t1
ú#*#+#�

,�-�(�)�.
t1
��(�/�0�ú

∆t12, ∆t13, · · ·, ∆t1n, 1�23 û#4�ú
v �

5
1 687898: 5;�< ����	 .�û�ü���=�>�?����A@�B�C � ��D0#E�ù#F

fi(x, y, z) = di − d1 − v × ∆t1i, (1)

di =
√

(x − xi)2 + (y − yi)2 + (z − zi)2. (2)

GIH
(1)
@ �#J#K � û�ü�ý�þ

(x, y, z)
.#(#L#0

∆t1i M#N#O#P ?#�#� ÿ#�#Q#R O#P#S#T#U �WV#H (1)��X�Y
(x0, y0, z0) T Q�R�Z�[�\ ù�]�^��`_�a�b�c ��#d#e#f �Ag#h#D#0#i#j#F

V = BX̂ − L, (3)

Hk3
X̂(δx, δy, δz)

ú�û�ü�ý�þ�ö�Y���l�m�ù��
L =

[l12, l13, · · ·, l1n]T
ú#n � YpoI�#�A,p3IF

l1i =
√

(x0 − x1)2 + (y0 − y1)2 + (z0 − z1)2−
√

(x0 − xi)2 + (y0 − yi)2 + (z0 − zi)2 − v × ∆t1i.
(4)

��ù#q#r�ú#F

B =




∂f1

∂x

∂f1

∂y

∂f1

∂z
,

∂f2

∂x

∂f2

∂y

∂f2

∂z
,

...

∂fi

∂x

∂fi

∂y

∂fi

∂z
,




, (5)

∂fi

∂x
= (x0 − xi) ×

1

di

− (x0 − x1) ×
1

d1
, (6)

∂fi

∂y
= (y0 − yi) ×

1

di

− (y0 − y1) ×
1

d1
, (7)

∂fi

∂z
= (z0 − zi) ×

1

di

− (z0 − z1) ×
1

d1
, (8)



988
û � � �

2019 �
di

GIX#Y
(x0, y0, z0) ��� H (2)

�#K �;#<���� b���	 U �A@�
 K�� i#j#F
B

T
PBX̂ = B

T
PL. (9)

� q r
B
ú


�
� q r ( ��� � i j @ �
�

���#F
X̂ = (δx, δy, δz) = (BT

PB)−1
B

T
PL (10)

,p3I�
P
ú#n � Y��#r#�A- ����� n � Y����#���

��� � n � Y��������#������ �!�"�#��#? P (#��$%#�#q#r �&�H
(9)
��'�(�)�.�X�Y���*��,+�@ ��
 û�ü�ý

þ�ú#F
x = x0 + δx, y = y0 + δy, z = z0 + δz. (11)

� ) X̂
Y�-�.#��/

(x, y, z)
ú#X#Y#��0�1 ��2

÷�'�3#j#�54 

δx, δy, δz 6 ��7 1×10−3 m

ú�8 �9�: 3 � � ����	 ��������;�<=��.�û�ü�>�?��
0�-�.#(#� � )�&#q#r P ��@ ú�%#�#q#r#�A@ ��AV�(�)�B�C#� @ ����D�E�F �G �  ����	IHIJ ��&�'I�IKIL�h���û�ü 
IM�#�#	 �#(#/#D#0�ú

εi, � εi N�O 6 Y�<Ai#0�ú σ2
i��P�Q�D�0�� ;�<�R�S

23,
&�'�&�TVU .�û�ü 
����

	�W�X ��>�?���Y�i�Z � U
[23] , [�\ <�R�S 18

3 �
H

(8),
@ � F

σ2
i

= cr × d2
i
, (12),p3I�

cr = 1/(8π
2btsf

2
c
SNR1 m)[18], b

ú�]�^#�
ts
ú

_�`�(�/��
fc

ú 3ba�c�d��
SNR1 m

ú�?�û�ü
1 m T�#&�TeU �(#/#0�f#H�ú#F

∆t1i = t̂i − t̂1 + ∆εi. (13)

;#< D#0�g�h�i P �A@ � F
σ2

i1 = σ2
i

+ σ2
1 . (14)

�#r
P
ú#F

P = σ2
0Σ

−1
∆ = σ2

0(Σi + Σ1)
−1 =




σ2
0

σ2
21

σ2
0

σ2
1

· · · σ2
0

σ2
1

σ2
0

σ2
1

σ2
0

σ2
31

· · · σ2
0

σ2
1

...
...

. . .
...

σ2
0

σ2
1

σ2
0

σ2
1

· · · σ2
0

σ2
n1




(15)

, 3A�
∆εi

ú ( L 0 D 0 �
σ2

i1

ú
∆εi

� i 0 �
Σi

ú
εi

� i 0 q r �
σ2

0

új% �j� 3 D 0 �lkjm @ �
σ2

0 =σ2
21 �û�4InIgIhIoIpIEIFIq MIr ú Nts @ Y��A��&' 
  ����	 ��g�h�u�v ��w & A ��� � 1.2

� W �
x�y 3 �qû�4�z�{�ú NVs @ Y��}|�~ N ��� U �#���##� ÿ#� ��ù < T#U�� V#(#L#n � Y Q#R�� m �� �#.�û#4�����Z O#P ?#�#��f#H�ú [24] :

v ≈ 331.6 + 0.6× t, (16)

t
ú�o�p � �#��%#��ú��e��� �
��� 4�ú v0, � o ú θ (

.
x � mpoI����� ),

(
L#n � Y � m�x�y�ú#F

∆t̂1i = (ti − t0) − (t1 − t0) =

di

v + v0 cos(θ − αi)
− d1

v + v0 cos(θ − α1)
,

(17)

t0
ú�û�ü�� K û���������(�)��

αi

ú o �
(x−xi, y−

yi, z−zi)
.

x � m o ������� ∆t̂1i

ú�(�L�0 � m�Y �&
∆t̂1i � ú#n � Y ��� 1.2

� W ��x�yp3I��+
@�� � ���#��û�ü�ý�þ �� RI�I� � @ �I' � * 7I�I� bI�I	 U ���I�����0 ��� ��� N G 7���� 	��#�}��0��#@��� #���#�� ÿ���¡�� ��0�x�y � ��0�� T�U i � � ù H�¢�£¤��#E�ù#V#@�¥�ù < Q#R�¦ �#� M#
 �#0#�¨§ � �£ ¤©��E�ù©�©ª �©� �A,k3

IGG3
x©y©«©)©-

¬#��­ ¢ -�ú�®�¯#����°�x�y�ú
[25]:

P i =





pi,

pi (k0/|ṽi|) d2
i
,

0,

k0 <

|ṽi|6k0,

|ṽi|6k1,

|ṽi|>k1,

di =
k1 − |ṽi|
k1 − k0

,

(18), 3 �
k0, k1

ú�m�ù�� @ ;�<�± 0
ṽi ² @ $�Y�³V´ �k�m�ú#F

k0 =1.5∼2.0, k1 =3.0∼5.0 �úIµI�InI¶I·I%��I� 3 D�0I$�Y��IEIF���¸I¹
º ¬��©��0 P ��» R H©¢ þ�+ S ± 0�B�CI�I�©¼�Eù � ÷�'�f#H�ú [26]:

ṽi =
vi

δ0 ×
√

Qi

, (19)

,p3I�
Qi

ú�½
i � ± 0#��¾���ù#� vi

ú ± 0poI�p3
½

i ��¿�À � δ0

ú�%#���p3ID#0#�A@�k�3p3I��ù �
� � F

δ0 =
Median (|vi|)

0.6745
, (20)

,p3I�
Median(|vi|)

ú�$ ± 0poI�p3I��ù �
1.2 Á�ï�ð�ñ�ò�ó�ô� � � � û�ü � -IÂ���(�/�/IÃ K r (�� A�K
r (�Ä�Å�Æ���Ç�È � ��� 2 ��� �ÊÉ � | � µ�B�C�(
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Ä�Å�Æ���	����
5#
����	 ¶ H�J�
 û�ü

4
��&�'��

��##� A &�û�ü
4
�#&#' � Z�û�ü

3
�#&#' Q#R T

U � ú�µ � m�����	� �û�ü���(�L#&�
�� ÿ�� V $�%&#'#(�Ä�0�����Ä �

5
2 
��������������898: 5G 7 (�Ä�Å�Æ�� ù < ��	���m���� @ � B�C���D

��(�)������ K r ������Ç�È � T�U�������� �#?� 
N � @  ����	 ù < N"!$#&% ��� � û�ü���'I�$(����û�ü���ù <�) ��� # � 
����#
 m��#��(�) � �*,+ � � �©�$-$.�V � û�ü § þ @ � �"�$/ K µ �� T�U i � � ,�0�a�1�2 N 
 K � � ) �#�,D ¢ ù <?�3�' � � ��K Ub-���4���c���� � ��� X � 7 ?�3' � ��5�6�� ��7 .���~ � <}x�8�9�: � <<;>= @ ���£

[19−21] �» R / K µ$? � � ÿ�� 
 K � � ) �©+�@"@©'K � û�ü#�#�#�#i � �½
1
� i � ��*©»©	 U ú�F�&�(�L�0�n � Y$AB � 
 .�C�Ä Q�R ��
�� V� §uþ Q�R�@ ����'�� G7 n�(�Ä�Å�Æ���E�F�� n � Y 3ED#����D#��ù < �,�

#��qú ¦�F�G�H�I ,�E�F�� ¡�� �#0�x�y#� � / d �J$K P ��& ��
 �$L�a�û�ü�ý�þ �©� H (1),
� '� 

����	 ��(�L�0��,&�,�.�n � Y�VeU �,+#@�M�N K (
Ä$��D�� ����	 ��& K r"�"� � ����	 (©Ä Q�R$OP ��4$� � ��û�ü�� � '�(�L�0�.�n � Y�="QI� £ú�8 � ��°#��3#j �#� 3 �#�#�. R�S

19
�VU � ��2 i � 	 U�R %��TS 7�9 r �@��� �.���U�o�÷�'��,«�d�- d � ��V�W���(�Ä���D-�X���Ç�È�� � - � ����	�K r (�Ä���D#(��ZY ���K  �û�ü § þ��$L�a�ý�þ"[ � '�(�L�0�� Q qI� �M�N K (�Ä��#D#� �#�#	 �ú T�U ��2 ��� �,» R / K µ�½ 2

� i � � ,�*»�	 U ú�F\5�6�] J ����^ =�>�-�¬�� �#��	 (
���

	 ) Z���r©
$_ �©& � ��û�ü$`$a�,k3 ),
����	 ù

��b�c���d�� ��e n � �Zf�� ) ��ù���S�3 � �Ê­ ¢
3bk�m�$

5 � ��K ��g ����	 m�����(�Ä�� [�h c�&,�- ����	 ù < * � 
 �©'Ix©y 3 � \ c O P -"i�#(�Ä#��4 
 � �#� �#�#	 O P�j�k ú�8 ���°�3#j � �#F
(1)
5�6 ��^ =�>�-�¬�� 5 � ����	 Q�R ��
 )�#� � û�ü�ù�ú n, l ) ��ù�ú n5 �

(2)
V � � ) � Q#R�@ ����'#�nm K i#0�- � �] J ) � �

(3)
��� � û�ü���&�'���@ � 0�1�o ¢ � � ���	 ��? � (�L�Y�� � #�ú�M�N \ < � ��
�p 9 �#� n

� ) � �
(4)
&�½

6 � ����	 ù < * � 
���q ��ù < 3 �
Q�R �I'�� � ) K r ± 0I-I.��IÇIÈ���bI~ N"r *
� ��ù < K r ��D�� ÿ�Q�R (�Ä O P �,4 
 ��d ��sú�8 �

(5)
0t1t3 j

(4),
&ut e � � � 	 (tÄ O Pj�k �

� � i � G 7 ÿ�� �I'I.�����(IÄ ) ����P"vû�ü�ù����"wI*�� ) ��ùIP"x"w"y����I'�4I� h"z{�| �.�V �I2 ? � i �  % �I�"}�.I�"}��A� 9I:3 � � )�û�ü�ù���-�X�(#��4 $ o ¢ ½ 2
� i � � �)�û�ü�ù���- � � @�¶�o ¢ ½�� � i � Q�R T�U � �)$Y � +©�$m 
 (©Ä$��D�� ����	 � l$~�� ½ 1

�
i ��� «#��' ��H�¢ ½

2
� i � Q#R T#U �

5
3 �����8687������������ 5

2 �����������������
2.1 ���������

5©$$�$����c$�$ $¡©·���ù < V©» R � / i �
Q�R ·�¹ � ¡�·�o ¢ � ��¢ ú���� %¤£�¥ ������¦��X ý�þ � ¡������ ) Z�(�B ��� 4 ��� [27],

, 3 � �§ ����	�H�¢ û���g�¨ 	 � ,�©�ª���ú
50 mV/Pa �
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5
4 ���������������898: 5¡�· �
	 2 � ú O � 10℃, � 4 6∼8 m/s, � o�
��� �
� q
� ��2
�#��¢ 9 ( H�J 2
� ø�ù � � 5ú�¡�·��
� � �E�
� * ��}�-�Y
�#�E5�$ 16 � �#�	��

“ � ” � y ��� � /�Ã�.
� 300 m,
_#��o�r�
�`

´ � ����v X � ����	 ����&�
 ¢ RTK (Real - Time

Kinematic) �
� ��$��Ê����ú
�
� \ � G ,
��;#� @

5
5 ������� 5

�#D#0#@
�#a���÷ �� �!�$}©-©Y!�����$v X . ����	 x�/�� d j
0�ª � ��+

(z0 − zi)/di≈0,
��##�I��ù#q#r

B
��½

3

�ù#Y#.#,#-�?�
��#0�-�.#�Aq#r

(BT
PB)−1

@
�#K r
"
# � P�Q�5�$ 46

���#��¡�·�ù < � s q#r
(BT

PB)−12
³�ù#�#�
$
%�ù#� (�) �#� 6 �#� � ����!$!%�ù 6 . 7 1000(

$!%�ù©. 7
1000

@©{�ú�q
r "
# ) � G 7 ��v X ��Y q ý�þ����
&�ú�0 � � ú'�8�,�z "
# q�r�E�F��,» R V 1.2

� W ��x�y Q�R
O P �,& s
(
) ý�þ�l�ú s Y q ý�þ � ��°#i � N
*
I . d j���?�� f �Ê+ * I ��ù�r�½ 3


�� o�,�{�ú
n − 1 R < 2


#q#r�� * I H (4)
3I. d j��#? f �

��°
+#H � H (21) �#�#� w @ � k�3#V "!# q#r H¢ �!�!,�÷���i�H Q�R T�U ��� N A ¦$F Y q ý�þ�����#���#(�÷�'�-�ú
-
.#����##���
/� �! �
l1i =

√
(x0 − x1)2 + (y0 − y1)2−

√
(x0 − xi)2 + (y0 − yi)2 − v × ∆t1i,

(21)
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s
7 3 ������|����������������

�
1 3 ������������� ( �� �! m)

��� 1 ��� 2 ��� 3" ����� 10.5 9.1 3.6

3 A
B
C
D
E g �
(1) #�$�%�& [
]
R('�) g�*
i�+ )
R @�,�-�./�0�1 B��
N
O P
Q r
(2)
?
@

chan
Q � [4] N
O P
Q r

(3) 2
M�3�4�5�6�7
L R F�& [
] N
O�$�% R(89�:�; '�)
R�<�=
@�,�-�.�/�0�1 B��
N
O P
Q r>
m
7 ?A@ABAC RED
` A
B
C
I P
QAFAGAH eA#I
RKJ EA� h
i FAGAL e RKMANAO 62 G
H R j eAPAQ

30 m @�R R C�S�T
A�U�V
I�W�X�Y�Z�[�\�]�^
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H�`�� h
i F�G�q ] 10 m r�s�tH ^ � D!` A!B!C R B!C 3 I h!i FaGauav!R�Iap
L
H�`�� h
i F�G�q ] 4 m @�w
ryx o 1 ?�z R B
C 3 I q B j e H ^ � Na{!`aJ B!C R D!Ea| va}
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L
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7
L
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] N
OA$A% R @A�
F '�) N
O :A; R F hi F�G I�| v [����
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r
2.3 �������������������������
=
>

,f-f.f/f0f1 �f#f�f�f�f�f^ e If�f� R��f���N����a�a  ea¡a¢a£a�a¤a¥a_a¦ l ^!e!If§a¨ R
Nf©f| v jfª If?f«­¬ r gf® SfTf�f� R�¯f° ? @±a²f³a´ �!FaRaµ � j e LaI I 7

J L!Ma¶a·!N!OP!Q!R 7!L ]a¸!] g � k0 = 1.5, k1 = 3,
V!W!l o 2

p
q
r
�

2 ¹���º�»�����¼�½�|�������� ( �� �! m)

¾�¿ À�Á ��º�» Â Á ��º�»
20 13.8 3.2

34 12.7 2.4

43 12.2 3.1

62 34.2 8.8

66 17.2 4.2

102 13.3 1.8

107 12.6 3.2

> o 2 ?a@aBaC R�Ã �a#aÄa¡a¢!I h!i V!W eÅAÆAÇ RÉÈ & [
]AÊAË ^
eAÌ RÉÍA  eA¡A¢
IA� 9 VW CaS LaIaÎ e R�,aI ?aP 34 m, © �a�a  ea¡a¢=
R(F�GÐÏ Æ�Ñ Q�	�Ò R j e�¤�¥�Q 10 m @�w
r(?
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¨ R ? Ñ Q ,�Ö _�×�Ø ,�Ö
P r
2.4 Ù���������Ú�Û
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(22):

Vi(x, y, z) = di − d1 − v × ∆t1i, (22)
N � R

Vi(x, y, z)
g � e � \
R U����A³A´
] (x, y, z)1�� ÿ

(2),
´
Q Ñ Q di rÑ Q!I � e l!m 8

� IaR m p!q Rkm�� ?a@aB
C � e � \ �����
I���	 Å�
���
 R 6 ��� 14 � c[Ad � e H F LAI
R ?A�A\A]AÌAæAç�è R :�; Ì�æ R��� ´
Q
R Ñ Q � e � \
l
m 8

� IAw m p
q R � eq�- � 3 m, � 8 X�� R ?�� g 
�Ô 1 I � ��×���Ì
æ :�; V�� r
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