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Abstract In order to simplify the process which is to separate the coherent sources existed in different directions of

holography surface, the method of direction sound field separation only depending the data on holography surface is

proposed. Assume that the reconstruction surface is holography surface, according to the equivalent sources located at the

spherical surface, there exists a relationship based on equivalent source method between the measured sound pressure and

calculated value. Then, the coherent sources will be separated. Numerical simulation analyzed the separation result when

the interference sources are pulsating ball source and simply supported steel sheet with forced oscillation, respectively.

The separation method is validated in experiment with two loudspeakers. The results show that this method has high

accuracy to the two kinds of interference sources and has high tolerate deviation.
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* /'0XWZY\[')\]\^\_X` (51275540) a\b



116
À � � �

2017 �
� ¼�(�G ¶ ��� Å���2 À����'��� � í ¼ À ¿ Ä Ö������ �!�" Åèê / Ç¸È���	 ðF Û�
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H
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M
5 àÁá � Å 	�
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N
5 	�
 Õ�� ÅRQ ÂÁÃÁÒ H

�ÁÖÁÀ��ÁÎ�S�T�F
[16]:

PH = GHQ, (1)� Ä Å PH

�¾Â¾Ã¾Ò �¾ÖUL¾À � E Ô á % Q=[q1 , q2, · · ·,

qN ]T
� 	�
 Õ�I�E Ô á % GH

� 	�
 Õ¸Ò ë Â¸Ã¸Ò
� Ö��� �N�D ð

3�V (1)
#�$�N�D�W � 4 Å Î ê¸ë 	�
 Õ�I ·

Q = G+
HPH , (2)

� ÄÆÅ ��� “+”
S�T�N�DÁÖ�X�Y�W ð[Z M > N ! ÅV (3)

Î Ë ��\ ö�] � ß¸ê ��� Ù [17−18],
F ·

Q =
(

GH
HGH + λ2I

)

−1
GH

HPH , (3)

� Ä Å ��� “H”
F�N�D¸Ö�^�_�`�$�%

λ
F�a Q���b

¶¸Å N�c ÿ�4 Ä Î�d�e�' � Ö�� ��f�g¸ð@Z M < N

! Å V (2)
Î Ë ��\ ö�h ¶¸ß¸ê ��� Ù¸Å F ·

Q = GH
H

(

GHGH
H + λ2I

)

−1
PH . (4)

J�K ß ê Ö 	�
 Õ�I�E Ô á Î ÿ�4 /ji�k 6�7Ò��¸Ö�L¸À�� ·
PR = GRQ. (5)

1.2 l�5�6�m�4�n�o�p
Z à á Ò Öjq å æjr ¼ × Ø À Õ ! Å F Ûjs Ñ× Ø Õ 3 ��� À Õ Ö�tju Å 1�2 � à á Ò 3 � #�$ÀÁ¿¸ÇÁÈ ð 1�2 � ÂÁÃÁÒÁÀ��ÁÇÁÈ Å F Û�1 �Á×¸ÀÁÕÇ�&�M à á Ò ��� Ö��� j( ¶ ' � Å Ïj%�&j� 
 ÇÈ Å�v�"¸Þ A�	�
 Õ�#�$¸¼�H¸Ò�� ð

w
1
FÁä�$�T k w Å ¼�N�c àÁáÌÄÆÅ àÁá Ò��ÁÖL¸À��

P
Î¸Ï�S�T�F ·

P = P1t + ε1 + P2t + ε2, (6)

V Ä Å P1t
� P2t

Ç�&�F
S1
� S2

¼ à á Ò�� Ö�+
R B�C¸À�� Å ε1

Fx�y�¸À¸Õ
S1

��!¸Ö���� Å ε2

F
×¸Ø¸À¸Õ

S2

��!¸Ö���� ð

z
1 {[|[}[~ z¼ 	�
 Õ � ½ ¿ À Â Ã Ä Å À Õ ¼ Â Ã Ò��jBC Ö + R�� Î Ë ����� ����� Ö ¶�� # $ À ¿ 67 ê ë Å A Ï���� À Õ � × Ø À Õ Ç'&�r ¼j���'!" V ·

P1t = GH1G
+
H1 (P1t + ε1) , (7)

P2t = GH2G
+
H2 (P2t + ε2) . (8)¼ V (7) ��V (8) Ä Å N�D¸Ö�X�Y�W���� V (3)� V (4) ßÁÙÁÅ a Q���bÁ¶ ��� þ ÿ���� ½Á¿ ÀÁÂÁÃ

Ä Ö�� � d�e [19], �¸·
λ2 =

(

1 +
1

2(kd)2

)

× 10−SNR/10, (9)

� ÄÆÅ k
F�J ¶ÁÅ d

F àÁá Ò�MÁÀÁÕÁÒ ��� Ö��ÁÈ Å
SNR

F =��>� ðË Í
ε1
� ε2

� 3 Í =�>�T���� \ Åèé�� ¼ ÿ4 + R�� Ö�K�U Ä ��L���a Q�� � � Ï���� � À Öt�u Å A¸Ï V (7) Ä Ö GH1G
+
H1(P1t + ε1)

Î¸½�� Ë
GH1G

+
H1(P1t + ε1 + ε2) D�E¸Å��¸·

P1t ≈ GH1G
+
H1 (P1t + ε1 + ε2) . (10)

� @ Ö Å V (8) Ä Ö GH2G
+
H2(P2t + ε2)

Î Ë
GH2G

+
H2(P2t + ε1 + ε2)

½�� D�E¸Å��¸·
P2t ≈ GH2G

+
H2 (P2t + ε1 + ε2) . (11)

��� V (6),
� ·

P1t + ε1 + ε2 = P − P2t. (12)

A�V (12) Ä Ö P2t 2 V (11)
½�� D�E¸Å Î ê¸·
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P1t + ε1 + ε2 ≈ P − GH2G
+
H2 (P2t + ε1 + ε2) . (13)

V (13) � � � 2 �ÌÄ Ö (P2t+ε1+ε2)
��� V (6)

	 Í P − P1t,
A¸Ï V (3)

Î¸û�F ·
P1t + ε1 + ε2 ≈ P − GH2G

+
H2 (P − P1t) . (14)

A V (10) Ä P1t

ÖÌ½ � ßÌÙ�� V D � V (14),

Q � ·
P1t + ε1 + ε2 ≈ P − GH2G

+
H2P+

GH2G
+
H2GH1G

+
H1 (P1t + ε1 + ε2) .

(15)

P V (15) Ä Ö P1t + ε1 + ε2

F
P1,
Î A � S�T��� ·

P1 ≈

P − GH2G
+
H2P

I − GH2G
+
H2GH1G

+
H1

, (16)

V ÄÆÅ�� � ÖÁÇ�� � ¼ ��	 Ö ÿ�4 Ä�
 � ß X�Y�W ÅA¸Ï V (16)
Î�S
��F ·

P1 =
(

I − GH2G
+
H2GH1G

+
H1

)+ (

P − GH2G
+
H2P

)

.

(17)
V (17)

FÁÀÁ¿¸ÇÁÈ 	 Ö � VÁð ¼ V (17) ÄÆÅ���"�
� Â¸Ã¸Ò¸Ö à¸á�� P , � Î ß / �y�¸À¸Õ S1

¼¸Â
Ã¸Ò�� ��� �����¸Ö � P1

ð�� Ë Í¸¼ ÿ�4 K�U Ä Å�
�
��L�� Û a Q��¸Å A¸Ï ß / Ö P1 �

 #�$ Û
�Z � � ð êÁëÁÛ � �ÁÀÁÕÁÇÁÈ 	 Ö¸À�� Å�� Î�#�$ÁÀ¿�6�7 ð

2 �������
2.1 �
� 1

F Û! & ô Í 	�
 Õ � Ö � Ò À ¿ Ç È�� � Ö� 
�" Å 3 � #�$ ¶���#�$ Ç�% ð ��� w 1
Ö : $��V Å A (�5�& ; HÁÕÁÇ�&�'Á¼ àÁá Ò�(Áæ Å F �y�ÁÀÕ

S1(−0.15, 0, 0) m � ×¸Ø¸À¸Õ S2(0.15, 0, 0.2) m ð( 5(& ; H Õ Ö()(* � F 0.01 m,
S Ò � í � F

0.25 m/s ð à á Ò ä Í zH = 0.08 m + Å-, \ F
0.4 m ∗ 0.4 m,

¼
x, y

�ÌÔ �ÁÖ�.�/ � ��0�F 0.08 m,

� ^�� 6 ∗ 6
5 à � ð 112

5 	�
 Õ : $¸¼
1
2
3 	.�/�4¸ÇÁÖ�HÁÒ�� Å äÁÍÁÀÁÕ = ? Å MÁÀÁÕ�^ Ä65 ð
#�$ÌÄ L�� 30 dB =�� � Ö�7�8�9 � À ð q�- Å g YÇ¸È����

[20]
F ·

E =

√

√

√

√

M
∑

i=1

(∣

∣pt
i − pi

∣

∣

)2

/

√

√

√

√

M
∑

i=1

(∣

∣pt
i

∣

∣

)2
× 100%, (18)

V Ä Å M
F à¸á � ¶¸Å pt

i
� pi

Ç�&�Fx�y�¸À¸Õ¸¼
:

i
5 à �¸Ö�+ R À�� � Ç¸È¸À�� ðw

2 ; / Û À Õ!<!=!0�F 1000 Hz ! Å �����P #
$
>
? �¸Ö¸Â¸Ã¸Ò¸À��
@ � ð w 2(a)
���¸×¸À

Õ¸À��
@ � w Å w 2(b) � w 2(c)
�x�y�¸À¸Õ¸Ö�+ R

(a) ACBCD (b) `FE[{CGCHCICD

(c) `FE[{CGCJCKCD (d) xOy LCM zz
2 NCOCM[{CPCQCD
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À�� � ÇÁÈÁÀ�� Å w 2(d)

� w
2(b) � w 2(c)

¼
xOz� ÒÁÖ��ÁÒ w ð ��� ÿ�4 ��	 Å �Á×¸ÀÁÕ¸ÖÁÇÁÈ����

� F 2.20% ð ç w Ä Î�� / ��� À Õ ¼ Â Ã Ò�� ÖÇÁÈ � � + R�� ����� \ Å S�� � ÂÁÃÁÒ����ÁÀÁ¿¸ÇÈ�� � ÎÁÏ êÁë���	 ÖÁÇÁÈ���	 ð 	�
 Õ � ½Á¿¸ÀÁÂÃÁÉÁÊÁÖ�
 5 ¼ÁÍ 	�
 ÕÁÖ�#�$ Å �ÁÒ A�� R ¼ 	�
Õ�#�$�M�+ 9 ä�$��
��� ! Å 3 Ç¸È���	¸Ö�t�u ð¼'Njc à á+Ä Å À Õ ¼ À Õ Ò'� Ö��+Ô g äj�
3���f Åèé À Õ Ö��!3 g ä+Ë Í " Þ (�� à á�� r¼ å g Ö���� Å�v 	�
 Õ ½ ¿ À Â Ã 4 � ' å g��� Â�� 	�
 Õ�HÁÒÁÖ Ä�5 #�$Á¼ÁÀ¸Õ Ä�5 ð���, Å Z
	�
 Õ�H Ò Ä 5 Ö!'�$ ä�$�M À Õ Ä 5 r ¼ å g Ö�¸È ! Å ��� V (18),

ÿ�4 � Ò¸À¸¿¸Ç¸È¸Ö¸Ç¸È����
E ð S 1

F¸À¸Õ
<
=�F
1000 Hz, =��>� F 30 dB �� �¸Ö ÿ�4 ��	 ðS

1 ÄÆÅ δ1
� δ2

Ç�&�S�T Å ¼��ÁÈ àÁá Ò��ÌÔ Å�y�¸À¸Õ
S1
� ×¸Ø¸À¸Õ S2

Ö 	�
 Õ�H¸Ò Ä65 #�$ä�$�M
S1
� S2 Ä65���� Ö��¸È Å S Ä A�T�� È�F�
� d�e ð ç S 1

Î
� / Å Z δ1 � g ' ; !
� �
 

δ2 !
"
# �%$
&
'
( �
)
* " ,
+%,
- �%. δ2 �%/0�1�2 � �� δ1 !�"�# �3$�&�'�(�4 ��)�* "�5�6 .
δ1 7 δ2 8�9�: � ! $�;�<�& 0.15 m

2 �>=�?�$�;@�A :�5�! '�( 12.99%, 9�B�C�D�! '�( @�A�E 6GFH�I�J�K /�L �NM�O�PRQ
S
( 0.15 m, T�U I�V 5�!
/
L '
(
�>W B
X
Y
Z
[
\ I
J
K
J
] P 6^�_�` =�a ! $�;�b�c�d L�e ?�S�f 2 H $�&g�h !�i�j � H�k�l 9 200∼2000 Hz

@mA�Eon�p�q
r S�( Z�s $�t�u�v 0.01 m, 0.05 m, 0.1 m, 0.15 m

! S
(
<
&
w
x
y
z
$
; 6{�|
3 B�}�~�� � 9 ,�� k�l�� �>$�&�'�( � b
c
d
S
f "
#
F
"
5
6�� d k
l 9 500 Hz } �2 ��� I������RV�� ����� � d H���� � d !�i
j )H�V 5 ��W 9 q�r $�&���� � ��b�c
d L�e S�f 2 �$�&�'�(m�o� "�5 +>� . "�# ) � � d 9 x � Zm�

! <�&�� B�� $�&�'�( D b�c�d�S�f !�i�j ��� �� 6>� d k�l 9 500∼1200 Hz
@mA�E 2 �>b�c�d�S

& 0.1 m � E 2 �G$�&�'�( 8�����9 10% } E + � �
9 b�c�d : � S�& 0.15 m

2 ��$�&�'�( 8�����9 15%

�
1  ¢¡¢£¢¤¢¥¢¦¢§¢¨¢©¢ª¢«¢¬¢­ (%)

X
X

X
X

X
X

X
X

X
X

δ1 (m)

δ2 (m)
0 0.01 0.02 0.05 0.08 0.1 0.12 0.15

0 2.42 2.52 2.36 3.48 3.98 5.25 6.09 8.23

0.01 1.88 2.33 2.3 3.27 4.44 4.16 6.26 8.06

0.02 2.39 2.57 2.72 2.56 4 4.78 5.22 7.55

0.05 2.8 3.14 2.63 3.35 3.67 4.3 6.33 8.09

0.08 3.23 3.25 4.22 4.24 4.83 5.14 7.1 8.41

0.1 4.7 4.44 4.76 5.11 6.02 6.35 7.64 9.16

0.12 6.26 6.39 5.9 6.72 7.12 7.7 8.47 10.18

0.15 7.95 8.06 8.52 8.72 9.12 9.98 11.09 12.99

®
3 ¯¢°¢±¢²¢³¢ ¢¡¢£¢´¢µ¢¶¢¨¢©¢ª¢«¢¬¢­
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} � +
� � 9���� k���E �
������	 ��� $�& Z
[ =? V�� !�B���� S�( 6>� d k�l 9 1200 Hz } q �b
c
d
S
& 0.05 m } � 2 �>$
&
'
(���� 9 5% }� � =�? V�� ! $�& g�h + b�c�d�S�& 0.05 m∼0.1 m2 �>$
&
'
( 9 5%∼15% ��� �>=
? � /
! $
& gh + b
c
d
S
& 0.1 m } q 2 �>$
&
'
( V 5
6
2.2 ��� 2

^�_ w ��� ]�� ������	�$�& Z�[�! ?�c����
X y�z 1 P ! ��� � d��� ^ ��!�"�# !�D�$�% 1&�'�(�)�* � �N� � d 7 ����	 !�L�e�5 ��+ 0�, �M | 4 -�. 6>9�/�0 2 � (1)�*�2 x I ����	���"
% k�l ^ 1000 Hz, P Q�3 � ^ (0.025, 0, 0.15) m,465 ^

0.2 m ∗ 0.15 m, 768 � ^ 0.3, 9 �6:6; ^
2.06∗1011 Pa,

*�<
0.001 m,

)�*�=�h ^
7850 kg/m3,"�#�!�3 � (0.175, 0, 0.15) m, "�#�> ^ 85 N 6 )* 9 ����	 q !���? � ?�@�A /�0�F�B � \ I�C�D)�*�E�F ��� !�G�H�I�J�K�L PoQ�M�?�@�A /�0 ^

(0.025, 0, 0.255) m 6|
5 � .�) � ��?�N ;�O�P � � � d�Q�R�O }S $
&�O 9 ����	 q !
��?�T O 7 ) L
6 | 5(a) P

� � � d�U�!�V ��?�T O ! $�&�O�W�Q�R�O 5 ��XY ��Z ��I ) � � d !�N ;�O��>$�&�'�( ^ 5.04%;|
5(b) P ��� � d ! ) L�H 1 V 5 ��[
$
&�O 9�\

28 ��N !�V�W�Q�R�O
?
(
t
��]�^�_�`�a�b�c�d�ef�g ! ) L ( C X 2π, - } � � � d 9�h���N ! q
! ) L
! $
&�O 7 Q�R�O���� ��i 6
3 jlklklm

^�_ w ��� ]�� ��	 ��� $�& ! ?�c���� X�Y
Z�[�\ I�J�K�J�]�n�H [�w�x ]�� 6 J�] 9�o�p�!q � w�x�����r�s � ^ 20 dB 6�t�\ f � )�, !�u
��v�w ^ � d���x�y L�e�7 y�z P ! ��	 N ;�z e
��i 6>F�N ;�{�| T t�\ Brüel&Kjær4957 ! 18 }~���� {�|
� 
�� ^ 45 cm 6 | 6

^
18 ������v
9��� {�| q !
L
e | 6

N ;���� P !
� d k
l ^ 1000 Hz, t - k
l ^
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