
���������
	�����
��
�
���
288 ���
��� � (2014.5.19)�
���
�
288-6

��� �  ! " � # $ % & ' ( &
2 ) * 2 + * , & - .  / 0 1 2

Inverse System Identification of Two Input Two Output Systems
for Transaural Reproduction

35476 879 :<;�=?> @BADC
, EGFIH :<;�=?>JC

, K�L?MON (ARI)3
Syuhei Takasugi, Kiyoshi Nishiyama, Katsuaki Satoh

;�=?>?P
, Iwate University, ( Q )ARI, Amenity Research Institute

RTSVUWSDX
: YTZ�[
\
] (inverse system), ^�_a`b[
cade_gfhZi[
\
] (transaural system), Z�[�\
]ejlk

(system identification),monqp
: r 020-8551 sutlvhwax 4–3–5 y
z
{ �}|
�
�}~
� Z�[
\�] |
���7�h� �
�
��������
Tel.: (019)621-6475

�
Fax.: (019)621-6475

�
E-mail: nisiyama@cis.iwate-u.ac.jp

1. � ��������h�h���o���V�����o�e�}���5�¡ �¢�£o¤W¥D¦¨§
©hª¬«o«q­�®e¯uª�°a±³²�´q®¶µg·W¸T¹Tºo»a¼�½�¾¢
£¬¤T¿V�eÀiÁqÂÄÃo ��TÅ5Æ�ÇTÈV�É��ÊqËÄ��ÌÍ�
½ ¿Î�Ï£¬¤q¿V� » §
Ð�Ñ�Ò�Ó ®�±ÉÔ?Õ�Öh×TØTÙ � ¶Ú °uÛ ÅqÜ¶Æ Ù �¬§iÇTÈ}ÝeÞh¿5ß�¿Îà�á Ôhâ³ãä �eÀ�åa£���æÉçV�VèVß ° ÒÄéh��ÊTË�ß�Ý�¤Wê�ë
ì Ôo²�ªaÙ �

1) » ä ��Àíê¬ë ì Ôo²�ªaÙ ���Tîqï Ôð³ñ µb°�ò¬ó �eôÉ�öõø÷ö£�Þ © ë�ùoúqû�ü ®iÖ?ýþ ª ð³ñ µ�°eÿoò � © ëVùoúqû�ü ® Æ����}Ý�¤��à Ù ��Ò ä � » §��	������
q�h�hë
�Vûeü ®¡Ö ð�ñ
µ û�ü ® Æ ½ ¿V����� » ä �eÀÉè ° êÉë ì Ô¬²�ª���¶Æ�� «q­�®e¯aªÉ°h¸��aÔ�� Æ ½ ¿o¤ö�q�o�T�Æ ¼ ÈV�V�hÞ�� °���� ßhÝi¤ Õg²�®�¸	�VÔ¬²�ª Ç
� » ä �eÀ ÕÏ²V®
¸��VÔ¬²�ª Ç��5Æ ¼ È��É��Þ���T�ö§
�� �! ° ùoú ¸ÍÕbÔ ù#"�$¶Æ�% ­o®�&hª ���Þ�� °�'�( û�) ª+* ß�Ý�¤
�� �! °-,³·W¸T¹Tº

Æ/.��¬�eÀ Õl²V®
¸���Ô�²�ª�·W¸o¹Tº�0�1 �W¥q¿¤ ,ø·u¸T¹Tº�°�2�3�4�5�»
6 �?ß� D¦¨§¬å °-4�5
» ���87q�-9��g£É� Û ÅTÜÉ�-:¶éö -;��¶Æ/<�çV�èVß
�� ��eÀ
=�>�?VÒq�e§

2 @BA �/C A !��-DBE}� H∞
Õg²�®

¸��VÔ¬²�ª Ç��5Æ�F�G��É�eÀ Õl²V®
¸��VÔ�²�ª�·
¸q¹qºV°H0�1 �H���³  '�( ûI) ªJ* Æ�§�K¬æ5ûI)
ª+* Æ ½ ¿¬Þ ,ø·u¸T¹TºB2H3 �MLHN�¤
.�����À-Kæøû�) ª�* ßWÝ�¤a§PO�Q

H∞

û�) ª�*
3) ßSR�T � Òä �

NLMS
þ ªVU�ýbâhº Æ ½ ¿W¤
W�X¬�V�qèTß¡Òö§

ÕÏ²¬®�¸	��Ô¬²�ªÉ·a¸o¹oºq° Þ	� °�,Ä·u¸T¹�ºB2
3��Y� ßTÝ�¤ ° OYQ

H∞

ûI) ªZ*�°
[�\Y] Æ-^Y_���
Àö÷WÞ
§
2 @�A ��C A !É�#D�E � Õg²q®i¸	�qÔ²eªÄ·h¸q¹qº Æ ¼ ��Ý�§�Ç�� · ï�`ba Ô¬·Vc�® Æ

� àöèqß¡Òö§SO	Q
H∞

û-) ª�* Æ ½ ¿q�¬èqßi�bLö�
ÕÏ²¬®�¸	��Ô¬²�ªÉ·a¸o¹oºq°
¼ È ] �
dq¿o¤H^�e�É�eÀ

– 1 –



2.
� � ��������	 
 � �
� ���
� ���������

2.1 ���������! #"�$
¼ 
 °&%('q°�ò � © ëVùTÆ/���¬§o÷�ÞT� %('T°
)+*-,-. Æ0/ ÝeÞ�îVï Ô ðÄñ µ ß2143u£É� % , °
ÿ�ò * $É� © ë¬ùoÆ65V��õ87oÒ Ù �V�V� ��� Æ
êë ì ÔV²eªoÙ �7ß�¿ à Àqè ° �B�5Æ ð³ñ µ:9¶®�Öë	� 9³® �MLÄ¦ ���}ÝeÞ�Å<;T§ Ù �M7 °>=@?É» å
° ÷T÷�ÇTÈ ¢
£��hÞ���O Û ÅTÜ » 9?�l£É�

( A 1)
À

Microphones

Sound Source

Virtual Sound Source

Dummy Head

Record & Play

Fig. 1
êÉë ì Ô�²�ª�Ù �CB Ç��

2.2 D4��E!FHGI���! KJ�LêÉë ì Ô�²�ª ���øÆ ¸T¹ a � Ç��V�É�ÉßNMPO °� »RQTS ¦U;VN�¤¶Ýa÷u¿ Û ÅqÜÄ�&VÄ XWT£���À �
«q­�®�¯uªÉ°h¸T¹ a �q¸��aÔ�� Æ ½ ¿o¤HO Û ÅqÜÇ��5ÆZY\[V�W�É� ����»ÍÕl²�®
¸��VÔ�²
ª Ç�� 1)Ò ä ��À
Õl²V®�¸��VÔ�²�ª Ç��5Æ ¼ ÈV�É��Þ��q�o�ö§ ¸

�aÔ�� � � ò�ó<]R^ �qùoú ¸JÕbÔ ù#"�$øÆ�% ­�®
&Wª ���WÞ��T���� �! °�,Ä·u¸�¹oºo» ����ßi ��
5) ÀTè °#,³·u¸�¹oº�» A 2

°}ÕÏ²¬®�¸��¬Ô¬²�ª û�)
ª+*

G
ß� ��eÀ

Õl²V®�¸��VÔ�²�ªÉ·W¸T¹Tº �`_ ° �&a+b5Æ2c�Þ��À
[

HLL HLR

HRL HRR

][

GLL GRL

GLR GRR

]

=

[

1 0
0 1

]

(1)

H H

H H

LRRL

RRLL

U U

Y Y

G G G G

S SL R

LL RL LR RR

L R

L R = S= S RL

^ ^ ^ ^

^ ^

Fig. 2
Õl²V®
¸���Ô�²�ª�·W¸o¹Tº

�� XWed�§
HLLGLL+HLRGLR =1, HRLGRL+HRRGRR =1 (2)

HLLGRL+HLRGRR =0, HRLGLL+HRRGLR =0 (3)

b
(2)
�i�	� °Zf+g+hRi Ò ä ¦¨§jb

(3)
�oùWú ¸�Õ Ôù ° % ­e® &öª Ælkq��Àlm0bÄÆncVÞö� Õ�²T®�¸I�TÔ

²eª ûI) ªJ*
G
Æ ¼ È�Ò³é�£e3a§ òVó Òhê�ë ì Ô

²eª �B� » ÇqÈD¢�£Ä�öÀHd�÷Î¦ § ð³ñ µ:9¶® Ò��
� Ý
Þ
Å@;}ß 2`o  qp:_ óV° O Û ÅTÜhÇ�� » 9?�£��eÀ
Õl²V®�¸��VÔ�²�ªÉ·W¸T¹Tº �8Lu�rpU_ ó O Û ÅÜqÇB�5�o¥�¿q¤ ,Î·�¸¬¹¬º�°B2�3�»I6 �7ße }¦¨§å °�4�5�» ���b7¬��9��Ï£�� Û ÅTÜ���:5é³��;T�Æ/<�ç��eÀ

2.3 s#tIu

U(z) X(z) Y(z)
H(z) G(z)v`w:xlyNz {|w:xNylz

Fig. 3 } ·u¸T¹Tº ß ,³·W¸T¹Tº
~8� *�ª+f<�¬½+�T¾-�Ä°|�-����° Ð�dV�+�|� �
» ä ��À �q¾@� ���@�<���MLW� �@�Ä°`� ��Æ '�(

– 2 –



�É� ãö° Ò ä �Vè�ßi� �g§ �T¾-� � f<� � °-,ø·
¸h¹�º ß�¿hçq�
À A 3

Æ ~4� *iªRfP� !DßÏ�V�a ø�
3ö§ A�� ° } ·W¸o¹Tº Æ#�@�-�q§ ,³·W¸T¹Tº Æ �¾-� ß��Éé���ço¤��qçÎ�l£���À`�|� � Æ	� ½ �É�è�ß��8LÉ¦ ,³·a¸o¹�º Æ�
oÂ�Ã��
�oÇ����V�q XW
d

FIR
û�) ªV* ßuÝ�¤�.8�q�qèqß » ÒÉéa� 4) À�Þ��Ý¡§+�|� � ������ß��É� ·u¸T¹TºT»���� Ò ä ��Å

; ° � ,¶·h¸q¹qº Æ	
¬Â³Ãq��.��V��è�ß » Ò³é�§
�o�³������ÒÄéa �¿WÀ�� �³°q·u¸T¹Tº ���DÝ�¤ ,
·ö¸�¹hº Æ 9��W�h��§
÷���� ��·ö¸�¹hº Æ 2�3 Ýg§å °
�! Æ ½ ¿h¤-�`� � Æ�" ½ ����ß�¿Îà
L�à��
#%$ Æ	&³÷h ('a£83o 5�� o¿uÀP=�>�? ° L�à� e���$ × Ò��oë ®�)Tª�¸ æ+* °Y* ñ�,	- �
.�:�ß� ¦¨§É¢É���0/�1�"�$¶Æ�2Í�4365�LVà�  ~ Ôb*qã87à�Þ��ö§+�|� � ���T��$ ×8]�° æ ½ �T�-K ¢a �¿ß��qç5�l£��eÀ

2.4 9;:KF=<?>A@CBED
=�>�?VÒ��-Kqæ¶ûI) ª�* �MLÄ¦ ,³·W¸T¹Tº Æ 2
3 �V��À A 4

�
1 @�A 1

C A ! °/,Ä·ö¸�¹hº�2�3�°�Fú ñ ù A Æ�G¬��ÀSKoæ þ ªVUÉýgâhº 2) �h��§ NLMSþ ª�UÉýgâhº § O�Q
H∞

û-) ªV* 3)  ³Ú »�� �b£T¤¿V�eÀ
HJILKNMPOLQ

RJSNTJU
RJSJVNW

z y u

u

v

k k k k-D

k-D

k

^

KNMPOXQNY[Z\J]X^`_JaNb

cNd

e Z`VJW
u

z-D

hhi i{ {} }^

e k

Fig. 4
,ø·W¸o¹TºB2H3Ä°fF ú ñ ù A

g ë )ÉÔ
H∞

û�) ª�* ��h�i ] §kj�R ] § Ø!l �
�V�É�oú�ê ¸ÍÕ ]�°�m!n Æ2Y8[ ß�ÝeÞ�û
) ª+* Òä ¦4o¬£�Þ ] [�Æ ã d » §�p�q87 '�¸T¹ ñ�,�r Þ¦ °|� �+s³�

O(N2)
ß� ��eÀ

tfu��fv
Hk
»�wyx�° LÉà�  · û Õ{z�] Æ ã dßué�§ � �+s »
O(N)

ß� ��#O�Q þ ª+U³ýlâoº
(
O

Q
H∞

þ ª+U³ýlâoº
)
»�|+} �É�eÀ

Hk = [uk, Hk−1(1), · · · , Hk−1(N − 1)] (4)

èqèeÒh§
uk

��7 '
k
Ò ° � �¶·h¸q¹qº@]É° @bA �� Ò ä �eÀ

[
O�Q

H∞

ûI) ª�*
]

x̂k|k = x̂k−1|k−1 + Ks,k(yk − Hkx̂k−1|k−1) (5)

Ks,k =
Kk(:, 1)

1 + γ−2

f HkKk(:, 1)
∈ R

N×1 (6)

èTè�Òu§�~¬ë ® �+v
Kk

�`_@bÉÒ��+�Î¢
£��eÀ
Kk = mk − Dkµk ∈ R

N×2 (7)

Dk = [Dk−1 − mkWηk][1 − µkWηk]−1

ηk = ck−N + CkDk−1
[

mk

µk

]

=

[

S−1

k eT
k

Kk−1 + AkS−1

k eT
k

]

(8)

mk ∈ R
N×2 , µk ∈ R

1×2

Sk = ρSk−1 + eT
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Ĥ−1

LL, Ĥ−1
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−Ĥ−1

RR
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LR

HRLĤ−1
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RR
−HRLĤ−1
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