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Abstract This paper concerns techniques of speech processing using a small-size microphone array to improve auto-

matic speech recognition (ASR) performance in an indoor reverberant environment. The method first applies Estima-

tion of Signal Parameters via Rotational Invariance Techniques (ESPRIT) to compute directions-of-arrivals of wideband

speech signals and implements time-delay compensation accordingly; array signal filtering is then considered jointly with

the HMM-based speech recognition procedure, whose outputs are fed back to the front end to optimize array filtering

design. Different from conventional array processing aiming to enhancing signal waveform, the approach here adjusts

array filtering coefficients to reduce mismatch between the features to be recognized and the training model, thus directly

maximizing the likelihood of the right transcription for a selected vocabulary. Experimental data processing shows that

the above approach can effectively reduce ASR error rate for an isolated word vocabulary of finite size in a meeting-room

environment, superior to conventional beamforming processing; compared to a local optimization scheme, applying global

optimization in array filtering design further improves the performance.
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� '������������ �!�"�#@Aôû�$ , � � ASR �
� !&%&'&(&)&*&+ û&,.-&/.0�>&1���2�? �.3.4&5�7698&:&;&<&% û&= 	 %;&;2;3 û&2&>;�;�.?&@&
� ��A�B =�%�C�D��E )�F E�G� ��H�I�J�K [1], L� )&�&�&�&� $&M �&3 �;� �&� �;� û&1&#.N&O&=% � HQP 	 �������QRQSQ
T�U��Q�Q2�> 4�5 �WV 6X ���QY�%�&�2�3TZU[Q\Q]Q^ �`_�a �Q��� � ��?��+, %&'

ASR
GH

[2]
�

b L � ).�.�.�.�.c /.d�<úû.e.f�G���g.h� !"�=�%�Z
( i�j�k�l�m� ���n�o ��prq�s�t&� ),� ).�.� û.u.v�w��.x.y.z t ��M.?��.�.{.| � û[Q}Q~ �`� <Q%��Q[Q}Q~Q�QQ� ����`� % ûQ
��Q�� ü��.= 5.�.� 5.� � ��i.� �.
.�.��@.� , = ��

[3−4](MVDR: Minimum Variance Distortionless Re-

sponse),
�.�.C����.�.2�?.[.*úû � � ��i�� ���[&� � � [5](MUSIC: Multiple Signal Classification),��C�������� �� û���� ò �� � � [6] (ESPRIT:

Estimation of Signal Parameters via Rotational In-

variance Techniques) � ��/Q� � ������� û cQ�Q� ~�Q�Q�����Q�Q� �Q� ûQ�T  � MQ¡ 9 û ��	 �� �`¢£&¤ ]&¥&>&¦&§;G;��¨&©.ª.= û �&� (.); �.	&«¬ '�#�$ �`_ HQ= 	 òQQ®Q¯ �Q°�E F �<�GQ>�� û±�² ��³ � � ��´�
�µ�� (CLMS: Constrained least

mean-squares)
5Q�Q� 5 �Q� [7−8] ¶ MQNQ·Q"Q¸�HQ¹

û�1�#��M�º�Sôû � ��6�8.�.C.».¼.½��.¾ 8 9 (HMM)
û.� ).�.�

�;�;�;� E;F;� y � � � h.¿&À.d&Á�$úû �.3 �;��&� �;<;=;�;�&Â&Ã 8�Ä �C/rZÅ8&Æúû �&�.� 8&ÄÇ&È;�&M&É&R&S;�;�&�.� � 6 û��; .?.@;���.� ò

>Q8 �ËÊ�Ì �Q°���� 5Q� û�@Q���ËÍQ
QÎQ��C�û�ÏQÐ� �C	 5&�&Ñ Ì;D �&Ò&Óúû;���.R&S�<;=����;H.P?;�;�;�;G;H;��b L �;�;��� E;F._ � �&Ô.Õ � *��� 5.� � /�#�$.Ö �  .C.Y.×.Ø����ÙZÅ?�@�<�=Ú Ì&Û 3 �  8&Ü&Ý Z�Þ.] � c �;H.ß&à�<�=&á.âÚ Ì&Û 3 û 8&Ü&ã&ä $.M;���&å.æ.×&]���¨.©&ç.YÒ&Ó;�;� 5&� û&è;�&R.S;���&�.� ��é �����&ê.'
��ë �� � æôûì6qû�í 	.î.ï /.0 ��¯.ð Y.Â.Ã.
.ñ.ò.ó.� ).�.��Q� ûQôQ
Q���õgQh � gQ� V �QC ESPRIT

û �Q	 ���è��� � � [9]
=�%� )1 û�
������Z � Í�
����� c � û&è;�&[&}&~ ��L.¢ �.Ô&Õ..�&] � Ã������� ûQ
QöQè � * CLMS ÷ MUSIC � �QªTø �Wùú É 	Qû ÃQè�� K ûQüQýQ� �Qþ Y L cQ�Qÿ��������

Ì�����	�þ�
�ð�� 10 �����þ���������������� Ð����� þ����������� �!�"�#�$�%�&���'�(�)Qþ+*� ,.-./.0.1.2.3.4.5.687�9;:.<;= �.>;?.þA@.* 12�B�C � 9�:�3�4 ?��ED�F�� 10 ��G�þEH�>�?�I�JK;L �M�N�.þAO;F;P 4 �;�;";Q;RTS K;UAV Q;S KW � �.X.Y.Z.[ �.�.\ B.];= � �A!;^._;` 1 �;�
�.a.b.c&þAd.�.�.e.f.g;h.i;j;^.k;l ];m;n.o ap ��� ��c�q Z�[ "�r�s�Dut n �

1 vxwxy{zM|~}~���~�~�
�.�.�.�.�;�.� - HMM �.�.�.\.�.a.�.�.��.� 3.4.B.C.�.�.�.�

1 `.�&þ �.� %.&.�����.�
\�� 0�� þ�� 5 �������Qþ���������� ��� %�&����  3�4 \ ����¡�¢�£ )�þA��¤�� HMM

Z�[u¥§¦ 3

¨
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¨
2 �����	��
�����������«µ������ FIR ����«©«¾

4�������]�m � 3�4 ��� ��� ���  ���� þ�� - S K
�.�.�.�! ].= � � L � �;�!" �.�;�;� U 3;4.56���#�$ Y þ�% 5�����]�m ������þ " 3�4�B�C � C�'&'(')'*'+ �;�;� 7 þA ;�;�', m'-'.;<;= I;JK *!/ -!. %.&.I.S K �1032'4.�;� �.� þ65;�.�n�-�3�4�7 !�8�9���%�&�P�)��
����%�&���������:�; - CLMS � ��� þ6<�=>!?!@!A.U �!B.a.�!C!D!E!4 (FIR: Finite Impulse

Response) ����þ ��� 2 `A� � >�?�@�A � � �� �!
"���� ¡�F�G�H�I��KJ ��%�&�þAD CLMS

n �KJMLN.Z.[!O!P �.G&þAO.F.�.� ESPRIT
/.0!Q � �.�

%;&;� +'R;�SJ þA� m'T �;�'U 4A� o �;�;\;�'V?�> þ n�0�� %�& Z�[�>�W n�X ������\�B n�Y %�Z
�.�.\ 0.� %.& Z.[ 2!4.� C �.¡ c.�![!\;�.�&þ� � `�]Qþ O�F 7 ���A\ B�]�= �  �% 5 I�J K %�&^ 9�:�3�4 ��>�? Y�_�` ����

2
7 þ ����\�Bu�§����a ] ! P � L b�%�Z��c þA� 7 xl[n]  �d l b�����\�� 0�� %�&�þ τl  d l bA����\�%�Z�� ?�>�@�A )Qþ �ed 2 f 7 � �gJQ �.�.�!h �&þ Ts  .�!i!j - þ hl[p]  !d l b.�.�

\�%�Z�d p a���k�l B�] þ y[n]  AI�m������������
2 npo ESPRIT qprpsptpuwvwxwy{z|p}p~
n�-������ ����\��Qþ < F ����� -����!� þ��R 0�� ���� ������Qþ�G > 
 + k�c������������ "

��b�� L b���VA����������P c W b����Qþ���� 1 ��
L−1 b���V�B c þ���� 2 �e� L−1 b���V�B c þ �

X1(z)
U

X2(z) P 4�� � W b������ 0�� %�& (z �� \ ), n1(z)
U

n2(z) � � k�c������ <�= a d b�%
&�� Sj(z),

�gJeL � θj

� �Qþ j =1, 2, · · · , d(
n�- /U ��%�&��Qþ d6(L−1);

nA- U ��%�&��Qþ d6L/2) �5 ai(z, θj) � � d i &���V n θj

�KJM��� %�&���E
4�þ ϕ(z, θj) � � θj

�KJ � ��� %�& , W ��� W ���� ?�> E�4�� ESPRIT
����� !�¤�� ϕ(z, θj)

� ¢ �W ��� W ����������c� �¡�* Y � [6] �
� a(z, θj)

� ����� 1
n

θj

�KJ � ��� %�&��E�4 £ )�þ �
a(z, θj) = [a0(z, θj), · · · , aL−2(z, θj)]

T. (1)
o ����� 0�� %�&�¢�£ ��¤ '�¥�¦ &�§

X1(z) = A(z)S(z) + n1(z), (2)

X2(z) = A(z)Φ(z)S(z) + n2(z), (3)L�¨
S(z) = [S1(z), · · · , Sd(z)]T, (4)

Φ(z) = diag[φ(z, θ1), · · · , φ(z, θd)], (5)

A(z) = [a(z, θ1), · · · , a(z, θd)], (6)

� 7 diag[·]
� �©5©= & 7 V©ª ! n L �©V©ª � nL ���«

X(z) = [XT
1 (z), XT

2 (z)]T, ¬�a §
X(z) =

[

A(z)

A(z)Φ(z)

]

S(z) +

[

n1(z)

n2(z)

]

. (7)

���® N ! §
Rx(z) = E

{

X(z)XT(z−1)
}

=

[

A(z)

A(z)Φ(z)

]

P (z)[AT(z−1), ΦT(z−1)AT(z−1)] + Nx(z), (8)
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� 7 Nx(z) !!�.�!!® N	� P (z) ! �!� %.&.�!® N�§
P (z) = E

{

S(z)ST(z−1)
}

. (9)


�� %�&��� W�F�� !���� [

A(z)

A(z)Φ(z)

]

P (z) ���
J )�B�� c �� W ������ %�&���� U � � P (z)

U
A(z) ������!

d, ¬���%�&��� W ! 2(L−1) ��a�� J )� W � d �
�� W � ��� kAc����� �/ U ����� � ¬������� W��c %�&��� W � 9�� @ ��� T ����k�c����������
%�&��® N 7 � n 4 - I�J�� d b�/�� ¡�¢�� � ¡�¢J )�¢�� c L ��%�&��� W �

«
[ET

1 (z), ET
2 (z)]T ���n 4���%�&��� W�¡�¢KJ )�B ��� ,�� ��� d× d

����� T (z)
��� §

[

E1(z)

E2(z)

]

=

[

A(z)

A(z)Φ(z)

]

T (z). (10)

���
A(z) ¢� + ��¤���� §

E2(z) = E1(z)T−1(z)Φ(z)T (z). (11)

@ E1(z)
+

E2(z) ����c�� � ��� � ��! §
Ψ (z) = T−1(z)Φ(z)T (z), (12)

P	!.� �.� ¢	 � Ψ (z) � ¡.¢	�!� ! n L � Φ(z)

� n L V�ª ϕ(z, θj), j = 1, · · · , d �= % &" W a M b"#"$ � k c � � a N b
#	$ ��% �.�!8 # � !® N Rx(z) ¢.� �!¤ '!¥ �
��! §
Rx(z) =

M+N
∑

i=1

(

Ri

1 − piz−1
+

R∗

i

1 − p∗i z

)

+W (z), (13)

� 7 Ri  �#�$ pi

n 4��'& ] ��� � W (z)  FIR

�® N �����n;-)( �;%;& ��*)+ Z \),'�.-0/;�)$ zj =

ejωj , ¬ W �.� W �.� � ?!>	1 φ(z, θj) = ejωjtj , �7
ωj ! L [�? � tj = ∆ · sin θj/c  �%�& , W ��� W

��� � ?�>�� ∆  W ��� W ��2 £ )���3 N �n�� ��%�& �
«

pi � � Rx(z) ��#�$ � F�� 117	4 �._65 � d j b �!� %.& , �!V W �.� � ?!>E�4�¢ � � c §
φ(z, θj) = p

tj

i = p
∆·sin θj/c
i . (14)

n ��� Rx(z) 7 p�- #�$�� &�8 P�9 [11] , ¢ ���  + o #�$ pi

U�U 4��'& ] ��� Ri � ¤���¥ (10)
+

¥ (12) �A%.&!�	 W P	9!¢ �.� � n L � Φ(z) �n L V!ª φ(z, θj), j = 1, · · · , d,
Z *!¢.@!¥ (14)

7h � �KJML � Q ��� �

3 :<;<=<><?A@ABDCAEAFDG
� � � 2 � � � n � � \ � 0 � % & Z [ �

� � ��� � ¥ (15) `�� §
y[n] =

L−1
∑

l=0

P−1
∑

p=0

hl[p]xl[n − p − τl]. (15)

@;�;�;�'�;�;%;& y[n]
7 1 ` �;� ¡;¢;£ ) Z =

{z1, z2, zT },
¤�H�� ��I ] �  p�-�0�� %�& U ���

\! ] �	J ] � F	� �!b.�.�.\! ] £ ) ξ <!�	�
FIR � � \ 7 ` a � B ] hl[p], l = 0, · · · , L − 1,

p = 0, · · · , P − 1 �A� - HMM � �;� 3;4;B;C �
� 3�4�<�= �� ���K�L�M�N�O�P�:�P�¬ §

_
w = argmax

w
P (Z(ξ)|w)P (w), (16)

� 7 ,;�;�' ;�;>;? P (w) � - �)Q &'(  +)� *
� ^ < = > ? P (Z(ξ)|w) � � � ¬ � - 3 4 B C
� HMM,

, 3 4 5 6 7 %"R ` n ] ;"S"J ] Z [��� ��'� q 1;2;9;:;<;= �'�;^;>;? ��T J 9;:;<= D!/ 9.:.<.=	U W �)V	W � ¬ 9.:;3.4 �;� ¥ ¦
��>�?�a .  + 1�2 � � - L � )�*�� O�F�5�I�J K9.:.<.= �!�.^.>.?	X.!.I.S.�.�.\! ] £ ) ξ �Y�Z P�¬��6 ]���� a�[ � ��� %�& n 4�� ¥§¦ wc4�\ � ��* P (w)

, ��� 7 ¢�]�^�� )�* � ξ ��I�J;�S Q � � R ¥ ��¤ §
_

ξ = arg max
ξ

log P (Z(ξ)|wc). (17)

_ S � % 5 I.J K P (Z(ξ)|w)  + I	`.�! ] £ )
ξ, a�9 � # ������� U HMM

3�4 W R.P Z�[�b �
S K �dc n ;�S�J ] I�J K�L ��� H � ¢�P 4 ����Q
R Y�Z�U�V Q Y�Z�Y�Z�[ ����\ B�] S K �
3.1 e�f�g�h
������Q�R�S K���� � - F�� 10 ��i�j � Q�R

I.S! ] % 5.] � S K.�.� 7 �	k N ¤ �.�  + �h 9�k N ¤ ��l�m ����b p�n  *�+ k N��gJ�� ��2o � ¤	p � J ¢.q!� �	q  	r K � �	s S K �'� �L � l�m , h 9 2 ����) s 4�� 7�t !�u���v *�w�x
k N�y�� [12] z�{ ��B�w�x s �gJEZ�[ S K ¢�5�|�}L ��~�� s  �� �  �c n�2 ����)�J ] Q�R�S K s R� ��� U�� v3�4u7�� s n�] ;�S�J ]�� R ! §

L(ξ) = log P (Z(ξ)|wc) =
∑

i

log P (zi|wc), (18)
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i
��� I ] v � - HMM

��y s n�] >�? �%�R ��� ! � b�� #�2 O &�( s >�?���� �6��§
L(ξ) = −

1

2

∑

i

K
∑

k=1

{

γik(ξ)[zi(ξ) − µik]T

Σ−1
ik [zi(ξ) − µik] + κik

}

(19)

� 7
γik  �d i I s ¡�¢�£ ) zi `�� s HMM � 8� � #�2 O &�( s d k b 2 O�P�) n 4 s l�8 � µik

 �� 2 O�P�) n 4 s � ��£ ) � Σik  U 4 s ������ � * κik  �� � K s R�)�vA@�*�¢ " L(ξ)
p�-

ξ
s k N ��� ! §
∇ξL(ξ) = −

∑

i

K
∑

k=1

γik(ξ)
∂zi(ξ)

∂ξ
Σ−1

ik [zi(ξ) − µik].

(20)

O;F
	 � w)x)k N;�;Z;[ S K;�)y)� � - 03�
)�� Y � a.b s ¤	p� 3
�����'5 /;0 @ ] �
� y7  !� � `!5 "�� , m.] � r.s �!�
� � = F ! �b�� � s ) ��������b � 5�6 s Z�[ 2 o k�5�����v
3.2 ��e�g�h
Q.R Y	Z	y�� 7 � J ] ¢.q
� �
� + $
� $� !
" Q;RTI;S)$;� � *
	 � V Q Y)Z)y
�)� ¢'5;a

b�|�} L � l�m��$# ���  + 7 J 6 N s S K�� O�F
	 � 032'4 &
%
&
')y
� [13]

n
(
) \ B;] Z;[;V
Q�S K v &�%�&�'�y���Y � -+*-, &�'�. � ��" *-,
k�/  �0 P 2 �1��2���3�3�4�5��76 / >�� *8, ¥ R9 � � / N�6 2 ��:�;�<�� �N¥ q���J � * 3=3�4�5> 9 ��>�?�a�< � ,�@ b�/ N�A�R�+ ��B 8�� I���C
R�/ >�R�+ � 8�� ¥ q�D�:�I � vd� y�� s�E ,�F XG �IH�J ��K F s�L�M / N�N � � @=O�P�Q ��£�L �F�R�S 7�T�U�V �

(
� (�)�W�X�V

),
��*�+�Y�Z�[�\
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