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WYX[ZY\Y]Y^Y_Y`YaYbYcYdYe
(connectionist temporal classification, CTC) fYgYhYgYiYjYkYlYmYnYoYpYqYrYsYtYuYvwq

r byxyzy{y| iyjY}Y~Y��kylY�Y�Y�Y�Y�y�Y�Y�Y�Y� Z CTC iyjyly�y�y�yfy�Y�Y�w� Z CTC ly�y� blank �y�y�y�y�y�
fykyly�y�y�y� z kyly�y�Y�y�YfY�y�Y� blank mynyoypy yoy�¢¡y£y¤y¥y¦ykYly�Y�y�Y§y¨Y©yfYly�Yªy«YuymYnYoy¬Yy�Y®
CTC ly�yfy�y�yvw¯ 300 ° `y±ydy²y³y´yµY¶ Switchboard fy·y¸y�y¹yºy»y���Y¦Y�y�Y� blank � `y¼ �y�y�y�y�Y�Y¥Y¦
kYlY�Y�Y�Y§Y¨Y©YfYªY«YuYmYnY� CTC iYjYlY�Y� ZY]Y\Y½Y¾Y¿ ¯YÀYÁYÂYÃYÄYÅYÆYÇ Z 1.1% fYÈYÉY� |Y` ¯YÊYËYÌYÍYÄ
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Abstract The end-to-end acoustic modeling method based on connectionist temporal classification (CTC) criterion

is studied and optimized in this paper. We study on the performance of CTC acoustic models with different acoustic

features, modeling units and architectures. A modeling unit related unshared blank method is proposed to improve

the modeling defects caused by the blank sharing in the CTC model. And a model initialization method that put

the association information between the modeling units into the neural network is introduced to further improves the

performance of the CTC model. Experiments were carried out on the 300-hour Switchboard dataset. Results show that

the proposed CTC model trained with non-shared blanks, time-delay neural networks and the initialization method with

association information between the modeling units achieves an absolute 1.1% reduction in word error rate as well as

a 3.3-time speedup over the baseline system. The experimental results show that the proposed method is effective for

end-to-end acoustic modeling.

ØÚÙ
Û �ÝÜÝÞàßÝáÝâÝãåäçæ (deep neutal network,

DNN) è×é×ê×ë×ì×í×î×ï×ð×ñ×ò×ó×ô [1−2], õ×ö×÷×øù ïûúûüûýûþûëûìûÿ���������������	�
�� (Gaus-

sian mixture model, GMM) ô����
 Þ ÿ î
ð���������� âûã ä æ�
��������ûô������ (cross-
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entropy, CE) �������� Õ���� Þ��������×Õ���������� ï�!���"�#�$�%�&�������'�( GMM )�*�

� � ���ûÕ�������+�, �� Þ.- � �/ /0�1/� âûã
ä æ�
�����2�3�4�5�6/7�8/����9/: Þ�;�<��/� �
� �� �= áûÞ GMM 
���&��ûã�>�?�@�A�B�C��ûüD ��
�E�?�@�A�F�C���G/"/*ûü D ��
/H�I/J þ�4
����� ê�(�K�L ÞM����>�N�O�P�Q�R ��S�T �M"�#�U
ï�'�)�Vûï�V�����W����ûÜ�X��ûâûã ä æ��/����Y
N�Z�[�\���'�(�]�^�_�` [3−6] �

CTC ���a�b�� CE ��×Þ�c�� � ä æ�d ù de 	�f�g�h���i�j�C�k/������
�� ö/�/�mln�/Z�2
����o�p�� � 	�fûè ä ærq ��d e�s/t Þ õ�u/a/Cv 	�fwqyx�(ûü D ���/h�z/{ Þ�|ûâ ã ä æ~}n���
W�d ù���� ï�d e A��/	�f/h�� �/ C�k Þ�� õ��� Vûï�V���WûÞ èûúûüûý þ ëûì/��� ï ð�� Ü/�ûê
��C � [7−11] �

CTC �������X�� ð â ã ä æ��
����
��K�LûÞ ö�
��ûýûþ = á�F � ������� CE 
����
�/6/'/���/�/����;/<�� CTC ����
����/4/5 Þ
��A è�'�(����� 300 ������A���� ú ü Õ����
Switchboard-1 ?��������ûÞ � CTC ����
��ûè�H
@���(��������×ð�]�^����������×Ö

(1) � � � � � � 
 ¡ ¢ Ö�$ % � A �¤£ ð
MFCC � fbank ¥�)��ûô������ ��� � CTC 
��
4�5���9�:×Þ¦U×ï�§�¨�� CTC 
�������� ��� �¦�© �ª£ ð è�a�b � 
�¡�¢�@ CTC 
 � ��« � �¬- �
CTC � � 4�×ö�®�¯�°�S�������
�¡�¢×Þy"�#���A�ª£ ð�¥�) ü D�± þ � � 
�¡�¢ Ö²?�@�A�³�´ ��¡�"
* ü D ��?�@�A�F�C ��G�"�* ü D �²��� 0�1 «ªµ �
«�¶�§�· =�¸ ��G�"�* ü D � 
�® � ��< � CTC 

���×ý×þ = á×Þ�¹�º�A�» 11 q � 0�¼ '�½��

(2) ¾�¿�À blank: CTC ���×è ä æ�d e�Á ` qÂ ·�'�(�Ã�Ä � blank Å�Æ ô Ü�����Ç�È �� �É��A
< e '�)�Ê � � 
�¡�¢ ��³�´ blank ��� Þ ÿ � � �
CTC qÌË�6���
�¡�¢�¿�À�'�( blank �����×Ü�<��
CTC 
�����4�5���Ê�����
�¡�¢���³�´ blank ®�H
�x�( blank Å�Æ ��«�¶�Í�Î�§�·�Ï�ÐªµÒÑ ÞÉu�®�H
| CTC 
���§�·�6�Ó���Ô×ô����×Õ����

(3) ä æ 0/Õ Ö CTC �/�� 0 �/Ö/6/T/����

5�×� â ã ä æ 0�Õ ����
 [3−11], Ø�Ù�Ú â ã
ä æ (recurrent neural network, RNN) Û.Ü.6.T.Ý
�/Þ/ß (long short-term memory, LSTM)[12] ¡/¢��
RNN ����à â ã ä æ (time-delay neural network,

TDNN)[13−14] b�á�Ö�6�T�����
�5�×ûÞ�âûö 0�Õ F£ ��Ù�Úûâûã ä æ�§�·/X�¡����/A �r£ ð�
 þ��ûô

TDNN � LSTM ������
�� CTC 
���4�5������0�1 « µ TDNN-CTC 
���®�H�ã×î�º LSTM-CTC


���F�[��×ý×þ = á×Þäâ×è�����å×á�? TDNN-CTC


���§�æ×Þ�Z LSTM-CTC 
���� 3.3 ç��
(4) 
���è�é��ûÖ�A�» 20 qy< e ð�'�)ûâûã ä

æ��ûÕ�è�é������ûÞ�ê���
�¡/¢/g�h���C/ë/z�{ è

���è�é�����ì ù ïûâ ã ä æ�grq ����A ø ù�í �
� � TDNN-CTC 
 ������è�é�� Þîu�ï � ��A�< e
��¾�¿�À blank Å�Æûè�è�é�����ð�ñûð�¥�)�a/b��ò�ó ��ôûÖ�ê blank õ�;�³�´�Å�Æ���ê blank C�ë
ï ö�F�C � ü D Å�Æ�����è�é�� �ö����÷ � ê blank

õ�;�³�´�Å�Æ�����è�é/���/Ó 1 §/øûÞ �r£úù�û è
é/��� TDNN-CTC 
�� è ý þ/ü/ý/þ t ? ÿ î ð
F � 2.0% ��@�ÿ��

1 CTC �������
1.1 CTC ���

CTC ��w- Alex Graves < e [16], 2�è�Z�;	�
�� 
� Õ�� � }ö��� ����� � è CTC 
 �������
'�(�Ã�Ä�� blank Å�Æû÷/· ù ï����ûÕ���� � ��Å
Æ�«ªqàÞ²®�H ô ��«�� äàæ ����� a�Ñ���� ��d e��� ����Ä CTC �������Î ð�'�(���� F , � äàæ ��'
(�d e 	�f�5���>���� F i�j×ï���Ñ�� � 	�f×Þ�� í d e 	�f�;�'�� CTC ��� � F ������ ��; Ö
%"!"#ª	ªf q�F"$ blank ÅªÆªgªh �ª8ªOª� � Å
Æ×ÞÒ� © !�#�	�f q � blank Å�Æ×ÞÒØ�@�Ë�� (� «
� blank):

F (�AA ��BB � BC) = ABBC. (1)

"�#�� � 	�f z ®�H�«���;�®�H�i�j×ï z ��Ë
6 CTC ��� ��� � �&%�' è�(���d ù 	�f x ��)�*
@×Þú� � 	�f z � © � s�t ��+�,�Ø�ô (2) Ë���-

Pr(z|x) =
∑

p∈φ(z)

Pr(p|x), (2)

öªqàÞ φ(z) ;�. � z ��Ë�6 CTC ��� ��� � Þ p ;
φ(z) q ��'�� CTC ����� Pr(z|x) ®�H���/�\ ©10
,�2 (forward-backward algorithm) +�,�3�4�-

Pr(z|x) =

|z′|∑

u=1

α(t, u)β(t, u), (3)

51687
z
′ 9 ��:�; blank <�=�>�?�@�A�B�CED�F�GH	I	J 0 +	, 7EK	L	M	N	O ?	@ z G H �	�	-EP	QR

blank <	=	S	T z >	P	U 7EV J	W	X	Y	Z	[	\ ?
@�<�=�]�^�S�T�_ Z blank <�= 7E`�a�b >�?�@ z

′,
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�
1 CTC ������	�
���� �

��
|z′|=2|z|+1 C α(t, u) 9���� ; W���� t ��<�=

u ��U�> CTC ����������� 7���� ���� t − 1
�

� > α !�"�#�$�,�3�4�%�&�'�(�) 7 β(t, u) 9����
; W*�*� t �	<	= u + O > � ; CTC �*�*�*�*�
� 7���� ���� t + 1

��� > β !�"�#�$�,�3�4�C
D 9�� I�J 0 $�,�>�/�, 7.-�/ � “CAT” 0 Z1�2 >�3�4�A�B�D�5 7ER�6 /*7�8 J 3�4	>�?	@ z

′W9� ]9:9;9<9+ 7>=9? 1 �9� C ?"6A@9B9C 9 blank,DAB9C 9 394�<�= 7FE�O �9�9G9H9I9J9K blank <�=L*M ?	@ z
6 >*N	_ Z 3*4	<	= 7 6 ] �*�*G*H >O9P9Q9R D�-TS9U I9G9H D9394 7 R�V _ �9�9G�H �

�9WYX W U I 394 L9M O9P 4 blank <�= 7 ^ �9Z9[O / blank 4 z
6 > V _ Z 3*4	<	=*%�& =*\ U IG*H*K

blank,
R*V _ �*�*I*J W]X W blank <	= LO 4 V Z 3�4�<�=�C

CTC >�^�_a` ?�b K�c�d�e�J�f �*� Pr(z|x),���g�h W � ;�^�_�i� �j S ;�>�k�l�m�i�D�-
L(S) = −

∑

(x,z)∈S

ln Pr(z|x). (4)

c9n 7T� � M k9l9m9i9o9p�39qYrAs�>9t9u 7 VJ*v /*t*u*w 0*xzy (error back-propagation) ,	2
G H�{�| $�, 7�}�b�~�6 r�s�>���i�C
1.2 ����� blank

CTC
6

blank <�=�> 516 _ Z�����K � �����
rzs	>*�*q*��� 7��*� rzs*� M X _*��� T*���*�� q	_ Z ?	@	>*�*�	C�0�� _*���*U�� T*��� D*�
3 6 >*W*� G*H L	5*��� ��3� *� � 7 rzs � �*�
q blank <	=*%�¡	_*�*�*U*�	T*�*�	D*¢*£ Y	Z	[\9¤ 39��]�>9¥9¦ G9H9� 7 rAs�^ � �9�9q blank <
=�C§5 =9? 2

6 ��99� >9¨9© 7§ª9«9192 “you” > ¤

3 687 Y�Z 3�4 /j/ � /u:/ ��]�¬ W��®�¤ 3�>�¨
© 7 /j/ >*�	U*¯�°*� /u:/ > E	O ¯�°*¬ W*±*² 7³ ;]´zµ	>*¶*·	C�� M 0*¸�¨�© 7 W CE ¹*º*^*_� 7T» �9 �?�@�>9�9� M9¼ � \ G H �9�9½�¾9¿ 7 &
CTC ¹�º R � v /���q blank <�=�À 9�Á Y�Z�[�\¤ 3���]�>�¥�¦ G�H C

�
2 Â�Ã�Ä�Å���� �W

CTC ¹9º�>9Æ9Ç9^9_�/9, 687ÉÈ £ � ;9Ê�¹1*Ë >*Ì*¶ G*H � �*® _ Z blank <	= 9*Á 7�Í 3
¹�º W ^�_�/�, 6�Î À Î�Ï 0 �*q blank,

c�n p�Ð~�6 r�s�>���q W�Ñ�d ¯*°�¨*©�D blank, ��]�Ò�ÓÔ�Õ�Ö > ? @ < = C Blank < = >���q�×ÙØ /�Ú »
p*Ð]rzs*�*i	>*Û*Ü 7�Í 3 d Ö ^*_�i* ���#*Ý�£
blank, p*Ð*¹*º W ^*_	>	/*, 6 M ^*_�i* >*Þ �
��ß�à 7EM ¹�º�>�á J�â�ã _ g�ä�å C

� M 0 Z�æ�ç 7�è�«�é q F _�¸�ê�£�Ê�¹ 1�Ë
> ��ë�ì blank ��2 M CTC ¹�º�G H�í G�Cïî���2� X	Z Ê*¹ 1*Ë °*ð	_ Z*ñ 5 [*ò > blank <	= 7�*ó*ô > blank õ C	N Q blank

ë*ì >*�*ö	C�÷ �ó9ô
blank <�=�G H Ê9¹�; Y9ø9ù9ú9û P�Q 7 [�\�¤

3 1*Ë ]	>*¥*¦ G*H � � � 3*4 [*ò > blank <	=
À 9*� 7 0 Í 3*ü ®	[	\ Ê�¹ 1�Ë ] >�¥*¦ G*H 3
��;9ý�>9þ9° 7ÿÍ ¹9º�Ê9¹ }������ % 5���7 ó9ô >
blank <�=�� � F ñ Ê9¹ 19Ë ��]�> [�ò á 7 09���
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Í W
CTC ^�_�
�, 6 d Ö ��q blank <�= 7 ^�_�i

 	^ »�� ò� 4 [�� >*Ê�¹ 1�Ë ; 7�� ����� d Ö
^*_*i* � blank <	=���� 7�� & é Ú	F*^*_*i* 
Þ � ��C

÷ � �9ë9ì blank <�=9Ê9¹�> CTC �9��>9·9�K	L G H	[��*í 7 ûEX	Z Ê�¹ 1�Ë J�I�J q�� ñ 5[*ò > blank <	= 7�Z�� ?	@ 6 V _ Z Ê*¹ 1�Ë <
=9q���C 9� 7 CTC �9��4�?�@9��]�>���� F

� �
ö (5) 9�� û

F (AA �A �ABB �B BC�C) = ABBC, (5)51687
�x
9�� Ý�£�Ê�¹ 1�Ë x > blank <�=�Cñ � ®�� 7 ÷ � ��ë�ì blank G H Ê�¹ 7�� g

�	T	A	B x, ?	@	A	B z > J*f �*� Pr(z|x) � V� � v 
�ö (3) Þ � I J 0�� 2�$ � 3 4 C�� I J0 >*$ � 
*, ¤*ã F í 7 û W G H	I J 0 $ � I 7
ü�� W N	O ?	@ z > E	O��� S	T blank <	= 7 IW	X	Z ?	@	<	= J S	T 5 [�ò > blank <	= 7 3	4
z
′(|z′|=2|z|) C -�/ ��� “CAT” 0 Z 1�2 >�3�4�A
B�D�5 7 M ê�£ ��ë�ì blank Ê�¹�> CTC

I�J 0 $� 
9,�G H�!�" 7>=9? 3 �9� C ?"6A@9B9C 9 blank,DzB*C 9 3*4	<	= 7�E	O �*�*G*H*I*J*K ?	@ z
6

>9N�_ Z 394�<�= 7 6 ] �9�9G9H > O9P�Q9R D û S
U I*G*H D*3*4 7 R*V _ ���*G�H � ��W]X W U I
3*4 L*M O*P 4 5 [*ò > blank <	= 7 ^ �*Z*[ O

 blank 4 z

6 > V _ Z 3*4	<	=*%�& =*\ U I*GH�K
blank,

R�V _ ����I�J W X W�ñ U I*��� _�Ð
> blank <�= L O 4 V Z 3�4�<�=�C

¡�#�$ K�L @�%�> K 7 ÷ � Ê9¹ 1�Ë [�ò blank

G H Ê9¹�> CTC ¹9º W�&�'9� ^ K�L G H�[�� > ú( C è*«*Í � > &�'�)*K ê*£ «�* 8
6 >*�	2 ` Ê

> 7 î «16�é q�_�¸�ê�£ ��+ ;�· G�H�, (weighted

finite-state transducers, WFST) > CTC ¹�º &�' �
2�C W î9��2 6 7 &�' � � > WFST rAs È 3

Z9ó9ô

> WSFT rAs G, L � T -�.9& a�7 = ö (6) �9� û

S = T ◦ min(det(L ◦ G)), (6)5 6 7
S
K�&�' r s 7 G � L °�/ 9�� ��0�¹�º

WFST � 2�1 WFST, “◦”
C 9 -�.�2 � 7 min �

det °�/ 9�� M r�s�G H�c�3�e ��µ g e�4�� [21], TR 9 � CTC ? @ 4 251 1 Ë (
= 3 4 ) >5�5� rÉs CM £�_ Z 2�1919Ë A, 6�> T
687�9 � ; � J ����4

A >9��:�?�@�A�B�C ÷ � ë9ì blank Ê9¹ � 7 T ��;
>���� � � 1.1 < 6 ö (1) � " > F 7*8*À 9*Á C
5 =�7 W9ú ( F 5 ��� J 7 ¹9º � J » ã a 3

Z ?�@
A	B “AAAAA”, “�AAAA”, “�AA � �”, T

R 0 3Z A�B9������4 2�1919Ë “A” C &9÷ � �9ë9ì blank

Ê*¹ � 7 T ��� í*� 1.2 < 6 >*ö (5) À 9*� 7 Ê
¹ 1*Ë [*ò blank

I » ���	4 5 [*ò >*Ê*¹ 1*Ë	7=
“AAA�A�A”, “AAAA�A” � “A�A �A �A�A”

0�=�A�B »�� ����4 “A”, D�F�>�£�þ�° 7ï-�/ � T

À 9�� î WFST C È £ W è�«16�-�/ $ Í � F�; V« [*ò >�?*3*4	G H Ê�¹ 7 �� &�' rzs 6 $ K L7�9 ?*3*4	4*3*4	> WFST rzs C[21],
c*n > &�'

r�s S > ` Ê � È ö (7) 9�� û
S = T ◦ min(det(C ◦ min(det(L ◦ G)))). (7)

1.3 @�A�B�C�D�E
CTC ¹�º�F�G W�H % ��� ��q�;�ý�?�@�<�= 7=9\ J�I °�J�K�L�M9��N9À�O�P 7 b � � W ;�Q�R9¾S�T  	>*¨*© V M U I*G*H � q } � �*µ	>*���	C9�
CTC � R v�U ��.�V�;�W ��X�Y9J�Z > LSTM

rAs�G H Ê9¹ [3−11] C[� È £ LSTM rAs 6 "9#�\�>
¬ W 7 [ ØA£ I�] ~96 rAs 5 � `9}�� -�Ó 7T� H ^
_�^ | ^ } d C_ T «�* 14

6 é q > _�¸�÷���� ` > TDNN

r�s��`. CTC G H Ê�¹ C TDNN r�s 6 X _`\ >

�
3 a[b[c[d[e blank f CTC ������	�
���� �
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�	T*À�� I _�\*S�� ��� ��q >�� [ 7 v 
�0�¸*�
ö���\	>]rzs��	4 } W >*; V « O�P 7�� &�V ;�W� Ê�¹ J�Z C È £ TDNN

K _�¸ I�] º r�s 7 r�s
� ` 6 ü�¬ W "*#�� 7	�*~�6�Ë < ø >�� `�
 D��1�7 ³ ;�-9Ó�>���9��O�P�>���� 7 9� 5 ^9_�-9Ó| L�� à�£ LSTM r�s�C
2 ���������

Í �
Kaldi[17]

W ª�«��	� ��3�i� �j Switch-

board ;�<�+�Æ f 7 î�i� �j ë�7�9�� 300
3�� �

3 7E5 6 Switchboard-1
� D�����¹�º >�^�_�j 7

Hub5’00
� D �! j C Æ f 6É- / Í � F Y�Z N-gram

��09¹9º 7&5"6 3 ��09¹9º K È Switchboard i9 9j
(
��9

3M
192

) ^9_�>�? Ë ¹9º 7 � £�_�" &�' 7 d
��09¹9º K _ Z�# Ë ¹�º 7AÈ Switchboard � Fisher

i� �j (
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) ^�_ 3 4 7 � £ ±�$ ° CW Æ f 6A-9/9Í � «�* 18
6 >9��2 M � ;9^9_9�93

i* 	G H F*i* �*� ú ( 7 M	N O ��3�i* W ��%
����3�& |�Y ��� � F 0.9, 1.0 � 1.1 ?�¸ Ø�5�>�'
��CTi9 �'���> ` > K � � i9 �>�(�)9á 7Té Ú�¹9º
>�*�+�á���, e á�C
2.1 -�.�/�0�1�2�3�4�5�6�7

D�8�9 CTC ����¹�º�>���á�� ` Ê�ê�:�;�< 7-9/ P�Q M Ø F9ü ® �9�9�9�9�9Ê9¹ 19Ë�M CTC ¹
º9á J > ä9å C>=9õ�F ~96 rAs9�9�9¹9º U9� > Y ¸
�9� û fbank �9� [8,11] � MFCC[23] �9��G H Æ f C M
£ fbank � � 7 - / ÷ õ «5* 11 > � 2 À `!? rÉs >
��T û é õ 80 @�> fbank,

X _9� ñ 5 I�# � J ?9�
G H � [�7 3�4 640 @9��T9�9�9% M £ MFCC �9� 7-9/9é õ 40 @9�9� ��M X _9� ñ 5 I�J�A�Y ��G H
� [	7�ë 200 @ � D]rzs	>*�	T	C X ¸*�*�*^*_ YZ

CTC ¹9º û§ó9ô £9; V « O�P�> 1 394 (context-

independent phone, CI-phone) ¹*º*� 7�9 ; V « O
P�>�?9394 (context-dependent phone, CD-phone) ¹
º�C 5"6 7 CI-phone ¹9º�>YrAs9�9q�< ø i�D 47,

7
991 �B 394 7  9�9� blank; CD-phone ¹9º�>YrAs
��q�< ø i�D 3541,

7�9
3540

Z ¿�C�D�E�' J 3�4
>�?�3�4���_ Z blank CïÆ f 6 > r�s�� ` <�_�D 3

\	> 1GF LSTM rzs 7 X	Z LSTM \ 7�9 1024
Z

X�Y 1�Ë�7 9 1
� q�F�Æ f � \ C9 1

6 >�N 3, 4 B�°�/ C 9 _�" &�' � ±�$ °
>�H�/ 2�I t���� \ C � Æ f � \ 6 � ��q 7 ÷ �
CD-phone Ê�¹ � CTC ����¹�º�:�À�H�/ 2�I t��
> d & V ß 7 0 ñ «�* 11

6 >���J�_�Ð 7 ®�� ^�K

y <�> GMM � CE ¹9º ��L�M 4�>���N�_9Ð�C CD-

phone
7�9 >�O�P }�� (�) 7 Ê9¹�^ }�������7 � &

:�À�¹�º�á J > é�O C ®�� 7ï� ����q CTC ¹�º W
fbank � MFCC

Y ¸*ü ® �*�*;	>�H�/*� \ ê è _
Ð 7�È £ fbank ��� >�� T�@�i } d 7 $ � Ö ^ }d 7 �� [ V À�Æ f 6�-�/ ÷ � MFCC ��� � D��
T 7ER ��. LSTM rzs*� ` � CD-phone G H Ê*¹
> CTC ����¹�º � D�ê�:�;�<�CP

1 QSRSTSUSVSWSXSYSZS[S\S]S^
TSU WSXSYSZ _S`SaSb (WER%)

3-gram 4-gram

Fbank
CI-phone 23.5 21.9

CD-phone 21.6 20.3

MFCC
CI-phone 23.5 22.1

CD-phone 21.5 20.3

2.2 ����� blankè Æ f M 1.2 <�c !�" > �9ë9ì blank ��d�>�e
ý9á�G H9f�f�g Æ f >�h�69ð  ñ ê�:�;�<�_9Ð g r
s�>���q�< ø i�D 7080, hic 7�j 3540

Z 6 
�¿�C
D�E9' J�k CD-phone � 3540

Z9ó9ô�k
blank Cml 2� q�F ñ ê�:�;�< k M Ø�� \ CP

2 nSo[c[d[e blank f CTC XSpSq[aSrSsutv[S\S]S^
XSp _S`SaSb (WER%)

3-gram 4-gram

aSr 21.5 20.3

c[d[e blank 20.8 19.6

l 2
k � \9� ���9q W ��09¹9º�D 3-gram � 4-

gram
k�w�x V g ÷ � �9ë9ì blank

k
CTC ¹9º [ M

£�ê�:�¹�º g W H�/ 2�I t���;�y�e Ñ M 0.7%
k V

ß�z á J é�O À{� £ Y ��� û N�_ K ��ë�ì blank
K

3�4 [�ò�k�g l Á % h }���|�} g Í CTC ¹�º k Ê
¹�~ | }������ %FN�� K �9ë9ì blank

é Ú��9¹9º M
^�_�i� k Þ � � g ®�� ��� d Ö ��q���_ k blank

p9ÐYrAs9�9i�
9£ Ï�F �9q blank & â9ã Û9Ü�z � K�9ë9ì
blank

» d Ö � � �9q�< ø i g � &�� � $ �Ö g W è Æ f c g [ Ø�£�ê�:�;�< g ��ë�ì blank ¹
º k ^�_�% | V ß 20% z
2.3 TDNN-CTC 3��

Æ f c ÷ � TDNN r s�õ C LSTM r s����
CTC Ê�¹�z � � TDNN � 7 \ r�s g X \ 576

Z <ø�g r�s X \ k ��T�ð  °�/�� û {−1, 0, 1}, {−1, 0,

1, 2}, {−3, 0, 3}, {−3, 0, 3}, {−3, 0, 3}, {−6,−3, 0},
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{0}, hGczN 1 \ k {−1, 0, 1} ð  *C l R �	T*�*�k
t − 1, t, t + 1 ?*��� [ � �]rzs k �	T g t

C l
U�����z	l 3 c � q�� TDNN-CTC ¹�º ñ LSTM-

CTC ¹�º k á J�� Ø�� \ z lic�¹�º�y�÷ � ��ë�ì
blank Ê�¹�z

P
3 nSo TDNN/LSTM-CTC XSpSsutv[S\S]S^
WSXSYSZ _S`SaSb (WER%)

kfps
3-gram 4-gram

LSTM 20.8 19.6 1.9

TDNN 20.8 19.5 6.3

l 3 c k*c�� _���l � �*¹*º*^*_ ��k % |�g1�� K
1000 � /s z � ����q TDNN-CTC ¹�º W 2I t9�9;�l��9� LSTM-CTC ¹9º9ê è _9Ð g 0 K È

£ v 
���\�� � ����< g TDNN r�s k ��\�� `��
� [ ��Q�R k ; V « O�P g W è Æ f�k ð  c g N 7

\ TDNN
ë���[ � 30 ����<�O�P g 7�j 17 ��L�M

O�P*� 12 ��N*À�O�P�z *� TDNN rzs W ���*�
� � � T  k O�P Ö ü���£ LSTM r�s v 
 X�Y �	�
�k O�P Ö z � TDNN r�s k ^�_�% |�K LSTM

r�s k 3.3 � g % |�k u���À � £ Y ��� û����g è«�Í ��k
LSTM r�s 7�9 21M ��i g & TDNN r

s k ��i Ö � 9.8M, LSTM r�s���i Ö K TDNN r
s k 2.1 ��%	h � g Æ f c�÷ � «�* 19 c é q k �
d�^�_ LSTM r�s g R _�� ��� ° a�� g W |�k i
 ��9÷ � minibatch

k �9ö���� � �9^9_ g �����9�
� � ° ?	a k ; V « O�P���l gE[	\�k i* ����	]
e�¯*° ±�²�g p�Ð LSTM r�s���^�_�
�,ic â�ã�dÖ k���� $ � z
2.4 3���������6�7 � k Æ�!�c g#"�$&%('�k�)�*�+�,�-�.�/�0�12�3 ��4�5 20 687�9�:�; "�$�%8'�/�0�1�<�=�3(>?�@�A�B�C�D  �E�2�F�G�H�I�J�K�L�M�N�"�$O%P'
 6 3RQ�S 7�T B�U 2�V�W�XRY�Z !�68[�\�] 2.3 ^
6 2 TDNN-CTC

B�U�_�`ba�c�d�e /�0�1�<�=�f
g�h

CTC
B�U 6 2 blank i�j h e <�=�k�l�m�n�Xo�p�q 9�r�s CI-phone t CD-phone

 �E�2�u
v H�w�xzy�{�Q�|�{ :�}�~�}&6 q 9�������� "�$ D
^�� 3 r�s�^�������:�s CI-phone,

Y�Z !�� 46 s X������u v H�w @ ��� "�$ D t h�� 2O%P'�� 9�^
�  �E�2�����/�0�1 ������� 3�%P'�2����������k�l�-�.�/�0�1�X h�� Y 4�7�9 2������ blank i
j 3 [�\���������;���� <�=���� :�; @ r�s blank

t�  F�H�2 CD-phone
u v N�¡ :�s���� "�$ D ^

� x¢��£ ; , ] |�{ :�}�~�}�6 ��¤ 9 46 s "�$ D
^������ CI-blank, t F � 2 CD-blank ^��  �E�uv ������� X [�\ h�¥ ¡�2 ����� /�0���k�l � Z
! 3§¦ ]�� 4 6P¨�©�9�� |�ª ( ����� /�0�� � 9)Z !�«�¬ X 

4 ®°¯°±°²°³°´¢µ·¶°¸°¹°º
®°¯°±°²°³

»°¼°½°¾
(WER%)

3-gram 4-gram¿°À
20.8 19.5

²°³ 1 20.7 19.3

²°³ 2 20.4 19.1

Z !O6 2 3 s B�U 3§Á ����� ��� ?�Â 2��  ����/�0���Ã�Ä :�Å 3 ?�Æ�Ç -�.�È�É�2 ��Ê XË> ?Ì 9 3 e /�0�1�<�=�k :�Í�7�T�� TDNN-CTC
B�U

2�Î�Ï�V�W�3§Ð @
blank i�j�Ñ�Ò�t�Ó É ¥ ¡�2�ÔÕ i�j k�l ����Ö�× 2�V�W 7�Ø�Ù�Ú X ¥�Û F h��

4�5 20 6P] DNN Ü CNN
B�U�a�Ý�Þ�ß�à

5%
2

F h�á�â�ã�ä�å�æ 3
TDNN-CTC

B�U 2�Î�Ï á�â�ã
ä�å�æ ¨�ç F h 2%, è È�>�W�,�Y�Z�é 6 TDNN

%
'�2�)�*�ê�, 4�5&6 2 1.3 ë 3 Û�ì 2�����*�ê�í�î
������� ����2�ï�ð�X
2.5 CTC ñ CE ò�ó�ô�õ�ö�÷|�{�3¢Y�Z�é ©�9�� CTC Ü CE ��s�ø�ù 2 hú Z�é «�¬ 38Z�é 6 2 CTC

B�U � 2.4 ^�6 2�|�û
CTC

B�U 3
CE
B�U�ü�ý t CTC

B�U F�¡�2
TDNN

«�þ 3 CD-phone
A�B 3§f�ÿ Û 4�5 21

2�<�=�k�l
B�U /�0�1�3 «�¬���� 5 ��� X


5 CTC � CE ���°´¢µ·¶°¸°¹°º

���
»°¼°½°¾

(WER%)

3-gram 4-gram

CE 18.4 16.9

CTC 20.4 19.1
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 h
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<�= h
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0.7%
2 7�T X � å ×�[�\�« M TDNN%8'�k�l

CTC
A�B t LSTM-CTC

B�U k�l h ú 3

�� ] Ý�Þ F�¡�Î�Ï���	 å 2��� å 3 TDNN-CTCB�U�� � )�*�ê Ù Ç 3 B�U «�þ�Ù���� C 3§> ? Ú������������� 3 B�U ����� 	�� � LSTM-CTC

2
3.3 ë XPk :�Í 3 [�\ ÿ Û ] /�0�1 ��@�A�B�C�D E2�H�I�J�K�L�M�N�����%8'�� 6 3 � Þ TDNN-CTCB�U 2�Î�Ï���	 
 h 7�Ø 0.4%,

|�! ]�"�# B�U �
3-gram

� 3
TDNNCTC

B�U 2�Î�Ï���	�$�N
20.4%,F h�� _��

LSTM-CTC
w���2

21.5%,
V�W 
 h 7

T�� 1.1%
X ¦�, ] Y 4�� ý *���� å 3 CTC

B�U ]
t CE

B�U 2 h ú 6P] Î�Ï���	 a�%�& ] ¥ � 2 �
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