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ĉ(l) = arg min
i=1,...,Nc

{

D−1
∑

k=λ

(yl,k − FΩ,ai
(yl,k))

2

}

= arg min
i=1,...,Nc

{Ql(Ω,ai)}
� T �

§ �

: �
Ql(Ω,ai)

69AE�=69I >9AEXcL9ArR���AE6N69AE;=6�?=A��=69I ?ZMP8ELNMP:<X 8$47RP8E;=RPI AQ>N;=6�RW4�LN6F47J\AQ8 :<;=6F47X�L9A
l
AEX[;=LNMSRSMP>´47X�L

RW4l8 AERSRS;=RPA�?=AB�=69I ?ZMP8ELNMP:<X
i
AEL
D

RW4QRP:<X=�,;DAE;=6�?=A >�LN6F47J\A >�AEXoXD:<Jr�=69Ar?(��I 8FC147X�LNMSRSRP:<XD>
�

��A >�>98 :<69A >H:<�=L9AEXc;D>��1476�8 AELNL9A�J\IELNCD:c?=A�?=A�8ERW4<>9>NM£©18$47LNMP:<XoXDA�>9:<XcL®�14<>®�=69:<�147XcL9>)6=MSXZ��IE6NMPAE;=69>�¦
8 AE;Z�YOc;DA�R���:<XY��AE;=L�:<�=L9AEX=MS6B4 |�A 8�;=X�8ERW4<>F>NM£©1AE;=6@>FIE�14769Ir?=A�L �c��Ar3�	 ¡ 8 :<J�J\A�8 AE;Z�YOc;DA�XD:<;D>
;=LNMSRSMP>9:<XD>

�
�aX ��IEXDIE6F47R 6(RPA >�8ERW4<>9>NM£©1AE;=69>rO�;=M��=69:�8 � ?=AEX�L��1476 � +)8 *&* �"' 2 0 � +$�[?=A >r?=:<X=XDI A >�>9:<X�LBMSX �

>N; �K>F47J\AEXcL®?ZMP>F8E6NMSJ�MSX147X�L9> �v8��
�
RPA > 69I >9A$47;Z�K?ZMW47��:<RP:,>®AEXK69A 8 :<X=X147MP>9>F47XD8 A@?=A�8$476F4<8EL9�E69A >)6�:<;K�=MPAEX

RPA >�« 	�	nAEL�ª�	�	nAEXo�14769:<RPA)�®AEL�XDI 8 A >9>NMSL9AEXcL{?(���ELN69AB69AEXZ��:<698 I >��1476�?=A >�8E6NMSL9�E69A >{A��Z�=RSMP8EMSL9AEJ\AEX�L

�7]



?ZMP>98E6NMSJ�MSX147XcL9>)6(8 :<J�J\AQ�":<;=6@RPArJ\:�?=�ERPAl��� � �  �3q¡�Oc;DA�~NA��=69I >9AEX�L9Al8EM � ?=A >9>9:<;D>
�
	 47MP>@?D47XD>�RPA

8$4<>q�=69I >9AEX�L)6cRW4�6F47MP>F:<XK�=6NMSXD8EMS�147RPA@�=69:$|�MPAEX�L�?=A�R�� MSXD>N; �K>F47XD8 A@?=A{69AE�=69I >9AEXcLF47LNMP:<Xo?=A�8FC14<8E;=XDA@?=A >
8ERW4<>9>9A >

�
z�XDAH8 AERSRS;=RPAH�=69I ?ZMP8ELNMS|�A��1476a8ERW4<>9>9AH>$�U4$|��E69AHRW476N��AEJ\AEX�LqMSXD>N; �K>F47X�LaIELF47XcL ?=:<X=XDI AHRW4�|<476NMW4 �

�=MSRSMSL9I�?Z;[>NMS�,X147R+?=AB�14769:<RPA
��� �U47;=6F47M+R���:c8 8$4<>NMP:<X�?=A�69AE|�AEX=MS6�>N;=6�8 AB�=69:<�=RP�EJ\A�?=A�RW4�8ERW4<>9>NM£©18$47LNMP:<X

�=69I ?ZMP8ELNMS|�A�¦Q�=RS;D>9MPAE;=69>�69AE�=6NMP>9A >�~�;D>9Oc;��U¦QRW4l?=I�©DX=MSLNMP:<X�?Z;[J\:�?=�ERPA �10 	7�  �3®¡ ���9]
�

� 6=�
�
�<� �

�

�(��� � .32 � $�0 �3� .32­(��[�
�

� ���

³��¤*�e='5#7`cfu`��"!�� 	�:<C147J\A ?�¡qCDAEL9:<;147X=M �v���a¾�?(� �aRPA 8ELN69:<X=MPO�;DA �,�,�Z2)�
jr)��5pv-/*�eZ!.-/%0�+b�� �a:<MS6�RPA >�>9:<;D> ���1476F47�,6F47�=CDA >

�

¾�MSXD>NM+Oc;DA�~NA�R��U47M5MSXD?ZMPOc;DI��=RS;D>�C147;=L)6"RPA >@J\IELNCD:�?=A >@����� �v�@MP>98E6NMSJ�MSX147X�L��1A$47LN;=69A �V��LN6F4<8ELNMP:<X��
MSX�LN69:�?Z;=MSL9A >@?D47XD>�RW4lRSMSLNL9IE6F47LN;=69A��1476 � ;147X=� AEL ��47LF47�,MS6NM �U����� 6 �U§Z2 � 6=8$476F4<8EL9IE6NMP>FAEX�L@RPA >{?ZMP>N��:,>NMSLNM£��>
?(��A��ZLN6F4<8ELNMP:<X[?=A�8$476F4<8EL9IE6NMP>NLNMPOc;DA >�A��Z�=RSMP8EMSL9AEJ\AEX�L��,;=MP?=I >H�1476HRW4rL��<89CDAB?=A�8ERW4<>9>NM£©18$47LNMP:<X

�
�¤A >H47; �

L9AE;=69> :<XcLa��:<6NJK47RSMP>9I�8 AELNL9A@47�=�=69:c8FCDA@47;=L9:<;=6®?=A�RW4�XD:<LNMP:<X ?=A�?=A >98 AEX�L9A{�=69:<�147�=MSRSMP>NL9A@?Z;\�,6F4<?ZMPAEX�L
��ª�3a�(��AEXh;=LNMSRSMP>F47X�L�;=Xh8E6NMSL9�E69AK>N��I 8EM£©1Oc;DAK47�=�"AERPI �;%-� 0 �&%/# 8:# * � #&%&% #;��% 8:# �;* 2$'('-� � ��2 0 � +$� � �+� � �
� � � � 	 ¡ ���H8$47RP8E;=RPIQ>N;=6�R���AEXD>FAEJr�=RPAr?Z;}>N�Z>NL9�EJ\A�A��ZLN6F4<8EL9AE;=6�AEL{8ERW4<>9>9M£©1AE;=6

�
� RP>�R���:<X�L�47�=�=RSMPO�;DI

XD:<LF47J�J\AEX�LB¦�RW4�69I$47RSMP>F47LNMP:<X}?=Ar�147XD8 >{?=A�©DRSLN69A >@4<?D47�=LF47�=RPA > �U§	� 6 �S2$�	�
�
¡®AE�"AEXD?D47XcL)61RP:<69>9Oc;DA�RPA >

?=AE;Z��IELF47�"A >a�v:<XcLq47�=�"AER"¦�?=A >q47RS��:<6NMSLNC=J\A >®?=AHX147LN;=69A{?ZM �(IE69AEX�L9A�6�MSR0?=AE|cMPAEXcL ?ZM��K8EMSRPA{?=A�J�MSX=MSJ�M �
>9AE6H;=X[8E6NMSL9�E69A�8 :<J�J�;=X

�
��A�RW4lG¤:<6N69A�AEL{47R

�
� ]�§
�¤:<XcL��=69:<�":,>FI@?=A >{A���L9AEXD>NMP:<XD>{?=AB8 A >HJ\IELNCD:c?=A >

��AE6NJ\AELNLF47X�L�;=Xl47�=�=69AEXcLNMP>9>F47��A�>9IE�14769I®?=A >�?=AE;Z�rJ\:�?Z;=RPA >
�
 @:<;D>V4 |�:<XD>VIE��47RPAEJ\AEXcLVLN6F4 |,47MSRSRPI®?D47XD>

8 AELNL9A�|�:<MPA�AEX}?=I�©DX=MP>9>F47X�L�;=X 8E6NMSL9�E69A �/RPAQ8E6NMSL9�E69AQ?Z;�6F47�=��:<6NL@?(��AE6N69AE;=6B?=ArJ\:c?=IERSMP>F47LNMP:<X ��	
���
:<; �5+ 
 � +)8�#&* �	��2 0 � +$� 	 %&% +$% ��2 0 � +,�V��AE6NJ\AELNLF47X�L{?=A�>$�U4,��6F47XD89C=MS6�?=A�L9:<;=L�8ERW4<>9>9M£©1AE;=6®��AEXD?D47X�L{RW4
�=C14<>9AB?(�U4<?D47�=LF47LNMP:<X

���A >¤LN6F4 |,47;Z��O�;DA(~�AV�=69I >FAEX�L9A®?D47XD>+8 AELNL9Aq>9A 8ELNMP:<X�:<XcL5IEL9I 69I$47RSMP>9I >¤?D47XD>+RPA 8$4<?Z69Aq?Z;�>NLF47��Aq?=A ���a¾
?=A 	�:<C147J\A ? ¡qCDAEL9:<;147X=M 6��":<;=6@;=XDA��1476NL)61�=;=MP>�?D47XD>@RPA�8$4<?Z69AQ?=AQ>F4\LNCD� >FArRP:<69>9Oc;�� MSR�>$��A >NL@47�,MSL
?(��IEL9AEXD?Z69A�R���A���LN6F4<8ELNMP:<X ?=A�8$476F4<8EL9IE6NMP>9LNMPO�;DA >�¦BR���AEXD>FAEJr�=RPA@?=A > �=CD:<XD�EJ\A >

�
	}:<C147J\A ? ¡qCDAEL9:<;147X=M

4 AEX A
�(AEL��=69:<�":,>FIQ?=AE;Z� 476989C=MSL9A 8ELN;=69A >r�"AE6NJ\AELNLF47XcL�?(��IEL9AEXD?Z69A�R���A���LN6F4<8EL9AE;=6� @3q¡ 6c~�;D>9O�;��U47RP:<69>
L9A >NL9IB>N;=6�?=A >�>9:<;D>��,69:<;=��A >��=CD:<XDIELNMPOc;DA >{69A >NLN69AEMSXcL9>)61¦lR���AEXD>FAEJr�=RPAr?=A >{8ERW4<>9>9A >��=CD:<XDIELNMPOc;DA >

��� A�=69I >9AEXcL9A 8 A >¤?=AE;Z��47698FC=MSL9A 8ELN;=69A >V47;r�1476F47�,6F47�=CDA T �
]

�
] 6$�

�
�,�

�
¾¤|,47X�L58 AERW4 6N~ � MSX�LN69:�?Z;=MP>¤RW4�8�� ' 0%2$� �(#

��� � AEL RPA�8E6NMSL9�E69A 	���� 6,;=LNMSRSMP>9I > �":<;=6 IELF47�=RSMS6q;=XDA�XD:<;=|�AERSRPA��v:<XD8ELNMP:<X ?=A{8 : �=L ?ZMP>98E6NMSJ�MSX147XcL9A�AEL
?=:<X�L 	}:<C147J\A ?o¡qCDAEL9:<;147X=M�4�J\:<X�LN69I�O�;DA�RW4BJ�MSX=MSJ�MP>´47LNMP:<X A >9L®I Oc;=MS|<47RPAEXcL9A@¦rRW4rJK4&��MSJ�MP>F47LNMP:<X
?=A�R�� MSXZ��:<6NJK47LNMP:<XYJr;=LN;DAERSRPA �v8E6NMSL9�E69A 	
	��&6 � T �

]
�UT 6=� �

�,� �
�

����� � � � ¥ ¢ � ®>¦ ¥ ��ª £ � � � £ ¦[§ £ � ¥ ¬�¬x�Î��¦ ¢`£ « � ¢ ¯:§ � ® ¥ ¦��P�<� � � � �

jr)��5pv-/*�eZ!.-/%0�+b�� �U����� 6�������

� ;D>9Oc;��U¦B�=69I >FAEX�L)6.~�A{X��U47M1�14<>H47�":<69?=I�RPA��=69:<�=RP�EJ\A@?=A{RW4�|<47RSMP?D47LNMP:<X A��Z�"IE6NMSJ\AEXcLF47RPA@AELqLNCDI :<6NMPO�;DA
?=A >�J\:c?=�ERPA >B @3q¡

�
�¤4\�=6NMSXD8EMS�147RPA�Oc;DA >NLNMP:<X}�":,>FI A�A >NL�8 AERSRPAQ?=ArRW4K|<47RSMP?ZMSL9Il?=A�R�� C����":<LNCD� >FAQ?=A >

��:<MP?=>�� 8 :c?=A >Y��RPA >l�":<MP?=>\?=A RW4u8 :<;D89CDA[?=Ao>9:<6NLNMPAY8 :c?=AEXcL���MSRP>\RPA >�MSXZ��:<6NJK47LNMP:<XD>\��AE6NJ\AELNLF47X�L ?=A
>9IE�14769AE6�RPA >�>NMS�,X147;Z�}AEX 8ERW4<>9>FA >@?ZMP>9LNMSXD8EL9A > ����A�>9;D8 8 � >@?=A >��=69AEJ�MP�E69A >rA�����IE6NMSJ\AEX�LF47LNMP:<XD>BJ\AEX �
LNMP:<X=XDI A >B47;�8FC147�=MSLN69A��=69I 8 I ?=AEXcLr4K47�=��:<6NL9Ir;=XDAQ8 :<XZ©D6NJK47LNMP:<X A�����IE6NMSJ\AEX�LF47RPA\¦K8 A�Oc;=M¤X���IELF47MSL
47;K?=IE�1476NL Oc;�� ;=XDA�MSXcLN;=MSLNMP:<X

� � �U47M0>9:<;=C147MSL9I�47RSRPAE6a�=RS;D>q4 |,47X�L)6cLF47X�L >N;=6 RPAH�=RW47X A��Z�"IE6NMSJ\AEXcLF47R0Oc;DA
>N;=6�RPA��=RW47X[LNCDI :<6NMPOc;DA

��¤4 ?ZMP>NLF47XD8 A  �3®¡�A >NLB;=XDA�J\A >N;=69A\?=A�>9MSJ�MSRW476NMSL9IK8$47RPOc;DI A\>N;=6BRW4 ?ZMP>NLF47XD8 A\?(� � LF4 ��;=6F4 �U� T � Oc;DA~ �U47M{MSX�LN69:�?Z;=MSL9A AEX �,�,�,� �U����� 6q�=69I 8EMP>9IEJ\AEX�L ��:<;=6 IE|,47RS;DAE6 RPA > 8$47�14<8EMSL9I > ?ZMP>98E6NMSJ�MSX147X�L9A >o?(� ;=X

�,�



8 :�?=AE;=6® @3q¡
�/� A@R�� ;=LNMSRSMP>9AE6F47M(IE��47RPAEJ\AEX�L�;=X ��AE; �=RS;D>®LF4769? �":<;=6HRW4r�=69:<�":,>9MSLNMP:<X ?Z; J\:�?=�ERPA{XD:<X

>N;=��AE6N|cMP>FI �10 	7�  @3q¡
�

¾�;}?=IE�=;=L�?=A >�47X=XDI A >r�<� 6"RPA >�8 :cA �K8EMPAEXcL9>���3q¡�>F:<X�L��=69:<�":,>FI >���:<;=6�RPAl8 :c?D47��AlA �K8EMPAEX�L�?Z;
>NMS�,X147R®?=A\�14769:<RPA �U�7]�� �U�	� 6¤JK47MP>rRPA >r�=69AEJ�MPAE69>�69I >9;=RSLF47L9>�AEX�69A 8 :<X=X147MP>9>F47XD8 A XDAK>9:<XcLr�14<>{~ ;=��I >
�=69:<�147X�L9>

�
� LF4 ��;=6F4[8 :<XD>NMP?=�E69A Oc;DAK8,��A >NLQRW4Y8 :<J��=RPA��ZMSL9I ?=AKR���A >9�14<8 A ?=A >��1476F47J\�ELN69A >���3q¡ Oc;=M

AEJ�� � 89CDA�?(��IELF47�=RSMS6H;=XDA{6��E�,RPA@?=A�?=I 8EMP>9MP:<X ��AE6��v:<6NJK47XcL9A
�
� R"�=69:<�":,>FA{?(� ;=LNMSRSMP>9AE6H;=XDA�XD:<;=|�AERSRPA@?ZMP> �

LF47XD8 A �U� T �DAEL5J\:<XcLN69A�O�;DA�67?(� ;=Xl�":<MSXcLa?=A |�;DAH>NLF47LNMP>NLNMPOc;DA�67RPAq8E6NMSL9�E69A�?=A®?=I 8EMP>NMP:<X �vAEXlR���:c8 8E;=69AEXD8 A
RPA®RP:<��476NMSLNC=J\A�?Z;l6F47�=�":<6NLV?=A >VAE6N69AE;=69>a?=A®�=69I ?ZMP8ELNMP:<X���A >9L�I Oc;=MS|,47RPAEX�L 47;lRP:<��476NMSLNC=J\A�?Z;l6F47�=�":<6NL
?=A\|�6F47MP>9AEJ��=RW47XD8 A

�
�¤4Y?ZMP>9LF47XD8 A ?(���
0%2 & ��% 2 >9AE6F4Y;=LNMSRSMP>9I A 8 :<J�J\A ?ZMP>NLF47XD8 A RP:�8$47RPA�6¤��AE6NJ\AELNLF47X�L

?=AQ8 :<J��14769AE6�?=A >@>FAE�,J\AEX�L9>B?=AQ�14769:<RPA�47; >FAEMSX}?(�U47RS��:<6NMSLNC=J\A >�?=A��=69:<�,6F47J�JK47LNMP:<Xh?Z��X147J�MPO�;DA
�/69A 8 :<X=X147MP>9>F47XD8 A�?=A�J\:<L9>�MP>9:<RPI >
�

�

� ;=MS|,47X�LlRPAKJ �EJ\A �=6NMSXD8EMS��A�65RW4Y?ZMP>NLF47XD8 A  @3q¡ A >NLQIE��47RPAEJ\AEXcL\?=I�©DX=MPA 8 :<J�J\A RPA 6F47�=��:<6NLl?=A >
AE6N69AE;=69>�?=AB�=69I ?ZMP8ELNMP:<X �

dNPC(l,m) = log
Qm(al)

Qm(am)

� T �
2$� �

: �
Qm(am)

?=I >NMS�,XDA�R���AE6N69AE;=6@?=A��=69I ?ZMP8ELNMP:<X�8$47RP8E;=RPI A�>9;=6�;=XDABLN6F47J\A
m

RP:<69>9Oc;DA�R���:<Xo;=LNMSRSMP>9ABRPA >
�1476F47J\�ELN69A >® �3q¡

am
A >NLNMSJ\I >q¦��1476NLNMS6q?=A�8 AELNL9A�J �EJ\A�LN6F47J\A{AEL

Qm(al)
R���AE6N69AE;=6®?=A��=69I ?ZMP8ELNMP:<X

8$47RP8E;=RPI AK>9;=6r;=XDA\LN6F47J\A
m

RP:<69>9Oc;DA�R���:<Xh;=LNMSRSMP>9AKRPA >r�1476F47J\�ELN69A >Q @3q¡
al

A >NLNMSJ\I >l¦ �1476NLNMS6l?=A
RW4�LN6F47J\A

l �
¾�MSXD>NM 61RP:<69>9O�;DA

l = m
60:<X}:<�=LNMPAEXcL

dNPC(l, l) = 0 �
3�476�47MSRSRPAE;=69>)60RP:<69>9O�;DA�RW4KLN6F47J\A

m
>$��IERP:<MS�,XDA�?=A�RW4�LN6F47J\A

l
6DAERSRPArA >NL�J\:<MSXD>��=MPAEX��=69I ?ZMSL9Ar�1476�RPA >��1476F47J\�ELN69A >� �3®¡

al

AEL{R���:<X 4
?=:<XD8

Qm(al) > Qm(am)
6D?(��: �

dNPC(l,m) > 0 �

dNPC A >NL�AEX ��47MSL�;=XDA�J\A >N;=69AB?=AB?ZMP>9>9AEJ��=RW47XD8 Ar8$476)6=?=A�J �EJ\A�Oc;DA�RW4l?ZMP>NLF47XD8 A�?(� � LF4 �c;=6F4 6=AERSRPA
X���A >NLQ�14<>l>N�cJ\IELN6NMPOc;DA

�
�VX 69AE|<47XD8FCDA�6a¦[RW4�?ZM ��IE69AEXD8 A 8 AELNL9A ��:<MP>�?=A RW4�?ZMP>NLF47XD8 A ?(� � LF4 ��;=6F4 65RW4

?ZMP>NLF47XD8 A@ �3®¡ ?=IE��AEXD? ?=A >q��:<MP?=>®?=A�RW4 �v:<; ?=A >	�a8 :<;D8FCDA �v>	�q8$4<89CDI A �v>	�
Ω �

�¤4r�":<X=XDA@69I$47RSMP>F47LNMP:<X
?=ABRW4l�=69:<�=6NMPIEL9I

m 6= l ⇒ dNPC
Ω (m, l) > 0

X���A >NL��14<>@4<>9>N;=69I AB��:<;=6�L9:<;=L9Ar|<47RPAE;=6{?=Ar8 A >���:<MP?=>
�¾{©DX ?=A J\A >N;=69AE6�R���IE|�:<RS;=LNMP:<X ?Z; 8$476F4<8EL9�E69A�?ZMP>98E6NMSJ�MSX147X�L ?Z; 8 :c?=AE;=6\ @3q¡�� �u47; 8 :<;=69>\?=A[RW4

�=C14<>9A\?(�U4<?D47�=LF47LNMP:<X�61~ �U47MV�=69:<�":,>9I\RW4o?=I�©DX=MSLNMP:<X ?(� ;=Xh6F47�=�":<6NLr?=A >�AE6N69AE;=69>r?=A��=69I ?ZMP8ELNMP:<X Oc;DA
XD:<;D>H4 |�:<XD>�47�=�"AERPI � +)8�#&* �	��2 0 � +$� 	 %-% +$%�� 2 0 � +�� 	
��� �&6�:<; ��	���� >FAERP:<X Oc;DA{R���:<X 8 :<XD>NMP?=�E69A�:<;
XD:<XoRPABRP:<��476NMSLNC=J\A

�
��A�	
��� A >NL�?=I�©DX=M+8 :<J�J\A�>N;=MSLr�

Γ =

∑

l

∑

i,i6=c(l)

Ql(ai)

∑

l

Ql(ac(l))

� T �
2,2)�

¾�; Xc;=J\IE6F47L9AE;=6)6�RW4 >9:<J�J\A ?=A >oAE6N69AE;=69>o?=A}�=69I ?ZMP8ELNMP:<X :<�=L9AEX�;DA >[RP:<69>FO�;DA}R���:<Xµ�=69I >9AEX�L9A RPA >
LN6F47J\A >l?=A\�14769:<RPA

l
?=A\RW4Y�14<>9A ?(�U4<?D47�=LF47LNMP:<X AEX�;=LNMSRSMP>F47XcL�RPA >Q��:<MP?=>�� 8 :�?=A >

ai
O�;=M®XDAK8 :<6N69A >��

��:<XD?=AEX�L\�14<>K¦ RPAE;=6\8ERW4<>9>9Ao?(�U47�=�1476NL9AEX147XD8 A
c(l) �

¾�; ?=IEXD:<J�MSX147L9AE;=6)6 RW4 >9:<J�J\AY?=A >\AE6N69AE;=69>
?=AQ�=69I ?ZMP8ELNMP:<Xh:<�=L9AEX�;DA >rRP:<69>9Oc;DAlR���:<X}�=69I >FAEX�L9A�RPA >�LN6F47J\A >�?=Al�14769:<RPA

l
AEX ;=LNMSRSMP>F47X�LrRPA >��":<MP?=>��

8 :�?=A >
ai,i=c(l)

8 :<6N69A >N��:<XD?D47X�LQ¦KRPAE;=6B8ERW4<>9>FAQ?(�U47�=�1476NL9AEX147XD8 A
c(l) �

3VRS;D>�R��U47J��=RSMSLN;D?=A\?Z; 	
���
A >NLHIERPAE|�I A�6��=RS;D>qR���A��ZLN6F4<8EL9AE;=6�>$�U4 |��E69A�?ZMP>98E6NMSJ�MSX147XcL{47;o>9AEXD>q?(� ;=XDA�8ERW4<>9>9M£©18$47LNMP:<X Oc;=M(47;=6F47MSL®RSMPAE;
�1476®J�MSX=MSJ�MP>F47LNMP:<Xo?=A�R���AE6N69AE;=6�?=A��=69I ?ZMP8ELNMP:<X�6D47MSXD>NM"O�;DA�XD:<;D>qR��U4 |�:<XD>H|�; 47; �1476F47�,6F47�=CDA � T �UT �

] 6
�

�
�7]

���A > ©D�,;=69A > T �
���

�
�,� 6H69AE�=69I >9AEXcL9AEX�L[R���IE|�:<RS;=LNMP:<X ?Z; 	
���¨��AEXD?D47X�LoRW4��=C14<>9A ?(�U4<?D47�=LF47LNMP:<X

?=A >Q?=AE;Z�h�14<>9A >
/b/

6
/d/

6
/g/

AEL
/p/

6
/t/

6
/k/ �

¾
t = 0

6¤RPA9	
��� ?=IEJK476N69A AEXµ2 �v?=:<XD8 RPA

�,�



��	
��� AEX�� �l�(R���A��ZLN6F4<8EL9AE;=6)6�RP:<69>9Oc;DA\>9A >��1476F47J\�ELN69A >
Ω

>F:<X�L�MSX=MSLNMW47RSMP>9I >l47RPI$47L9:<MS69AEJ\AEX�L)65X���A >NL
�14<>l?ZMP>98E6NMSJ�MSX147X�L)6�RPA >lAE6N69AE;=69>l?=A �=69I ?ZMP8ELNMP:<X 69A >NLF47X�L\>9AEJ��=RW47�=RPA >�O�;DAERPOc;DA >9:<MPAEX�LlRPA >�~�AE;Z� ?=A
��:<MP?=>�� 8 :c?=A >�;=LNMSRSMP>9I >

�

��A >�8 :<;=6N��A >H�=69I >9AEX�L9AEXcL�;=XDA@��:<6NL9A@8E69:<MP>F>F47XD8 AB?=� >®RPA >H�=69AEJ�MP�E69A >�MSL9IE6F47LNMP:<XD>�AEL�47LNL9AEMS�,XDAEX�L�;=X
JK4&�ZMSJr;=J ?=� >qRPA >q�,�B�=69AEJ�MP�E69A > MSL9IE6F47LNMP:<XD> �v8 AH��47MSLq4�IEL9I{:<�D>9AE6N|�I{Oc;DAERPO�;DA�>9:<MPAEX�LqRPA >a�=CD:<XD�EJ\A >
IELN;D?ZMPI >	�

�
354<>F>9Iq8 AqJK4&�ZMSJr;=J26<RPA >+�=69:<�=6NMPIEL9I >V?ZMP>98E6NMSJ�MSX147X�L9A >a?Z;l8 :�?=AE;=65>9:<XcL�47J\:<MSXD?Z6NMPA >a47;��v;=6

AEL¤¦HJ\A >N;=69A ?=A >(MSL9IE6F47LNMP:<XD>¤?(�U47�=�=69AEXcLNMP>9>F47��A
�
��47XD>�RPAVJ �EJ\AVL9AEJ��D>�RW4�O�;147RSMSL9Ia?=A�RW4�J\:c?=IERSMP>F47LNMP:<X

A >NL��=MPAEXYAEXcL9AEXD?Z;DA�47J\IERSMP:<69I A �/RPA >�J\A >N;=69A >�?Z;[��47MSX�?=A��=69I ?ZMP8ELNMP:<XYR��U47LNL9A >NL9AEXcL	�
�¾�;}�1476F47�,6F47�=CDA �

�
�

�
� �

�(T § 6�RP:<69>�?=AlR���IELN;D?=A�?=AlRW4 >N;=6���J\:�?=IERSMP>F47LNMP:<X�6Z~ �U47M�I 8E6NMSL � 47;D8E;=X �=CDI&�
XD:<J\�EXDAl?=Al>N;=6�� 47�=�=69AEX�LNMP>9>´47��AlX���A >NL@:<�D>FAE6N|�I���AEXD?D47X�LBRW4K�=C14<>9Al?(�U4<?D47�=LF47LNMP:<Xu?=A�R���A���LN6F4<8EL9AE;=6
 @3q¡ .

�
��A >5©D�,;=69A > T �

��AEL T �
��J\:<X�LN6F47XcLaR���IE|�:<RS;=LNMP:<X\?Z;�	���� AEXQ8 :<;=69>V?(�U4<?D47�=LF47LNMP:<X�MSXD?ZMPOc;DAEX�L

?=:<XD8BRPAB8 :<XcLN6F47MS69A
�¡®AELNL9AB8 :<X�LN6F4<?ZMP8ELNMP:<X >$��A��Z�=RSMPO�;DAB8$476)6=AEX[��47MSL)6ZR���:<XoXDAB8 :<XD>NMP?=�E69A��14<>�RPA�J �EJ\A�>N�Z>NL9�EJ\A

�
¾+|�A 8�RPA

	
��� 6c:<X :<�=LNMPAEX�LH;=X MSXD?ZMP8 A�?=A@8 A{Oc;DA@>9AE6F47MSL R���AE6N69AE;=6�?=A@8ERW4<>9>NM£©18$47LNMP:<X $/2$% � +�8 *&* � ' 2 0 � +�� 6c8,��A >9L¦\?ZMS69AQAEX A
��A 8ELN;147XcL@;=XDAQ8ERW4<>9>NM£©18$47LNMP:<X}�=69I ?ZMP8ELNMS|�A �v?=I 8EMP>NMP:<X}�1476�J�MSX=MSJ�MP>F47LNMP:<X ?=A�R���AE6N69AE;=6B?=A
�=69I ?ZMP8ELNMP:<X��&6�8 :<J�J\AHMSXD?ZMPOc;DI�47;��1476F47�,6F47�=CDA � � #&�/0 � +��9%�* 2$* �"' #&% ��� �;* 2$'('-� � #&��% � � � ������.��

�
�7]

���:<69>9Oc;DA�R���:<X 8ERW4<>9>FA{RPA >®�1476F47J\�ELN69A >� @3q¡ ¦rR��U47MP?=A�?(� ;=Xo>N��>9L9�EJ\A�MSXD?=IE��AEXD?D47X�L)6ZRPA��=69:<�=RP�EJ\AB?=A
>N;=6�� 47�=�=69AEXcLNMP>9>F47��A�>9A�69AELN69:<;=|�A�RP:<69>H?=A�RW4��=C14<>FA�?(��A��ZLN6F4<8ELNMP:<Xo?=A >q�1476F47J\�ELN69A >�6�8,��A >9LH¦�?ZMS69A{RP:<69>
?Z;u8$47RP8E;=Ra?=A >B��:<MP?=>�� 8 :�?=A >�?=AlRW4 8 :<;D89CDA\?=A�>F:<6NLNMPA�6(AELBXD:<X �14<>BRP:<69>�?=AlR��U4<?D47�=LF47LNMP:<X�6¤8 :<J�J\A
8 AERW4�4�IEL9I�J�MP>�AEX[IE|cMP?=AEXD8 A

�

����� � � �v�{�<¦Ã� ¥ � �<¦ £ ® � � �

jr)��5pv-/*�eZ!.-/%0�+b�� � T,T � 6 � ] T � 6������ 

��A�>9LF47��A{?=A 	}:<C147J\A ? ¡qCDAEL9:<;147X=M(4�IEL9I�A >F>9AEX�LNMPAERSRPAEJ\AEXcLH8 :<XD>´4<8E69I�¦�R��U47X147RS�Z>9A{?Z; 	���� AELq¦�RW4
J�MP>9A�AEX[:�AE;=|c69A�?(� ;=X�47RS��:<6NMSLNC=J\A�?(�U4<?D47�=LF47LNMP:<XY�14<>9IB>N;=6HRW4QJK4&��MSJ�MP>´47LNMP:<X[?Z;2	����

�
�VX[A
�(AEL)6

R���:<�Z~NA 8ELNM£�(IELF47XcL®?(�U47;=�,J\AEXcL9AE6HRPA > 8$476F4<8EL9IE6NMP>NLNMPOc;DA >q?ZMP>F8E6NMSJ�MSX147X�L9A >�?Z;K8 :�?=AE;=6q @3q¡ 6�MSR0>9AEJr�=RW47MSL
X147LN;=69AER�?=A�?=I�©DX=MS6@;=XDArXD:<;=|�AERSRPA���:<XD8ELNMP:<X}?=AQ8 : �=L@�14<>9I A�>9;=6{RW4KJ�MSX=MSJ�MP>F47LNMP:<X ?=ArR�� MSXc|�AE69>9Al?Z;
	
���

�
�¤A�LN69:<MP>NMP�EJ\A J\:c?=�ERPA\ @3q¡ 47MSXD>NM :<�=L9AEX�; 4oIEL9IK�147�=LNMP>9I 
�� 	 � � � � AEL��=;=�=RSMPIK�":<;=6�RW4

�=69AEJ�MP�E69A���:<MP>�?D47XD> � T,T � ��{AE�=69AEXD:<XD>®RW4Q?=I�©DX=MSLNMP:<Xo?Z;=	���� �vA O
�UT �

2,2�6��
�
�,� � AEX XD:<LF47XcL

QD RPA ��+��/0�8:# 8$�"' �;%&� � �+��2 0 � +$�lAEL
QM RPA ��+�� 048:# � +)8 *&* �"' 2 0 � +$�Y�

Γ =
QD

QM

� T �
2 � �

�¤4�XD:<;=|�AERSRPA@��:<XD8ELNMP:<Xo¦�J�MSX=MSJ�MP>9AE6�A >9L
QDFE−NPC = 1/ log Γ

6c?=:<XcL�RPA��,6F4<?ZMPAEXcL�69AERW47LNMS|�AEJ\AEX�L
¦Q;=X[��:<MP?=>�Oc;DAERPO�;D:<XDOc;DABA >NLr�

∂Q

∂ω
=

∂

∂ω

(

1

log Γ

)

= −
1

log2 Γ

∂

∂ω
(log Γ) = −

1

log2 Γ

(

1

Γ

∂Γ

∂ω

) � T �
2 T �

� R(|cMPAEXcLr�
∂Q

∂ω
=

1

log2 Γ

(

1

QM

∂QM

∂ω
−

1

QD

∂QD

∂ω

) � T �
2E] �

��A��=69AEJ�MPAE6 L9AE6NJ\A}X���A >NL 47;=LN69A O�;DAYRW4uJ\:�?ZM£©18$47LNMP:<X¥?Z;DA}¦uRW4uJ�MSX=MSJ�MP>F47LNMP:<X¥?=A�R���AE6N69AE;=6o?=A
�=69I ?ZMP8ELNMP:<X�618,��A >9L�¦�?ZMS69ABRW4l69�E�,RPA�?(�U4<?D47�=LF47LNMP:<X� @3q¡�� �

�
�¤A�?=AE;Z��MP�EJ\ArL9AE6NJ\A�61?=A�>9MS�,XDA�:<�=�":,>FI�6

���



8 :<6N69A >N��:<XD?}¦KRW4�JK4&�ZMSJ�MP>F47LNMP:<X ?=A�R���AE6N69AE;=6�?=A�?ZMP>98E6NMSJ�MSX147LNMP:<X
�
¡®A >@?=AE;Z�YL9AE6NJ\A >�>9:<X�L@�":<XD?=I&�

69I >�69A >N�"A 8ELNMS|�AEJ\AEXcLB�1476�R��U47J��=RSMSLN;D?=Al?=A�R���AE6N69AE;=6B?=Ar�=69I ?ZMP8ELNMP:<X AEL�?=A�?ZMP>98E6NMSJ�MSX147LNMP:<X
�
¾{©DX ?=A

8 :<XD>9AE6N|�AE6�;=XDA MSXZ­D;DAEXD8 Ao>N;=6lRW4}��:<XD?=IE6F47LNMP:<X �=69I ?ZMP8ELNMP:<X0½7?ZMP>98E6NMSJ�MSX147LNMP:<X�6qXD:<;D>K4 |�:<XD>l©DX147RPA&�
J\AEX�L{69AEL9AEX�;��

∂Q

∂ω
= α

∂QM

∂ω
− (1 − α)

∂QD

∂ω

� T �
2$� �

: � 6Z��:<;=6
α = 1

6=:<Xo69AELN69:<;=|�ArRPA�J\:c?=�ERPA��=;=69AEJ\AEXcL{�=69I ?ZMP8ELNM£�a �3®¡�� �
�
�¤4�©D�,;=69A T �

�Q69AE�=69I >9AEXcL9A
R���IE|�:<RS;=LNMP:<X[?Z;2	
���¥?Z;=6F47X�L�RW4��=C14<>9A�?(�U4<?D47�=LF47LNMP:<X[��:<;=6�?=AE;Z� |,47RPAE;=69>�?=A

α �
3+:<;=6

α = 1
:<X

20 40 60 80 100 120 140 160 180 200

10
0

10
0.1

learning time

M
od

el
is

at
io

n 
er

ro
r 

ra
tio

0 50 100 150 200

10
0

10
0.1

learning time

M
E

R
 r

at
io

�	� 
	� T �
� �2�V|�:<RS;=LNMP:<Xu?Z;
	
����RP:<69>�?=AQRW4\�=C14<>FA�?(�U4<?D47�=LF47LNMP:<X ��:<;=6�RPA >��=CD:<XDAEJ\A >

/b/
6
/d/

6
/g/

¦l��47;D8FCDA�AEL
/p/

6
/t/

6
/k/

¦l?Z69:<MSL9A �vA���LN6F47MSL�?=A >{476NLNMP8ERPA > �U����� 6 �U�,�	� �
�

0 200 400 600 800 1000
10

0

10
0.1

10
0.2

learning iterations number (parameters adjustement phase)

M
E

R
 m

ag
ni

tu
de

0 200 400 600 800 1000
0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

learning iterations number (parameters adjustement phase)

M
E

R

�	� 
	� T �
� � �V|�:<RS;=LNMP:<X ?Z; 	
��� RP:<69>q?=A�RW4@�=C14<>9A�?(�U4<?D47�=LF47LNMP:<X >F47XD>a8 :<XcLN6F47MSX�L9A �

α = 1
6,J\:�?=�ERPA

 @3q¡�� � 6c¦���47;D89CDA)�&6=4 |�A 8@8 :<X�LN6F47MSXcL9A �
α = 0.5

6�J\:�?=�ERPA{�������  @3q¡ 6Z¦�?Z69:<MSL9A)�
�
�/LNMS69I{?=A >H476NLNMP8ERPA >

�U����� 6 �U�,�
� �
�

69AELN69:<;=|�AHR���IE|�:<RS;=LNMP:<X ?Z; 	
��� ?D47XD>aRPA®8$4<> ?(� ;=X�J\:c?=�ERPA� @3q¡�� �B4 |�A 8�;=X�JK4&��MSJ�;=J >N;=MS|�MZ?(� ;=XDA
?=I 8E69:<MP>9>F47XD8 AQ�=69:<�,69A >9>9MS|�A

�
35:<;=6

α = 0.5
6(:<X}XD:<L9AQR�� MSXZ­D;DAEXD8 A�?=ArRW4 8 :<X�LN6F47MSXcL9A\?ZMP>98E6NMSJ�MSX147XcL9A

�,�



47�=�=RSMPOc;DI A >N;=6oRPA > �":<MP?=> �HRPA>	
��� 47LNL9AEMSXcLY;=XDA}|<47RPAE;=6oJK4&�ZMSJr;=J �=RS;D>oLN6F4<?ZMS|�AEJ\AEX�L}AELoRW4
?=I 8E69:<MP>9>F47XD8 ArO�;=M�>$��AEX[>9;=MSL{A >NL���A$47;D8 :<;=�[J\:<MSXD>�JK4769Oc;DI A

�

�¤4�JK4&��MSJ�MP>F47LNMP:<XQ?Z; 	
��� 4��"AE6NJ�MP>+?(�U47J\IERSMP:<69AE65>9AEXD>9MS�=RPAEJ\AEX�L5RPA >¤>98 :<69A >+AEX�69A 8 :<X=X147MP>9>F47XD8 A�6
47MSXD>NM�O�;���AEX L9IEJ\:<MS�,XDA�RPA@LF47�=RPA$47; T �UT : � ~NA�69I 8$47�=MSLN;=RPA�RPA >qLF47;Z� ?=A{69A 8 :<X=X147MP>F>F47XD8 AB:<�=L9AEX�;D>�>9;=6
RPA >Q�14<>9A >�?=A �=CD:<XD�EJ\A >\?=I ~9¦Y;=LNMSRSMP>FI A >l�=69I 8 I ?=AEJ�J\AEX�L

�
35:<;=6\8 A O�;=M�8 :<XD8 AE6NXDA RPA >l�=CD:<XD�EJ\A >

�=CD:<XD�EJ\A > ��3®¡ 	��+¡�¡ 3a��3  @3q¡  �3®¡�� � ��� � �  �3q¡
/aa/

6
/ae/

6
/ey/

6
/ow/

�,�
�

� T � �,�
�

�,��� ��� � �Z2 � � �
�
§,��� � ¼ �W^1¼��

/b/
6
/d/

6
/g/

���
�

�,��� � ��� �7] � �,��� �<�
�
] � y=¯��

/p/
6
/t/

6
/k/

� �
�UT � �,�

�
��� �,��� � T �UT,T � �,��� y � �P¯��

����� � T �UT � � 8 :<69A >�8 :<J��1476F47LNM£��>�:<�=L9AEX�;D>�AEX 69A 8 :<X=X147MP>9>F47XD8 A�¦rR��U47MP?=A@?(� ;=X 69I >9A$47; 3�	 ¡ >N;=6qRPA >
LN69:<MP>��14<>9A >

{/aa/
6
/ae/

6
/ey/

6
/ow/}

6
{/b/

6
/d/

6
/g/}

AEL
{/p/

6
/t/

6
/k/}

�":<;=6��=RS;D>NMPAE;=69>
8 :�?=AE;=69>®?=A�RW4rRSMSLNL9IE6F47LN;=69ABAELqRPA >®LN69:<MP>®|�AE69>NMP:<XD>H?Z; 8 :�?=AE;=6� �3®¡ �/LNMS69I�?=A �U�,�	��AELH?=A � ] T �"��:<;=6®RPA
8 :�?=AE;=6�3a��3��

�

|�:<MP>9I > �/RPA >{|�:.��AERSRPA >BAEL{RPA >��=RP:,>NMS|�A >	�&60RPA >{�1476F47J\�ELN69A >B�������  @3q¡ 8 :<XZ�v:<6NL9AEXcL@RPA >�69I >N;=RSLF47L9>�?=I ~9¦
:<�=L9AEX�;D>�4 |�A 8�RPA >H�1476F47J\�ELN69A >� @3q¡�� �lAEL�?=I 8E6NMSL9>{47; �1476F47�,6F47�=CDA T �UT �

�
�
�VXo69AE|,47XD89CDA�6=AEX[8 A�Oc;=M

8 :<XD8 AE6NXDABRPA >{�=CD:<XD�EJ\A >�XD:<X[|�:<MP>9I > �
/p/

6
/t/

6
/k/

�&6DMSRP>�47J\IERSMP:<69AEX�L@RPA >�>98 :<69A >�:<�=L9AEXc;D>{�1476�RPA >
�1476F47J\�ELN69A >l �3®¡�� �YAEL 	��+¡�¡

�
��AKJ\:c?=�ERPA ��� � �  �3q¡ ��AE6NJ\AEL�?=:<XD8�6+�,6��<8 A 47;Z�h8 :<XcLN6F47MSX�L9A >

?ZMP>98E6NMSJ�MSX147XcL9A >)6�?(��:<�=L9AEX=MS6Q;=XDAKJ\AEMSRSRPAE;=69A A���LN6F4<8ELNMP:<X ?=A 8$476F4<8EL9IE6NMP>9LNMPO�;DA >)6+�u8 :<J��=6NMP>l?D47XD>QRPA
8$4<>�?=A��=CD:<XD�EJ\A >�XD:<Xo|�:<MP>9I >

�

	}:<C147J\A ?Y¡qCDAEL9:<;147X=M¤4B��47MSLH;=XDA@IELN;D?=ABA��Z��IE6NMSJ\AEX�LF47RPABA��ZC147;D>NLNMS|�A�?Z; �1476F47J\�ELN69A
α
6�XD:<LF47X�L

Oc;�� MSR®IELF47MSLl?ZM��K8EMSRPAo¦Y?=IEL9AE6NJ�MSXDAE6�8$476l>F4[|,47RPAE;=6l:<�=LNMSJK47RPA ?ZM �(�E69A ?(� ;=X �,69:<;=��A ?=AK�=CD:<XD�EJ\A >
¦ R��U47;=LN69A

�
¾¢LNMSLN69A�?(��A��=AEJ��=RPA�6�RPA�LF47�=RPA$47; T �

] MSXD?ZMPOc;DAlRW4 |<47RPAE;=6B:<�=LNMSJK47RPA\?=A
α

:<�=L9AEXc;DA��":<;=6
RPA >�LN69:<MP>��14<>FA >\?=A �=CD:<XD�EJ\A >KIELN;D?ZMPI A > AEL�RPA >\>98 :<69A >\:<�=L9AEXc;D>KAEX 8ERW4<>9>NM£©18$47LNMP:<X

�
� R{4 AEXD>N;=MSL9A

�=CD:<XD�EJ\A >
/aa/

6
/ae/

6
/ey/

6
/ow/ /b/

6
/d/

6
/g/ /p/

6
/t/

6
/k/

α
�

�
� �

�
� �

�
�

>F8 :<69A > � T �
��� ���

�
�,��� �,�

�UT,T �>F8 :<69A >"�
α

4<?D47�=LF47LNM£�
� �,�
�

�,��� �<�
�
2 � �,§

�
��� �

����� � T �
] � � 47RPAE;=69>a:<�=LNMSJK47RPA >q?Z;\�1476F47J\�ELN69A

α
AEL >98 :<69A >V:<�=L9AEX�;D>®AEX���IEXDIE6F47RSMP>F47LNMP:<X �":<;=6VLN69:<MP>

�,69:<;=��A >��=CD:<XDIELNMPO�;DA >�AEL{>98 :<69A >�:<�=L9AEXc;D>�4$|�A 8
α

4<?D47�=LF47LNM£� �/LNMS69Ir?=A � T,T � � �

�=69:<��:,>9IY;=XDA�RP:<M�?(�U4<?D47�=LF47LNMP:<X ?Z; �1476F47J\�ELN69A}��AE6NJ\AELNLF47X�L[>9:<XµA >NLNMSJK47LNMP:<X 47;=L9:<JK47LNMPOc;DA AEX
8 :<;=69>V?(�U4<?D47�=LF47LNMP:<X�6�RPA®�=6NMSXD8EMS��A�IELF47X�L ?=AH�=6NMS|�MSRPIE�,MPAE6VRW4@J�MSX=MSJ�MP>F47LNMP:<XK?=A®R���AE6N69AE;=6 ?=A®�=69I ?ZMP8ELNMP:<X
��:<;=6r8 :<J�J\AEXD8 AE6 �

α
�=69:�89CDA\?=A�2)�&6(�=;=MP>r?=A\?ZMSJ�MSXc;DAE6r�=69:<�,69A >9>9MS|�AEJ\AEX�Ll>F4 |,47RPAE;=6�~ ;D>FO�;��U¦[�

���AlJ �EJ\AlLF47�=RPA$47; T �
] MSXD?ZMPOc;DA\AEX ?=AE6NX=MP�E69A�RSMS�,XDAlRPA >�>98 :<69A >�47RP:<69>r:<�=L9AEX�;D>BL9AERP>�Oc;�� MSRP>B:<X�L�IEL9I

�=;=�=RSMPI >{?D47XD> � T,T � �¡®A\Oc;DA�R���:<Xh��AE;=Lr?ZMS69A ?Z;u�":<MSXcL�?=A�|�;DAK?=A\RW4 �=69:<�=RPIEJK47LNMPO�;DA � +)8 *&* �"' 2 0 � +$��� 8�� ' �;%-� � �"�32 0 � +�� 68,��A >NLKOc;�� MSR{A >NLKXDI 8 A >9>F47MS69A[?=A[��4$|�:<6NMP>9AE6\RW4 J\:�?=IERSMP>F47LNMP:<X ?D47XD>\;=X �=69AEJ�MPAE6 L9AEJ��D> 4$|<47XcL Oc;DA
?(� MSX�LN69:�?Z;=MS69A@?=A >q8 :<XcLN6F47MSX�L9A >�?ZMP>98E6NMSJ�MSX147XcL9A >

�
¡®AELH4<>N��A 8EL X��U4 |,47MSLHIEL9I{Oc;DA�LN69� > ��AE; 47��:<69?=I�RP:<69>

?=A�XD:<LN69A�IELN;D?=A�?=A >{�1476F47J\�ELN69A >{8 :<XcLN6F47MSX�L9>@ �3q¡�� ¡
�

�,§



����� ��� � £ � � � � £ ®>¦b¯ �È�q� ¤7¥ § £ �<¦ ¥ ��ªR���P¦ �:� £ � ���
jr)��5pv-/*�eZ!.-/%0�+b�� � ¯ � 

��A�J �EJ\AlOc;�� � LF4 ��;=6F4K?D47XD> �U� T �5J\:<X�LN6F47MSL�Oc;DA�RPA�RP:<��476NMSLNC=J\A�?Z;Y6F47�=��:<6NL�?=A >@AE6N69AE;=69>�?=Ar�=69I&�
?ZMP8ELNMP:<X A >NLqI Oc;=MS|<47RPAEXcL)6c?(� ;=X ��:<MSX�Lq?=A�|�;DA{>NLF47LNMP>NLNMPOc;DA�6c47; RP:<��476NMSLNC=J\A�?Z;K6F47�=��:<6NL®?=A{|c6F47MP>9AEJ �
�=RW47XD8 A �/RPABJ\AEMSRSRPAE;=6�8E6NMSL9�E69AB�":<;=6{RPA�L9A >NL{?(� C�����:<LNCD� >9A >	�&6 	}:<C147J\A ?�¡qCDAEL9:<;147X=M+>.��A >NL{47LNLF4<89CDIQ¦
J\:<X�LN69AE6 � T �	��O�;DA�RPAQ��	�����A >9L@I Oc;=MS|<47RPAEXcL�47;�8E6NMSL9�E69A 	�	
�(� 	 4&��MSJ�MP>F47LNMP:<X ?=A�R�� MSXZ�v:<6NJK47LNMP:<X
Jr;=LN;DAERSRPA)�&6"8 :<XD8ERS;147X�LB47MSXD>NM5O�;DABRW4\J�MSX=MSJ�MP>F47LNMP:<X�?=A

1/Γ
8 :<XD?Z;=MSL�¦�R���IERW47��:<6F47LNMP:<X�?=A�R���A��ZLN6F4<8&�

L9AE;=6H�"AE6NJ\AELNLF47XcL�RW4�J\AEMSRSRPAE;=6�8ERW4<>9>NM£©18$47LNMP:<XoRP:<69>9Oc;DA@RW4r?=I 8EMP>NMP:<X[A >9L®:<�=L9AEXc;DAB�1476HJK4&��MSJ�MP>F47LNMP:<X
?Z;2	
��� �
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Abstract

In this article we propose a new speech signal coding model applied to the

recognition of phonemes. This model is an extension to the non linear area of adap-

tive coding systems used in speech processing. For this purpose, we use predictive

connectionist methods. We show that it is possible to take into account class mem-

bership information of the phonemes from the stage of coding. To evaluate the

NPC encoder, a study of a database of phonemes by discriminant analysis and an

application to phonemes recognition are carried out. Simulations presented here

show that classi�cation has obviously been improved, compared to currently used

types of coding.

1 Introduction

1.1 Speech coding

In applications such as speech recognition, the main goal of the coding process is to extract

a maximum of interesting signal features while reducing the amount of data to a minimum.

The selection of the representation of signals non only depends on its intrinsic qualities

but also on the recogniser system (HMM [9], [19], and neural networks [15], [14], [22], [16]

for instance) and on the application goal (speaker, speech or langage recognition, ...). Two

main classes of coding methods can be identi�ed. Those obtained in the temporal domain

from a voice-producing model and those issued from the frequential domain corresponding

to a voice-listening model.

A large number of representations in the temporal domain have been proposed. One

of the most commonly used is issued from the LPC model (Linear Predictive Coding) [12],

[20]. Other representations also exist, but they are mostly derived from the computation

of LPC coe�cients, such as the PARCOR ones which a�ord the advantage of being within

-1 and +1, when the �lter is stable. One also �nds the LAR coe�cients (Log Aera Ratio)

and the LPCC coe�cients (Linear Predictive Cepstrum Coding), which are in fact a

cepstral representation of signal but are computed using LPC coe�cients.
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In the frequential domain, most features extraction methods are based on a speech

physiological audition model. They focus on improving low frequencies [0; 1500Hz] much

more than higher frequencies. The most frequent representation uses the Mel scale like

the MFCC Coding (Mel Frequency Cepstral Coe�cients) [3], [28].

We carried out several phonemes recognition tests using these various methods. We

present them further in this paper. Results given hereunder show a very moderate per-

formance. In particular, recognition rates measured on our test set (generalisation scores)

never exceed 65 %. We know from linguistic type experiences that the human ear is

able to reach recognition rates close to 85 % [10] without taking into account contextual

information of superior levels. The weak discriminative capacities and the insu�cient

robustness of the present encoders justify that we should improve coding techniques, or

even create new coding methods. That is what we propose by presenting the NPC coding

in this article. We focus on enhancing speech features extraction by using information

coming from the training databases: that is to adapt the encoder to the application task.

The improvement of the coding discriminant capacities has already been the subject of

research work ([24], [6],[5]). The idea to contribute to the decision (most often a pattern

recognition task) from the coding stage is not new. Other research work carried out along

the same lines can be found. For the most part it is inspired from the MCE/GPD theory

proposed by Juang and Katagiri [13] in 1992. The authors formalized the selection of

the representation space problem, adapted to the classi�cation task. They called their

method \Discriminant Feature Extraction" (DFE). Biem and Katagiri [1] applied it to

the �lter bank parametric representation and also to the cepstral �ltering [2]. Bachianni

and al. have also proposed to use DFE techniques for the time-frequency masking �lters

optimisation.

In general, DFE methods lead to bring together features extractor and classi�ers into

a same global module. For such approaches, the training algorithms of the classi�er and

of the encoder are dependent or even merged. De la Torre and all [4] have proposed

variations of this method which allow independent training of both the classi�er and the

encoder. Our NPC encoder is based on this idea. This is why we present in this paper

the coding problem in details while the classi�er used is only presently brie
y: this allows

us to make comparisons between several di�erent coding methods.

New processing tools have appeared since the �rst encoders based on signal processing

were proposed. In non linear processing area, one �nds connectionist techniques. In the

eighties, research teams [8], [16] underlined the natural contribution of neurone systems

to the non linear adaptive �ltering. New methods of data coding can be easily inferred

from this [25], [26],[27]. Authors as Lapedes [17] and Widrow [23] have considered in

this way a generalisation of the linear adaptive �ltering to neural systems. As systems of

neurones are also used as classi�ers, they have the dual capacity of achieving prediction

and classi�cation simultaneously. With such models it becomes possible to bring together

the decision and coding stages. Advantages of neural networks are clear: they allow taking

into account the non-linear features of the signal. However, their application to speech

coding may create problems as underlined by Thyssen [25]. One of the main problems

is the very large quantity of parameters (the network synaptic weights). The method

we propose here brings a solution to this problem and allows consequently simple use of
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connectionist methods applied to speech coding.

1.2 Scope of the article

In a �rst part, we will discuss in details both the problem of the speech signal coding and

the NPC encoder proposed. We will justify our approach and some points of discussion are

presented. In a second part, experiments on usual speech coding methods are conducted ;

this allows comparisons with NPC. Finally, the last part is devoted to classi�cation rates

obtained with NPC coding compared to the most commonly used coding methods.

2 The Neural Predictive Coding model

In the present systems, the low scores obtained in phoneme classi�cation are most often

compensated by the use of contextual information coming from the superior levels of

decision. One can however note that today, the current systems give good results but

in limited environments, such as for instance the mono-speaker mode, or in unionised

environment conditions or for the non spontaneous speech.

Let us consider for our purpose the problem of the adaptive �ltering method applied to

the coding of phonemes. The goal of the well-known LPC coding consists in determining

the coe�cients of a linear predictive �lter. For this, an optimisation criterion based on

minimising the prediction error needs to be de�ned. Linear �lters cannot be well adapted

to modelling of non linear processes or for the estimation of non Gaussian signals. Neural

networks can be considered as a new family of non linear �lters. Learning algorithms

allowing the minimisation of an error criterion have been proposed as the back-propagation

algorithm [18], [21]. They adapt therefore very well to the problem of the speech signal

coding. It has been shown that neural networks with one hidden layer are universal

approximators [11]. This leads to a more sophisticated encoder structure, as shown in the

following section. This is however interesting for the non linear process modelling.

2.1 Neural network weights as coding parameters

One very simple neural coding solution is to imagine a neural network used as a non-linear

predictive �lter (Non Linear Auto-Regressive �lter, NLAR) for any phoneme to be coded.

The number of neurones of the hidden layer and the size (number of samples) of the input

prediction window will determine the total number of weights of the system. At the end

of learning, that is when a prediction error threshold has occurred, one can consider that

network weights are representative of the learned phoneme. We can then consider them

as components of a features vector. We are confronted with the problem of the explosion

of the code dimension [25]. Let us suppose a structure comprising 6 hidden cells and 12

inputs. By counting weights and thresholds, one obtains 12�6+6+6�1+1 = 85 coding

coe�cients of the signal. This is considerable compared to the number of parameters

commonly used (about 40 to 50 parameters). The answer we propose is to consider only

the second layer weights as the phoneme coding parameters. This is the main central idea
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of our research work. This leads to an important modi�cation in the network structure

but the computing method (quadratic criterion minimisation) remains the same.

2.2 NPC Learning and coding

Now, let us consider a neural network with two layers, as shown in �gure 1. The �rst

layer (the hidden layer) is composed of a given number of cells. This number corresponds

to the number of coding coe�cients we want to generate. The second layer is composed

of one single cell: the prediction cell. The key idea is that the �rst layer input weights are

shared by all the phonemes, while the second layer weights are speci�c to each phonemes.

During learning, the �rst layer weights are updated so as to minimise the prediction

error on all the database phonemes. The second layer weights are particular to a given

phoneme: they are updated to minimise the prediction error on this phoneme. As a

consequence, there are as many second weight layers as there are phonemes belonging

to the learning database. The expected behaviour of such a structure is the coding

of the common prediction information by the �rst weight layer only, while the coding

of prediction information speci�c to each phonemes (we will call them discriminative

features) is achieved by the second layer weights.

Such a coding process requires the following two computing phases:

� A �rst stage which is called the parameters learning phase or parameter setting

phase: it consists in learning the �rst layer weights. We thus obtain the encoder

parameters;

� A second stage which is called the coding phase: the �rst layer weights are initialised

with the weights value drawn from the �rst learning phase and they will remain

�xed. The only weights to be learnt are the second layer weights, which become the

phonemes parameters or coding parameters of the phoneme.

All network weights need to be computed in the �rst learning phase: the �rst layer

weights and every phoneme second layer weights. The criterion to be minimised is the

quadratic prediction error computed on the set of examples of the basis. Obtaining a

common weights layer for all these examples leads to a greater di�culty for convergence,

that is costly in terms of computation time. Thus the total prediction error, although

continuously decreasing, never tends to 0 (see �gure 8 and �gure 14).

The coding phase is faster than the learning phase (�rst layer weights are no longer

modi�ed). The �rst layer acts as a multi-dimensional non-linear �lter. The prediction

error depends on each phoneme (the phonemes being taken separately). As a result,

convergence is far more rapid. The learning rule acts as a modi�ed Madaline Rule III

(MRIII) [23].

2.3 Normalisation constraint

A simple extension of the model allows to obtain a set of normalized codes. Indeed, in

absolute terms, learning does not impose limit values to computed weights. To avoid a

great variance of the generated coe�cients, we propose to add a constraint on weights
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Figure 1: Structure of the NPC encoder.

guaranteeing the evolution of their values into a prede�ned interval. The two advantages

of this approach are, on one hand to avoid a possible explosion of the weight values and on

the other hand, to generate a set of normalized coe�cients between -1 and 1 for example.

3 Formal description of the NPC encoder

We propose to formally describe our model in this section. Let us recall that a transversal

�lter performs a weighted sum of its inputs: ŷk = a
>
yk with yk = [yk�1; yk�2; : : : ; yk�L]

>

and a = [: : : ; ai; : : :]
>. ŷk is the signal prediction and yk the vector of the L last samples

of the signal yk. The vector a components are the �lter parameters to be determined.

A formal neurone computes an activation function of the weighted sum yk = �(a>yk).

Therefore, it can be compared with a transversal �lter, except that the activation function

is usually not linear. Let us now extend this to a three layer MLP model (one hidden

layer) with one output cell (the prediction cell). It performs the following output function:

yk = �(a>z) where z = [::; �(!iyk); ::]
> denotes the output of the �rst layer cells vector.

Identifying the model consists in estimating the non linear �lters parameters, i.e. the

set of the �rst layer weights 
 = [: : : ; !i; : : :]
> and the set of the output cell weights

a = [: : : ; ai; : : :]
>.

In the NPC model case, the 
 weights are the encoder parameters. They must be

computed once and once only: this is the parameter setting phase. Coding an unknown

phoneme consists in identifying the model by estimating the second layer weights while

the �rst layer weight acts as a multi-dimensional �lter.

The network architecture is described in �gure 1. Let M be the size of the coding
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vector. The hidden layer is composed of M � 1 cells. The weights between this hidden

layer and the prediction cell are the �rst M � 1 vector components, the output cell bias

being th M
th. Each phoneme frame of size N (N samples) is composed of N � L + 1

training examples. L denotes the predictive window width: the number of the previous

samples used to predict the next sample. Let S� be the examples set belonging to the

phoneme �:

S� = fy1;y2; : : : ;yN�L+1g with yk = [yk�1; yk�2; : : : ; yk�L]
> (1)

For any example yk, the neural network is trained to predict the next signal value yk,

denoted ŷk. The global quadratic criterion L to minimise is given by:

L =
N�L+1X
k=1

�

2

k; (2)

where �k = yk � ŷk is the prediction error. This quadratic form must be extended to

all the examples in the whole database. Let us now remember that the signal prediction

corresponding to the phoneme � is given by:

ŷk = �(Vk) = �

 
M�1X
i=1

 (a
�
i )zi;k + �

!
(3)

where � is the sigmoid activation function.  is the weights limitation function: it can

be the sigmoid function itself, for example, which leads the weights to remain within the

[�1;+1] interval. The a
�
i are the coding vector components of the phone �. Outputs of

the �rst layer cells are:

zi;k = �(Vi;k) = �

0
@ LX
j=1

!ijyk�j + �i

1
A (4)

The modi�cation rule of the weight a
�
i , which is the ith phoneme � coding parameter, is

simply derived from the usual one (see the backpropagation algorithm [18]):

�a
�
i = 2�

@ 

@a

(a
�
i )

N�L+1X
k=1

�k

@�

@V
(Vk)zi;k (5)

where � is the learning rate. Back-propagation algorithm leads to the following �rst layer

weights modi�cation rule:

�!
�
ij = 2� (a

�
i )

N�D+1X
k=1

�k

@�

@V
(Vk)

@�

@V
(Vi;k)yk�j (6)

The global modi�cation rules for a set of phonemes f�g are:

8><
>:
a

�
i  � a

�
i +�a

�
i

!ij  � !ij +
1

jf�gj

X
f�g

�!
�
ij

(7)
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After the learning phase, the �rst weights layer are memorised as the encoder parameters

but the phonemes parameters a
�
i are no longer used. They have to be computed again

during the coding phase. This coding phase is a special case of the learning phase previ-

ously described: the �rst layer weights (the encoder parameters) remain �xed. The only

weights to be learnt are the phonemes coe�cients a
�
i . Their �nal values are the phoneme

coding.

4 Traditional coding methods

In this paragraph we will present simulations resulting from traditional coding methods.

These results will enable us to make comparisons with the NPC coding.

We built an 8-phoneme base using the Darpa-Timit [7] database. This database is

composed of speakers speaking 10 di�erent dialects of the United States. We took into

account all speakers speaking the same dialect. The phonemes chosen are among the most

used: /a/, /ae/, /ey/, /ow/, /ix/, /iy/ (vowels) and /s/,/z/ (fricatives). This base is

constituted by 100 examples per phoneme class. To select phonemes for each particular

class, we checked the following conditions:

� Every phoneme, according to its duration, is divided into windows of a �xed length

(256 samples), each of them being a phoneme example. All the examples chosen for

our learning and test basis belong to distinct phonemes .

� Examples are chosen randomly among all speakers of the same dialect so as to model

a multi speaker environment.

Among temporal coding methods, we considered the LPCC coding (Linear Predictive

Cepstrum Coding) and the LAR coding (Log Aera Ratio). These coding methods are

derived from the well known LPC coding (Linear Predictive Coding), also presented.

Concerning spectral coding, we considered the FFT coding (Fast Fourier Transform):

average power measured on �lters banks, then the Cepstrum coding and theMFCC coding

(Mel Frequency Cepstrum Coding). This last coding reproduces the signal spectrum with

a scale of frequencies based on the human ear scale, also called Mel frequency scale. It is

among the most commonly used methods for speech processing because of its robustness.

Figure 2 gives the diagram used to test these di�erent types of codings. The encoders

used provide a set of representative coe�cients for each basis phonemes (12 coe�cients).

4.1 Comparison by discriminant analysis

The discriminant analysis allows, by a judicious projection of examples on a 2D subspace,

to obtain a visual representation of data clustering. Thus one can have a �rst idea of

the confusions that occur between classes. Ellipses drawn on �gures are centred on the

centroids of classes. Surfaces circumscribed measure the display of examples around their

centroids. Figures 3 to 5 represent the projection of the base examples after phoneme

coding using six di�erent algoritms. On �gure 3 we can see temporal coding methods: LPC
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Figure 2: Diagram of the phoneme classi�er.

coding and LAR coding. On �gures 4 and 5 are presented frequential coding methods:

LPCC coding, FFT (�lters banks), MFCC and Cepstral coding.
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Figure 3: LPC coding (LH side) and LAR coding (RH side).

One can note that for nearly all of the coding methods a separation of the phonemes in

two di�erent clusters is made. On the one hand, phonemes 1 to 6 (/a/, /ae/, /ey/, /ow/,

/ix/, /iy/) and on the other hand phonemes 7 and 8 (/s/ and /z/). This separation

seems natural due to the fact that these two subsets of phonemes have very di�erent

acoustic features. Spectral studies show that the s and z phonemes (fricatives) hold the

high frequency part of the spectrum while the other six phonemes (vowels) occupy a much

lower frequency part of the spectrum.

The separation made by MFCC coding appears clearly here. We distinguish three

clusters of classes. The set of the vowel phonemes is made of two subclasses phonemes:

/a/, /ae/, /iy/ on one side and /ey/, /ow/, /ix/ on the other side.

These results are qualitative. But they already show the nature of the confusions that

occur between phoneme classes when coding them. They have to be completed by more

quantitative measures as we propose to do in the following paragraph.
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Figure 4: LPCC coding (LH side) and MFCC (RH side).
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Figure 5: Cepstrum coding (LH side) and FFT (�lters banks) coding (RH side).

4.2 Classi�cation by computation of distances

We present here more quantitative results obtained from the discriminant analysis previ-

ously described. Co-ordinates of the 2D subspace represent now the phonemes. The eight

classes are represented by their centroids and the classi�cation of an unknown example

is obtained by computing its distance to these centroids. Such a classi�cation acts as a

1-ppv classi�er on the 2D projection space. �gures 6 and 7 show results obtained by using

respectively the Euclidean distance and the Mahalanobis distance.

One can note on these �gures a gap between the di�erent coding methods. There-

fore these gaps show the in
uence of coding on the classi�cation results. The temporal

LAR coding and the frequential MFCC coding give the best results with, in general, a

superiority of the MFCC coding. On the other hand, changing the distance does not

modify the scores noticeably, nor the relative di�erences between coding methods. This

can be explained by the fact that the within-class covariance used by the Mahalanobis

distance is already taking into account by the discriminant projection and therefore by

the Euclidean distance. Of course, we cannot generalise these results to the totality of
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Figure 6: Phonemes classi�cation by Euclidean distance using di�erent types of data

coding.
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Figure 7: Phonemes classi�cation by Mahalanobis distance for types of data coding.

the English language phonemes. On a small basis like ours, they simply give interesting

indications.

The classi�cation implemented remains very simple. One can appreciably improve

results obtained by using undeterminist classi�ers based on hidden Markov models or

connectionist classi�ers as neural networks. Let us recall that our purpose is not the

classi�cation problem. We focus on comparing NPC coding with the mainly used coding

methods by using a particular application: the phonemes recognition.

5 NPC encoder evaluation

The aim of the application proposed here is to identify one phoneme out of eight, which

are /aa/, /ae/, /ix/, /iy/, /ow/, /z/, /s/. The use of the NPC encoder for applications

as phonemes recognition implies the necessary computation of NPC parameters, which

are the �rst layer weights. Then comes the data coding stage itself which is the second

computation step of the coding.

Concerning the tests described in this paper, the encoder parameters training is per-
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formed with 800 phonemes from the constituted database, i.e. 100 phonemes per class.

The selection of the 100 phonemes is of great importance: the more the phonemes se-

lection is representative of the phonemes variance, the more the data coding performed

will be discriminant. Previously selected phonemes will no longer be used for the coding

phase. So, we built two databases, one for the �rst computation step (100 phonemes per

class), and one for the coding step (100 phonemes among the other 700 phonemes). This

last basis enables to evaluate the NPC performances. Only these last phonemes are used

for classi�cation tests and discriminant analysis.

The size of the input layer is L = 40. Therefore the number of signal samples used

(yk�1; yk�2; : : : ; yk�40) to predict the next signal value (ŷk) is 40. Each phoneme carries

N �L = 216 learning examples. The hidden layer has 11 cells so as to perform 12 coding

coe�cients (comprising the 11 weights and the threshold). Phonemes were successively

presented and their corresponding codes (output cell weights) were computed. At the

same time, backpropagation rule was used and the hidden layer weights were updated.

The �gure 8 gives the example of a prediction signal obtained with a phone /aa/

example of the Darpa-Timit basis, after coding. It shows a relatively faithful tracking of

the original signal.
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Figure 8: Real signal and predicted signal for one Darpa-Timit phone example (/aa/

phone.)

Concerning convergence times, it is necessary to count between 800 and 2000 itera-

tions for the parameter setting phase of the model (�rst layer weights learning). Studies

carried out in our laboratory showed that an excess number of learning iterations could

be prejudicial, leading to a decay in performance. One can suppose, indeed, that the

�rst layer would begin to retain discriminative information, which would not therefore be
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captured by the second layer. For example, the �gure 9 gives results obtained by a neural

classi�er after the eight phonemes coding by a NPC encoder and con�gured for di�erent

learning durations of the �rst layer. On the contrary, the learning time needed for the
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Figure 9: Classi�cation results for di�erent learning times of the �rst layer.

coding phase (second layer weights learning) is very short. Convergence is obtained be-

tween the tenth and the �ftieth learning iterations. In fact, on one hand this is due to

the very small number of weights to process and on the other hand to the fact that the

learning task concerns each phoneme separately. It can be noted that using stochastic

gradient method would make the convergence process even faster.

5.1 NPC evaluation by discriminant analysis

We will show in this section a global comparison of di�erent methods of coding by using

discriminant analysis. This was carried out exactly in the same conditions as for the

classical coding methods. As stated in previous section, NPC phonemes examples used

for projection are not the same as those used for NPC parameters learning.
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Figure 10: Discriminant analysis for NPC coding.
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Classes numbers 1 to 8 respectively correspond to /aa/, /ae/, /ey/, /ix/, /iy/, /ow/,

/s/, /z/ phonemes. Comparison between temporal codings (�gs. 3 and 4) and NPC

coding (�g. 10) shows a more e�cient separation between clusters of NPC coded data,

more particularly between 1,2,6 and 3,4,5 vowels. The comparison with MFCC coding

projection shows that phonemes 7 and 8 (/s/ and /z/) are more dissociated than in

the NPC projection. Conversely, NPC projection increases separation between classes 3

and 4 (/ey/ and /iy/). In fact, according to this �rst analysis, NPC and MFCC give

comparable scores. We therefore completed this study with more e�cient methods like

the MLP classi�cation.

5.2 NPC evaluation using MLP classi�ers

In this paragraph we resume the study of the phonemes coding. The classi�er used is a

network of formal neurones. It is a feedforward Multi-Layer perceptron (MLP) with six

cells on the hidden layer and eight cells on the ouput layer. The learning rule applied is

the gradient descent using the error backpropagation algorithm.

For the learning phase it is necessary to divide the initial set of examples into two

bases. One is called the learning set (80% of the initial base examples) and the other

the test set (the last 20% examples of the initial base). This second test base allows us

to measure the classi�cation performance on examples that have not been learnt. We

can then obtain a measure of the classi�er generalisation capabilities. Of course, our

aim is to test the possible impacts of the NPC encoder on the data classi�cation and

not the modi�cation of the classi�er itself. One can see on �gure 10 the 800 phonemes
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Figure 11: Recognition rates obtained with MLP classi�er for /aa/, /ae/, /ey/, /ow/,

/ix/, /iy/, /s/ and /z/ phonemes (learning and generalisation).

projection on the �rst two eigen vectors subspace (the discriminant analysis previously

presented). NPC phonemes used for projection are not the same as those used for the

parameters learning. One can see on �gure 11 comparisons between recognition rates

obtained with a MLP classi�er, grey bars representing the training set and the dark grey

bars the generalisation set. Recognition rates have been obtained after 30000 learning

iterations. NPC coded data give better results in generalisation (61% for NPC, 56% for

MFCC and near 54% for LAR) and so corroborate discriminant analysis study.
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5.3 Evaluation of the NPC coding on b-d-g and p-t-q phonemes

Phonemes /b/, /d/, /g/ and /p/, /t/, /q/ are of particular interest for the valuation of

coding methods in speech recognition. They frequently appear in the English language

and their identi�cation is considered to be di�cult. In particular they are composed of

non linear features because they belong to the set of the occlusive phonemes.

For example, those phonemes have been used by Lang and Waibel in [22],[16] to

validate their model (the Time Delay Neural Network, TDNN) applied to speech signal

treatment. We present in this paper a set of simulations for the recognition on the one

hand of the /p/,/t/,/q/ phonemes and on the other hand of the /b/,/d/,/g/ phonemes.

Figures 12 and 13 show recognition results obtained for these two subsets of phonemes.
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Figure 12: Recognition rates obtained with MLP classi�er for /p/,/t/,/q/ phonemes.
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Figure 13: Recognition rates obtained with MLP classi�er for /b/,/d/,/g/ phonemes.

One can note that the results are roughly equivalent for all coding methods used (LPC,

LAR, MFCC et NPC) as regards the /p/,/t/,/q/ phonemes. On the other hand, the NPC

coding method gives better scores for the /b/,/d/,/g/ phonemes (over 65% recognition

rate against 62% for the MFCC coding). This results are consistent with the fact that
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phonemes /b/,/d/,/g/ are voiced phonemes while /p/,/t/,/q/ phonemes are not. The

voiced feature emphasises the predictible nature of the phonemes and so gives temporal

coding methods (LPC, LAR et NPC) an advantage. The non linear features present in

the speech signal are then better taking into account by the NPC coding. The �gure 14

puts in evidence the consequences of the voiced nature of phonemes /b/,/d/,/g/. The

prediction error computed during the NPC parameters learning phase is lower in the case

of /b/,/d/,/g/ phonemes than in the /p/,/t/,/q/ phoneme case.
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Figure 14: Prediction error during NPC parameter learning phase for /p/,/t/,/q/ and

/b/,/d/,/g/ phonemes.

6 Conclusions and future prospects

We presented in this article the �rst results obtained using the Neural Predictive Cod-

ing method. The main advantage of the proposed NPC coding is to integrate database

information since the encoder training stage is performed from the application examples.

This leads to an encoder adapted to the application task.

We showed that we obtain better results for classi�cation by using a qualitative analysis

(Discriminant analysis) and a simple classi�cation approach (MLP classi�ers). Another

advantage is the possibility we have to produce normalised coding coe�cients so that it
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will no longer be necessary to standardise the coded data at the next step of the speech

processing.

We have seen that the number of learning iterations of the parameters model (�rst

weights layer learning) does not seem to have a great impact on performance. This point

will certainly require further research work, particularly from the theoretical point of view.

Studies are presently under way.
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Abstract: - In this paper, we present a new method of speech compression and decompression based on a Neural 
Predictive Coding of speech signals. The NPC system is designed to predict the samples of a speech signal window 
from previous ones. In the coder/decoder that we proposed  the transmitted data is computed from the prediction error 
of the NPC (difference between the sample and its corresponding prediction calculated by the NPC ).  

The initial goal of the NPC is to extract the signal discriminative features relative to the database which it is 
extracted. After a precise description of NPC coding, we discuss about the first phase of the algorithm: the adjustment 
of the parameters of the coder. Then we explain the compression and decompression algorithms. To finish, we present 
an example and some results on this technic of compression. 

 
Key-Words: - Speech compression, Speech decompression, Neural Networks, Speech Coding, Speech Prediction. 
 
 
1   Introduction 
Speech transmission and storage constitute an important 
field of research. In these applications, the first stage 
consists in compressing the speech signal and, more 
generally, the audio signal. The main goal of this 
compression is to reduce the rate of the transmission. Of 
course the decompressed speech signal must be of the 
same quality that the original speech signal. 
 
In the first part, we will describe the coder NPC. In the 
second part, we will present the compression and 
decompression algorithms. Finally, we will discuss 
about the results of this coding.  
 
 
2   NPC Presentation 
The function of the NPC is to compute a vector of 
parameters [1] extrated from a frame (20ms) of the 
speech signal. This vector is a discriminant feature of 
signal and can be used in an application of speech 
recognition [2].    
 
The NPC is a non linear predictive coding, so it 
preserves the non linearities of the signal [3,4]. One 
problem that occurs with most of the non linear 
predictive models is that they generate a great number of 
parameters. So another aim of this NPC coding is to 
limit this number. 

NPC is based on a two layers perceptron. It is trained to 
predict a signal sample from the previous ones. The key 
idea is that weights of the second layer are proper to 
each window, and constitute the coding coefficients, 
while the weights of the first layer are common to all the 
windows, and constitute the fixed part of the system : the 
NPC is a discriminant coder. The pocessing is 
decomposed in two phases : 

- the training phase : is intended to adjust the  
first layer weights (computation of the fixed part of the 
coder) 

- the coding phase : determination of the 
parameters representing the speech signal. 
 
 
2.1 Training phase 
We extract a great number of windows of L samples 
each. Let P be the inputs neuron number, N the neuron 
number in the hidden layer and ( )kyi  the kth sample of 
the ith window. P is also called the predictor memory. 
The  samples k-P to k-1 of the ith window form the 
vector : 

( ) ( ) ( ), , 1 ,..., 1i
k P i i iy k P y k P y k= − − + −  Y   

which is also the prediction window.  
 
A second layer is associated with each window. Let iA  
be the vector of the N weights of the second layer 
associated with the window i. So there is one first layer 



and there are as many second layers as there are 
windows ( see figure 1). 
We present the first P samples of a window to the MLP 
(Multi Layers Perceptron) constituted by the common 
first layer, and the second layer associated with this 
window. The neuron outputs of the hidden layer are : 

( ) ( )BWX +⋅= i
P,k

i Yfk   (1) 
where f is the activation function, W  the matrix 

NP × of the first layer weights, and B  the vector of the 
N first layer biases. 
Then, the prediction of the k th sample of the window i 
is: 

( ) ( )( )kfkŷ ii
i XA ⋅=   (2) 

The MLP is trained to predict the next sample, so the 
prediction error is : 

( ) ( ) ( )ˆi i ie k y k y k= −   (3) 
The criterion to minimize for the second layer associated 
with the window i is: 

( )∑=
k

2
i

i
2 keJ    (4) 

I.e. the sum of (3) on all the samples of the window i. 
On the other hand, the first common layer is optimized 
for the prediction of all the samples of all the windows. 
So for the first layer the criterion to minimize is: 

( )∑∑=
i k

2
i1 keJ   (5) 

I.e. the sum of (3) on all the samples of all the windows. 
We modify weights to minimize these criteria by using 
the backpropagation algorithm. 
k varies from P+1 to L, so each analysis window 
provides L-P pairs (input vector-target output) for the 
predictive neural network. 
Once this weights optimization is done, we obtain a first 
layer (W  and B ) that constitutes the fixed part of the 
coding system. W  and B  will be no longer updated. 
Then, the system is ready to code. 
 
From a connectionist viewpoint, the first layer captures 
the common information. From a signal viewpoint, the 
first layer does non linear optimal transformations for 
the prediction of all the windows. 
 

 
2.2    Coding phase 

The iA  previously computed are not used for the coding 
phase, they are only used for the first layer adjustment ( 
see figure 2 ). For each window to code we use W  and 
B  previously computed, and we initialize at random iA . 
Then we minimize the criterion : 

( )∑=
k

2
i

i
2 keJ    (6) 

 
This is done by modifying the weights of the second 

layer ( iA ) with the Madaline rule I.  
iA  constitute then the coding coefficients of the 

window i. So the number of coefficients generated is 
the same as the number of neurons in the hidden layer 
which is N. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Fig. 1 : Architecture of the NPC Model 
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Fig. 2 : several kinds of window for the NPC algorithm, 
the numbers in brackets are the width of each window. 

 
 

3  Compression and decompression of the 
speech signal 

Speech signals compression brings the following 
advantages : 
- the reduction of the rate during the data transmission 

from the transmitter to the receiver. 
- a saving place in data storage over physical supports 

(such as : hard drives, cdrom, ...). 
 
In this chapter, we are going to shortly describe the 
speech compression and decompression methods. Then 
we will present the algorithms and, finally, we will give 
the results obtained.  
 
 
3.1 Principle  
The method that we propose is based on the property 
that two consecutive samples of a speech signal are 
correlated.  
 
According to this observation, this compression method 
is close to the others methods based on the prediction of 
the speech signal (ADPCM, CELP,…) [5,6]. The aim is 
to quantify and to transmit (or to store) the following 
prediction error : ˆi i ie y y= − , where ˆiy  is a prediction 

of iy (ith sample of the speech signal). By this way, we 
reduce the amplitude of the data to transmit and thus we 
reduce the flow. 
We have represented, on the figure 3, the compression 
block diagram with the predictor NPC. 

 
                 Fig. 3 : Compression block diagram 
 
where yi is the ith sample of the signal and Z-1 represents 
the time delay. 

Q and BC are respectively the quantifier and the binary 
coder used before the transmission of the                   
error prediction, ei, to the receiver. 
As we can observe, on this figure 3, we have introduced 
the decoded signal, iy% . In fact it is necesssary, at the 
reception, to excited the coder NPC with datas deduced 
from the quantified error. It is why the "NPC input 
block" is a vector of M samples of decoded speech 
signal. By this way, we are sure that the  predictor is 
robust and the prediction is optimize for a good 
reception and hearing.  
 
Here, is an important difference between the original 
version of NPC : during the  coding phase, the samples 
of the initial speech signal iy  are repaced by their 
"estimates" iy% .  
 
So, the algorithm which has been used during the coding 
phase is close to the NLOE (Non-Linear Output Error) 
algorithm. The main difference with the NLOE is that 
the predicted signal ˆ iy  (input of the networks) is 
replaced by the decoded signal iy% . 
On the figure 4, we have represented the decompression 
block diagram.  
                  

 
Fig. 4 : Decompression block diagram 

 
At the reception, the error is decoded by a binary 
decoder (BD) then we applied an inverse quantization 
with Q-1. Finally, the signal wich will be heard is the iy% . 
About the quantization we have used the european A-
law. For a given signal x, the output of the A-law 
compression is : 
 

( )

1
max

max

max
max

.
sgn( )                      ,  0

1 log( )

1 log . 1sgn( )  ,  1
1 log( )
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Where A is the A-law parameter of the compander, xmax 
is the maximum value of the signal x, log is the natural 
logarithm and sgn is the signum function. We easily 
notice that the more we have quantization levels, more 
the coded signal is close to the original signal. The error 
produced during the quantization is called quantization 
noise. 
 
 
3.2 Algorithms 
 
 
3.2.1 First layer of the NPC 
In a first time, it is necessary to compute the first layer 
of weights of the NPC. For that, we have used the 
DARPA-TIMIT database. This base contains 8 
American dialects (New-england, Northern,…). There 
are 630 men and women speakers. Each speaker says 10 
sentences. For each sentence, a segmentation by 
phoneme is given.  
Using the segmentation file, we have extracted 100 
examples for each reduced phoneme (39). As presented 
in part 2, each example is divided into several windows 
(20ms) with an overlapping of 50%. So, we have 
realized the learning database for the NPC. 
The training is stopped after 40000 epochs because the 
backpropagation error don't significantly decrease. Then 
the weights of the first layer are fixed and could be used 
in the second stage : the compression/decompression.    
 
3.2.2 Compression 
Let N be the number of samples of the speech signal and 

iy  the ith sample. Let A be the second layer of weights 
and I the NPC input vector.  
The speech signal compression algorithm is described 
below : 
 
Initialization 

• A with zeros. 
• I with zeros 

For each sample of the signal  
• Prediction of ˆi iy y→  ,from I with NPC 

• Calculation of prediction error ˆi i ie y y= −  

• Quantization of the prediction error : ( )q
i ie Q e=  

• Transmission  of q
ie to the receiver. 

• Inverse quantization : 1( )qe Q ei i
−= . 

• Modification of the second layer of NPC by 
backpropagation of ie . 

• Calculation of the decoded signal : ˆi i iy e y= +%   

• Introduction of iy%  in I :  

 
End 
 
3.2.3 Decompression 
The speech signal decompression algorithm is described 
below : 
 
Initialization 

• A with zeros. 
• I with zeros 

For each sample of the signal  
• Prediction of ˆi iy y→  from I with NPC 

• Reception of q
ie to the receiver. 

• Inverse quantization : 
1( )q

i ie Q e−= . 
• Modification of the second layer of NPC by 

backpropagation of ie . 

• Calculation of the decoded signal : ˆ
i i iy e y= +%   

• Introduction of iy%  in I :  

End 
 

The mean difference between these two algorithms  is 
that the steps of calculation and quantization of the 
prediction error are not necessary in decompression.  
Of course, the performance of this compression strongly 
depends of the ability of NPC to predict the speech 
signal. 
After this presentation of the NPC compression, we are 
going to present some results obtained on sentences 
extracted from the DARPA-TIMIT database. 
 
 
3.3 Results 
 
3.3.1 Signals and errors  
We have represented on figure 5 a speech signal to 
compress.  
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Fig. 5 : Original speech signal yi 
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The decoded signal is represented on the figure 6, with 
the same scale. 
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Fig. 6 : Decoded speech signal iy%  

For this example, the error prediction is quantified with 
4 bits whereas each sample of the original signal is 
coded with 16 bits. So the rate is reduced by a factor 4 
and, as we can see on the figure 6, with a minimum of 
degradation for the decoded signal. 
 
The figures 7 and 8 respectively represent the prediction 
error ei and the compression error xi which are defined 
by : 
  ˆi i ie y y= −   and   i i ix y y= − %  
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Fig. 7 : Prediction error ei 
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Fig. 8 : Compression error xi 

 
It can be noticed, on these two last figures, that the 
compression error xi is smaller than the prediction error 
ei. This result is due to the correction of the predicted 
signal given by the quantization error ie . 
 
In order to evaluate the performances of the compression 
and decompression of the signals, we propose to study 
the two following criterions : 
 
The prediction gain : Gp 
The prediction gain is calculated from the signal to 
prediction error ratio. This ratio is calculated in dB. 

2

10 210log
i

i
p

i
i

y
G

e

 
 =  
  

∑
∑

  (7) 

This criterion is appropriate to test the NPC 
performances, i.e to check the ability of the NPC to 
predict precisely a speech signal.  
 
The quantization gain : Gq 

This criterion evaluates the deterioration inflicted to the 
decoded signal compared to the original by the 
quantization. Gq is calculated from the ratio between the 
power of the speech signal and the power of the 
compression error xi. 
Gq is writen (in dB) : 

2

10 210log
i

i
q

i
i

y
G

x

 
 =  
  

∑
∑

  (8) 

 
 
3.3.2 Performances   
In the table 1, we present the results obtained for the two 
criterions Gp and Gq and for two quantizations on 3 and 
4 bits. 
 
For these tests we have used five sentences extracted 
from DARPA-TIMIT. Of course, these sentences has 
not been introduced in the training phonemes database. 
These sentences has been classified by levels of 
prediction gain.  
 

Compression  
Sentence 

 
Quantization 
with 3 bits 

Quantization 
with 4 bits 

 Gp  (dB) Gq (dB)  Gq (dB) 
1 12.1 20.8  27.6 
2 13.5 21.9  28.4 
3 14.0 22.7  29.8 
4 14.2 23.2  30.1 
5 14.3 24.7  31.1 

 
Table 1 : Results obtained  for Gp and Gq for two 

quantizations and five sentences 
 
About these results we can do several observations: 
 

o The prediction gain is as much more 
important than the number of voiced 
phonemes is greater than the number of 
unvoiced  phonemes. 

o According to audio tests realized, we can 
noticed that the decoded signal is very close 



to the initial signal (for the human ear) when 
Gq is at least equal to 20 dB. 

 
 
4   Conclusion and futures works 
We have presented in this paper a new speech 
coder/decoder based on the a Neural Pedictive Coding. 
This coder is interesting for differents reasons :  
- The weak complexity of the algorithms allow to use 

the coder/decoder in a real time application (after 
computation of the first layer of the NPC). 

- The flow of transmission of data is divided by a 
factor 4. So the rate is of 16 kb/s, with a good 
restitution of the decoded signal for the human ear. 

 
About our future works we will interest to the structure 
of the NPC. As we have discussed in chapter 3.3.2, the 
power of the prediction error depends on the kind of 
phoneme. So the prediction error of the NPC is more 
important for unvoiced sound than for voiced sound. 
This result is linked to the fact that a voiced sound is 
more adapted to a predictible model.  
Consequently, in the future coder/decoder, we will 
increase the number of NPC predictor. Each NPC will be 
trained on a particulary class of phoneme (voiced and 
unvoiced):  

- fricative, liquid, nasal, occlusive and vowels. 
 
After that, each windows (about 20ms) of speech signal 
will be coded by all NPC predictors. Then the 
quantization error, associated to the most effective NPC,  
will be transmitted. This method need to introduce 
a delay time of one window (20ms) and it will be 
neccessary to transmit, at the beginning of each window, 
the NPC coder which must be active in reception. 
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Abstract

In this article, we propose to study a speech coding method applied to the recognition of
phonemes. The model proposed (the neural predictive coding (NPC) and its three declinations
NPC-1, NPC-2 and DFE–NPC) is a connectionist model (multilayer perceptron) based on the
nonlinear prediction of the speech signal. We show that it is possible to improve the discriminant
capacities of such an encoder with the introduction of signal membership class information as
from the coding stage. As such, it 3ts in with the category of discriminant features extraction
(DFE) encoders already proposed in literature. In this study we present a theoretical validation
of the model in the hypothesis of unnoised signals and Gaussian noised signals. We also de3ne
a new distance, the NPC distance, that will allow experimental validation of the model. NPC
performances are compared to that obtained with traditional methods used to process speech
on the Darpa Timit phoneme base. Simulations presented here show that the classi3cation rates
have clearly improved compared to usual methods, in particular regarding phonemes considered
di6cult to process (/b/,/d/,/g/ and /p/,/t/,/k/ phonemes).
c© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Although applications already exist (let us mention for instance the vocal dictation
for speech recognition), speech processing still remains a research 3eld that is broadly
opened. In fact, spontaneous speech, speech in a voiced environment, multispeaker
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recognition including a large vocabulary, are so many issues still requiring proper
solving.
In applications such as speech recognition, the classi3cation process is divided into

two consecutive steps: coding and classi3cation. The main goal of the coding process is
to extract a maximum of interesting signal features while reducing the amount of data to
a minimum. The selection of the representation of signals depends on its intrinsic qual-
ities but also on the recogniser system (HMM [15,30], and neural networks [25–27,41]
for instance) and on the application goal (speaker, speech or language recognition, : : :).
Two main classes of coding methods can be identi3ed. Those obtained in the temporal
domain from a voice-producing model and those issued from the frequential domain
corresponding to a voice-listening model.
A large number of representations in the temporal domain have been proposed.

One of the most commonly used is issued from the linear predictive coding (LPC)
model [20,32]. Other representations also exist, but they are mostly derived from the
computation of LPC coe6cients, such as the PARCOR ones which aIord the advantage
of being within −1 and +1, when the 3lter is stable. One also 3nds the log area
ratio (LAR) coe6cients and the linear predictive cepstrum coding (LPCC) coe6cients,
which are in fact a cepstral representation of signal but are computed using LPC
coe6cients.
In the frequential domain, most features extraction methods are based on a speech

physiological audition model. The most frequent representation uses the Mel scale like
the mel frequency cepstral coe6cients (MFCC) coding [10,42] and also the PLP and
Rasta-PLP [18,19].
The small discriminant capacities and the insu6cient robustness of present coding are

a justi3cation for improving coding techniques, and even for perfecting new methods.
We will in particular focus on two large axes:

• the use of nonlinear coding techniques to exceed the limits of the present coding
methods,
• the taking into account of the information of signal categorisation into classes, as
from the coding stage, to improve the discriminant capacities of the encoder.

The encoder model we will present in this article is a nonlinear model (multilayer
perceptron) that also exploits the information of signal class membership.

1.1. Nonlinear extension

Nonlinear dynamic systems present a richer behaviour than linear systems, making
it possible to model features of the signal that are absent in the traditional linear ap-
proach. Tishby [32] applied a neural network approach to the speech signal prediction
problem. The resulting predictors have had a few additional interesting features such
as the fact that the spectrum of the residue was whiter than that of the linear predictor,
indicating that the structure of the speech signal was better captured by the nonlinear
predictor. Tishby has shown [38] that the two issues, the reduction in dimension and
the nonlinear temporal variability, can be addressed using geometrical methods from
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nonlinear dynamics. Ma et al. [31] used this type of results to propose a signal process
based on a nonlinear local prediction model (NLLP) applied to speech coding. With
the same implementation, the speech coding based on the NLLP gave improved perfor-
mance compared to linear local scheme (LLP). A description of nonlinear modelisation
with nonlinear auto-regressive models (NLAR models) can be found in [35]. Cleve-
land et al. [9] also proposed a local linear approximation of the interpolation functions
leading to a new interpretation of the signal in the form of a code-book for its own
prediction, e.g. a predictive counterpart to vector quantization. An alternative proposed
by Diaz-de-Maria [12] using radial basis function (RBF) networks imply building a
parametric model to obtain a global approximation. Thownshend [39] took measure-
ments of the correlation dimension of normally spoken speech from a single speaker,
showing that one should be able to build a nonlinear predictor for speech that would
signi3cantly outperforms linear predictors.
Now that we have pointed out the interest of modelling nonlinear features of the

speech signal, the problem is how can we do it. Volterra’s 3lters are a 3rst type of
such nonlinear 3lters [33]. Major drawbacks of this model lie in the fact that the
number of the model parameters grows fast with the prediction window and that, for a
signal compression task, the inverse 3lter is not always stable. Thyssen et al. [37] made
experiments showing that Volterra 3lters are superior to the LPC-technique, regarding
the prediction gain (18:2 dB compared to 14:1 dB for LPC). But a linear predictor
with a 10 prediction window width only requires 10 coe6cients compared to 65 with
a second-order Volterra’s 3lter. Knowing that neural networks can also be used as
adaptive 3lters [13], authors also proposed a Predictive Time Delay Neural Network
that allows a substantial growth of the prediction gain (19:3 dB).

1.2. Discriminative feature extraction

Discriminative features extraction (DFE) consists in extracting an enhanced features
vector from the signal, in relation to the classi3cation task.
The improvement of the discriminative capacities of speech coding algorithms has

already been the subject of research works [1,23,24,29,45]. The main methods pro-
posed these last years have been inspired by the MCE/GPD theory proposed by Juang
and Katigiri [21] in 1992. Before this date, Zahorian et al. [45] proposed to improve
HMMs discriminant capabilities by achieving a linear discriminant transformation of
the features vector. Authors show that from a set of 30 words of one syllable, one
can obtain an improvement of near 25% of the recognition rates. The transformation
is such that feature vectors belonging to the same class are well-clustered and feature
vectors belonging to separate classes are well separated. The within-class covariance is
minimised and the between-class covariance is maximised. The within-class covariance
computing needs to cluster data by classes, so that category information are introduced
from the coding stage. Linear discriminant analysis (LDA) is a standard technique in
statistical pattern classi3cation for dimensionality reduction with a minimal loss in dis-
crimination [14]. Its application to speech recognition has shown consistent gains for
small vocabulary and mixed results for large vocabulary. Known to be inappropriate
for the case of classes with unequal sample covariances, Saon et al. [34] used instead
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the heteroscedastic discriminant analysis (HDA) and proposed an extension of it
allowing a 10–13% relative improvement in the word error rate over standard cep-
stral processing.
In the last years, Thomae et al. [36] have proposed a new approach called the

“extended linear discriminant analysis with model transformation (ELDA-MT)” and
using the MCE/GPD algorithm with a HMM classi3er. They obtained a signi3cant
reduction of word error rate of relatively 6.2%.
Juang et al. [21,22] have proposed a method, usually called discriminant features

extraction (DFE), and based on the use of the minimum error criterion (MCE) and the
gradient probabilistic descent (GPD). Several works have been made from this method
to realise varied discriminant coding applications. A front-end feature extractor and a
back-end classi3er are usually investigated separately due to the lack of a theoretical
framework to formalise this situation. De la Torre et al. [11] proposed variations of
the DFE method allowing an independent learning of the classi3er and the encoder.
Unlike this, the main idea of DFE is that the feature representation for classi3cation
purposes should be designed while taking into account the entire pattern recogniser.
Biem and Katagiri [3–5] applied this method to the 3lter bank parametric representation
and also to the cepstral 3ltering. Bachianni et al. [2] have also proposed to use DFE
techniques for the time-frequency masking 3lter optimisation. Since DFE methods lead
to bringing together the extraction of features and the features classi3cation into a single
global module, the respective training algorithms become interdependent or even merge
together.

1.3. Scope of the article

Encoders NPC-1, NPC-2 and DFE–NPC proposed by Gas and Zarader [16,17,46]
will respectively be presented in Sections 2, 5 and 6. In Section 3, you will 3nd a
summary of experimental conditions used, and also the 3rst results obtained with the
NPC-1 encoder. In Section 4, we will tackle the issue of the discrimination capability
of an encoder. The theoretical and experimental validation of NPC-2 encoder will be
presented in Section 5. Finally, we will present in Section 6, the latest version DFE–
NPC of the encoder giving the best classi3cation rates for the recognition of phonemes.

2. Neural predictive coding: the NPC model

The neural predictive coding (NPC) model is an extension of the LPC to the non-
linear area. The model is derived from the Lapedes and Farber [28] nonlinear predictive
model. Let us consider for our purpose the problem of the adaptive 3ltering method
applied to the coding of phonemes. The goal of the well-known LPC coding consists
in determining the coe6cients of a linear predictive 3lter. Speech signal is divided into
consecutive 3xed length frames and coe6cients are computed so as to minimise the
mean square prediction of any given signal frame: hence, they are representative of
their corresponding signal frame (Fig. 1).
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Fig. 1. Speech signal decomposition for LPC coding.

By sampling the continuous scalar signal with a 3xed sample rate, a time series
y1; y2; : : : ; yk ; yk+1; : : : can be obtained and grouped into overlapping vectors xk =
[yk−1; yk−2; : : : ; yk−�]

� ∈R� where � is the sequence length called the prediction win-
dow width.
Let us now consider a simple neural network used as a nonlinear predictive 3lter

(NLAR model), e.g. with � inputs (� is the prediction window width) and one output
cell. One can also adapt the weights so as to minimise the mean square prediction
error. Since there is no analytical solution to this problem (unlike the linear case),
solution weights have to be found recursively, e.g. with the backpropagation learning
algorithm. The representative coe6cients of the framed signal are the 3nal network
weights. Nonlinear signal features can then be extracted but, unlike in the LPC case,
the number of weights grows fast with prediction window width �. For instance, a
20× 8× 1 network structure leads to 177 parameters (the network weights and bias)
against 20 for the corresponding LPC encoder. For comparison, the coe6cients number
remains between 16 and 32 in traditional speech coding systems.
The NPC model provides a very simple solution to this problem. Considering the

same network, one can decide to use only the second layer weights as coding param-
eters. In such a case, window width � (e.g. the network input number) has no more
eIect on the code dimension which only remains proportional to the number of hidden
layer cells. This is the main idea of the NPC coding. In a phoneme coding task, the
hidden layer weights must be representative of the coded phoneme features while the
3rst layer weights must not. Such a property can be obtained by adapting the 3rst layer
weights to all the phonemes in the database, while the hidden layer weights are only
updated on the samples of the phoneme that needs coding. This leads us to consider
the same number of hidden layers and phonemes that need coding, as opposed to only
one 3rst layer common to all phonemes. The learning process is broken down into two
computing stages (Fig. 2):

• The 3rst stage is the parameters adjustment phase or parameterisation phase. It
consists in learning the weights of the 3rst layer. We thus obtain the NCP encoder
parameters.
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Parameters adjustment phase Coding phase

coding weights

parameter weights

Fig. 2. NPC parameters adjustment phase and coding phase.

• The second stage is the coding phase: the 3rst layer weights are initialised with
the weights drawn from the parameter adjustment phase and they will remain 3xed.
The only weights to be learnt are the hidden layers weights, that will become the
phoneme coding parameters.

Maintaining a common weights layer leads to a greater convergence di6culty which
is time consuming for computing. The second learning phase (the coding phase) can be
done faster than the 3rst one since the encoder parameters no longer require updating.
Both for the parameters setting phase and the coding phase, the learning rule is of the
modi3ed Madaline Rule III (MRIII) [44] type.
The NPC distance and the modelling error ratio (MER) will be de3ned further below

in this article: they are useful tools which will permit us to make a clear experimental
demonstration to show that, indeed, the second weights layer acts as a phoneme feature
extractor. Before, we propose to formalise the NPC model.
1. Following now the Lapedes and Farber [28] model, one can see the NPC encoder

as a layered neural network trained to predict time series. It is trained from examples
of pairs of xk = [yk−1; yk−2; : : : ; yk−�]

� input vectors and yk output samples, while
minimising the mean square error:

Q(w; a) =
1
2

K∑
k

(yk − fw;a(xk))2; (1)

where fw;a is the nonlinear n dimensional function with parameters noted w (3rst
layer weights) and a = [a1; : : : ; aN ]� (hidden layer weights) including sigmoidal node
functions. The error is minimised by modifying parameters w and a using a standard
multidimensional optimisation method, e.g. steepest descent (error back propagation).
More precisely, fw;a can be viewed as the composition of two functions gw (corre-
sponding to the network 3rst layer) and ha (corresponding to the network output layer)
such that:

fw;a = ha ◦ gw with fw;a(xk) = ha(zk) and zk = gw(xk): (2)
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NPC coding allows an arbitrary number of coding coe6cients by creating a hidden
layer for each phoneme, while the 3rst layer remains the same for all phonemes.
Considering one phoneme l, the cost function (1) becomes:

Q(w; al) =
1
2

K(l)∑
k

(yk − fw;al(xk))
2; (3)

where k represents the samples composing the phoneme l and K(l) the samples number.
For a set of l = 1; : : : ; L phonemes, the NPC structure leads to the following cost
function:

Q(w; a1; : : : ; aL) =
1
2

K∑
k=1

L∑
l=1

(yk − hal ◦ gw(xk))2�L(xk )−l; (4)

hal being the output layer weights linked to the phoneme l, K the total number of
samples (over all the phonemes) and L(xk) the phoneme number of the sample xk
(which means that xk is a sample of phoneme L(xk)). � is the Kronecker symbol:
�L(xk )−j has value one every time the phoneme L(xk) is j, zero otherwise. Output
layer weights are proper to each phoneme: they are the coding coe6cients vector,
while the 3rst layer weights are common to all the phonemes and constitute the NPC
encoder parameters. Fig. 3 shows the network structure.
2. The parameters adjustment phase: The purpose of this computing phase is to

estimate the gw function, e.g. the encoder parameters. This must only be done once, on
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Fig. 3. The NPC network structure.
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a database representing at best the coding problem. Eq. (4) gives the cost function to be
minimised by the traditional back propagation algorithm. During the learning process,
the coding coe6cients al must also be computed to ensure a correct estimation of gw.
Once the learning process has been completed, the phonemes coding coe6cients are
no longer used. The encoder is then ready to code data.
3. The coding phase: This is the code generation phase. For one given phoneme l and

the signal samples yk composing it, the 3rst network layer gw acts as an n-dimensional
3lter, or a space transformation operator: zk = gw(xk). One obtains phoneme l coding
coe6cients by minimising the following cost function:

Q(al) =
1
2

∑
k

(yk − hal(zk))
2: (5)

3. Experimental validation of NPC models

With a view to evaluating the performance of the various NPC encoders we present
in this article, we describe in this section the experimental conditions of our simulations.

3.1. The TIMIT phoneme database

We built several phoneme bases each extracted from the Darpa-TIMIT ant NTIMIT
[40] speech database. The second Ntimit base groups all the Timit base signals trans-
mitted by telephone. Timit and Ntimit databases group speakers classi3ed in categories
for 10 regions in the United States. We limited ourselves to the speakers in the 3rst
region (New England).
We called B1–B4 the four bases we exploit here. The 3rst B1 base groups four

classes of voiced phonemes (vowels) very commonly used: =aa=, =ae=, =ey= and =ow=.
They have been extracted from the Timit base. B2 and B3 bases group two series of
phonemes extracted from the Timit base: =b=, =d=, =g= (voiced plosives) and =p=, =t=, =k=
(unvoiced plosives). These two databases are of a particular interest to evaluate coding
and classi3cations methods for speech processing. In fact, they are frequently used and
simultaneously di6cult to process. They were used by Waibel and Lang [27,41] to
validate their model (the time delay neural network, (TDNN)). B4, the fourth database
brings together six classes of phonemes =s=, =z=, =aa=, =ah=, =iy=, =ih= extracted from
the telephoned Ntimit database. We used it to test the NPC encoder on signals with
a limited pass-band. As it is composed of three sub-classes of phonemes, this base
enables an encoder discriminant capacities to be evidenced: the three sub-classes are
well separated while phonemes are acoustically very close to each other within each
sub-class. The choice of phonemes is ruled by the following conditions (Fig. 4):

• Depending on its duration, each phoneme is split into a number of frames with a
3xed length (analysis windows) with a given interlace factor. Each frame constitutes
a phoneme example.
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coding

phoneme samples

analysis windows (256)

prediction windows (20)

NPC coding coefficients (12)

with overlaping factor (128)

Fig. 4. The NPC coding scheme (numbers in brackets are the width of each window).

Table 1
Used base main features

Base B1 B2 B3 B4

Base type Timit Timit Timit Ntimit

Sampling frequency 16 KHz 16 KHz 16 KHz 8 KHz

Base name B1L B1T B2L B2T B3L B3T B4L B4T
Examples number 500 500 500 500 500 500 500 500
Frame size 256 256 256 256 256 256 128 128
Overlaping factor 128 128 128 128 128 128 64 64

• Examples are chosen at random among all available speakers to produce a multi-
speaker model.

We subdivided each B1–B4 base into two sub-classes, one for encoder parameterisation
and classi3er learning, and the other for generalisation tests. Table 1 sums up the
characteristics of the four bases thus constituted.

3.2. Traditional coding methods

We made comparisons between NPC coding and the traditional coding methods.
Among temporal coding methods, we considered LPC coding. For spectral coding,
we considered the MFCC coding. Due to its robustness, MFCC is among the most
commonly used methods in speech processing. We set to 12 the number of coding
coe6cients per phoneme, so the dimension of the coding vectors was 12.
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Table 2
Recognition rates comparison between LPC, MFCC and NPC coding

Coding method LPC MFCC NPC

Recognition rate (%) 55.5 58 61.2

Table 3
NPC performance for several iterations number of the coding process

Iteration number 1 5 10 20 40 100 250 500

Recognition rate (%) 60.1 61.2 61.2 60 59.6 59.8 59.7 59.7

3.3. Classi?cation by MLP neural network

The classi3er used to estimate the performance of all the encoders was a basic
back-end multilayer perceptron (MLP) with 12 inputs (equal to the coding vectors
dimension), 10 hidden neurones and as many outputs as there were phoneme classes.
The learning rule was a gradient descent using the backpropagation algorithm.

3.4. Experimental results

Experimental results obtained with NPC encoder showed improved scores for the
classi3cation of phonemes [8] compared to the major competitive encoding methods.
Table 2 illustrates scores obtained with B4T generalisation database compared to LPC
and MFCC encoding.
The same experiments revealed the existence of an over-3tting problem during the

phoneme encoding phase. In fact, when codes are recovered for several values of
the iteration number, and then each of these sets of codes are classi3ed, a reduction
of scores can be noted after passing through a maximum. Table 3 is an illustration
of this for a number of iterations ranging from 1 to 500. The good result obtained
for classi3cation can be explained by the fact that the optimisation method is of the
stochastic gradient type. This means that for a 128-sample frame and a 20-sample
prediction window, 128− 20− 1 = 107 learning stages are obtained for one iteration.
We will deal with this over-3tting issue when we study the NPC-2 encoder (see

Section 5.2.5).

4. Constraint coding by NPC model

We applied here Zahorian’s idea [45] quoted in the introduction, according to which a
discriminant linear transformation of vectors makes it possible to increase the classi3er
performance. Transformation is such that vectors for characteristics belonging to the
same class must be close to each other within their representation space while vectors of
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a diIerent class must be very distant. This means that (in the hypothesis of a Gaussian
distribution of data into classes) the within-class covariance will be minimised while the
inter-class variance is maximised. Such a processing can be introduced in NPC encoder
in the form of constraints on the code weights during learning. These constraints are
expressed in the form of two additional terms of the cost function to be minimised.
However, it is di6cult to obtain a noticeable improvement of coding by this means,
except if we take into account a strong constraint that will consist of imposing a unique
set of code per class during the parameterisation phase.

4.1. Constraint obtained with the minimisation of within-class covariances

Let us consider a al=1; :::;Lc = [a
1
l ; a

2
l ; : : : ; a

N
l ]

� set of data (vectors of phoneme codes
in this case) belonging to the same c class (N is the code dimension: N = 12 in our
case). In the hypothesis of a spherical Gaussian distribution of datas, we obtain the
following expression of the within-class covariance:

�2c =
1

NLc

N∑
i=1

Lc∑
l=1

(ail − Rai)2 where Rai � 1
Lc

Lc∑
l=1

ail is the average vector: (6)

The joint minimisation of the prediction error and of the within-class covariance gives
the cost function (P being the total number of classes):

Q =  Qm + (1−  )Qd with Qd =
1
P

P∑
c=1

�2c ; (7)

where  is a weighting factor. The 3rst term is of the same family as the prediction
error, that we will call the modelling error; while the second term is of the discrimi-
nation error type. Therefore, the  factor (which may be adaptive) weights modelling
and discrimination. This process is only implemented during the encoder parameters
adjustment phase. In fact, during the coding phase, classes are unknown. The purpose
of the discrimination constraint is therefore to cause a rearrangement of the 3rst layer
weights so as to build a more discriminant 3lter during the coding stage.
Fig. 5 illustrates the evolution of the Qm modelling quadratic error (prediction error

only) during the encoder parameter learning. Until iteration 4800, learning was carried
out without constraint ( =1), but then, for the following iterations, we had to impose
a constraint ( = 0:99). For this experiment and the following ones, we worked on
the NTIMIT phoneme B4 database (six classes =s=, =z=, =aa=, =ah=, =iy=, =ih= extracted
from the NTIMIT database, New England area), including 1000 samples per class. Of
which 500 were allotted to the parameters adjustment phase and to the classi3er learning
(B4L base), while the other 500 samples (B4T base) were allotted to generalisation
tests (see above Section 3 on experimental conditions in this article for more details).
Therefore this 3gure clearly illustrates the impact of the discriminant constraint on the
prediction error (from iteration 4800), mainly regarding the antagonist aspect of the
two Qm and Qd contributions. With this result we foresee di6culties to determine the
 weighting. Scores obtained for generalisation on the B4T test base (coding followed
by a classi3cation of phonemes) after this parameterisation phase con3rm this di6culty
as they do not exceed 61.5%.
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Fig. 5. Mean squared prediction error with constraint.

Fig. 6. Discriminant analysis for several iterations of the parameterisation phase.

Fig. 6 illustrates four discriminant analyses for all learning data for iterations 200,
800, 1600 and 2000 of parameterisation. It clearly shows the impact of constraints on
the scatter of points, the respective variances of which strongly decrease. The perfor-
mance is not what one could have expected when looking at Fig. 6. In fact the notice-
able decrease of within-classes covariances obtained during parameterisation does not
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occur or only very slightly during coding. This would tend to mean that the 3rst layer
of the encoder parameter weights is only very slightly modi3ed by this processing.

4.2. From NPC-1 to NPC-2

The maximal constraint is a particular case of constraint where we impose:

al ← Racl ; (8)

where al means the code vector of an l phoneme with a cl ∈{1; : : : ; P} membership
class. Ra1; : : : ; RaP represent P class centres. Thus only one set of codes remains possible.
The particular case of the maximal constraint is interesting as it allows a noticeable
improvement of results to be obtained (exceeding 62%). We will study it in details in
the following paragraphs under the name of NPC-2 encoder.

5. Discriminant features extraction: the NPC-2 model

The NPC-2 encoder is an extension of NPC model that allows class membership
information to be taken into account during the parameters adjustment phase. This
can be obtained by limiting the set of weights of the second layer, e.g. the coding
coe6cients will be limited to one coe6cients vector by class of phonemes instead of
one by phoneme as in the case of NPC-1. Assuming cl is the class membership of
phoneme l among a set of P possible classes, the cost function given by Eq. (4) must
be rewritten as

Q(w; a1; : : : ; aP) =
1
2

∑
k

∑
j

(yk − fw;aj (xk))
2�c(xk )−j; (9)

so that every sample xk belonging to the same phoneme class c(xk) will share the
same coding vector ac(xk ). Once the error prediction has been minimised over all the
phoneme sample sequences, the encoder parameters are ready to be used. The coding
phase can then be performed, in a similar manner as for NPC-1 coding.

5.1. NPC-2 experimental results

On a phoneme recognition task (basis B1–B3), we compared four encoders which
were the LPC, the MFCC, the NPC-1 and the NPC-2 in the same experimental condi-
tions. Recognition rates were obtained after 30,000 classi3er learning iterations. We
then carried over the results in Table 4 (voiced vowel phonemes, voiced plosive
phonemes and unvoiced plosive phonemes).
On can note that the results are roughly equivalent for all coding methods used

(LPC, MFCC, NPC-1 and NPC-2) as regards the =p=, =t=, =k= phonemes. On the other
hand, the NPC-2 coding method gives better scores for the =aa=, =ae=, =ey=, =ow= and
=b=, =d=, =g= phonemes (over 60% and 65% recognition rates against 58% and 62%
for the MFCC coding). This results are consistent with the fact that phonemes =aa=,
=ae=, =ey=, =ow= and =b=, =d=, =g= are voiced phonemes while =p=, =t=, =k= phonemes
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Table 4
Recognition rates (generalisation set) obtained with MLP classi3er for several classes of phonemes

Phonemes LPC MFCC NPC-1 NPC-2

=aa=, =ae=, =ey=, =ow= 55.5% 58% 61.2% 63%
=b=, =d=, =g= 57.5% 62.3% 65% 70.2%
=p=, =t=, =q= 61% 68% 61.5% 65%

are not. The voiced feature emphasises the predictable nature of the phonemes and so
gives temporal coding methods (LPC, NPC-1 and NPC-2) an advantage. The nonlinear
features present in the speech signal are then better taken into account by the NPC
coding. We will see next that the NPC-3 overcomes this di6culty by giving more
importance to the classi3cation task against the prediction task.

5.2. NPC-2 validation

We address here the problem of demonstrating how the NPC-2 encoder second layer
weights model discriminant informations.

5.2.1. NPC-2 theoretical validation for unoised phonemes
First there is an evidence that the codes extracted from the coding phase carry

discriminant phonetic features. Let us suppose that we have two phonemes i and j
belonging to two diIerent classes ci and cj. If Fi and Fj are the respective predictive
models of phonemes i and j such that

yk =

{
Fi(xk) for all samples xk of phoneme i;

Fj(xk) for all samples xk of phoneme j;
(10)

then the absolute minimum of the error function is reached when (5) vanishes; assuming
that xk and yk are unnoised data, this corresponds to the following result on the network
mapping:

∀xk
{

c(xk) = i ⇒ hai ◦ gw(xk) = yk = Fi(xk);

c(xk) = j ⇒ haj ◦ gw(xk) = yk = Fj(xk)
(11)

and this means that for the training data we obtain at least:

hai ◦ gw = Fi;

haj ◦ gw = Fj: (12)

Since gw remains the same for phonemes i and j, it is clear that Fi �= Fj leads
to hai �= haj and as a consequence, the second layer weights carry the discriminant
features. Similar arguments based on the modelling of classes of phonemes lead to the
same results for the second layer weights obtained after the parameter setting phase.
Assuming that there is one function per phoneme class F1; : : : ; FP , Eq. (4) will tend
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to zero when the absolute minimum has been reached. One has (assuming again that
data are unnoised):

∀c∈{1; : : : ; P}; hac ◦ gw = Fc; (13)

therefore ac will carry the discriminant features of classes.

5.2.2. Gaussian noised signals
There exists an important result for the interpretation of the outputs of a network

trained by minimising a sum-of-square error function: the output f(x) approximates
the conditional averages of the target data y: f(x) = 〈y|x〉 [7,6].
The absolute minimum of the error function occurs for the network mapping

fw?;a?j
(x) = 〈y|x〉j: (14)

Assuming the data is generated from a set of deterministic functions Fj(x) with
superimposed zero-mean Gaussian noise b then the target data is given by

y = Fj(x) + b (15)

the network output takes the form

fw?;a?j
(x) = 〈y|x〉j = 〈Fj(x) + b|x〉j = Fj(x) + 〈b〉= Fj(x) (16)

since 〈b〉=0. Thus the network has averaged over the noise on the data and the result
of Section 5.2.1 can be then applied to show that aj carries the discriminant features. In
this demonstration, we have considered data in which the input vectors xk are known
exactly, but the target scalar yk are noisy. This is not the exact situation since we
know that xk=[yk−1; : : : ; yk−�], leading the fact that if yk is noisy, then yk−1; : : : ; yk−�

are noisy and then xk is noisy. Webb [43] showed that in the situation in which the
target data is generated from a smooth function Fi(x) but where the input vector x
is corrupted by additive noise, the optimum solution is again given by the conditional
expectation of the target data. Again, theoretical validation of Section 5.2.1 can be
applied to show that the aj’s carry the discriminant features.
In addition to this validation, there are experimental evidences of the discriminant

properties of the NPC encoder output weights, as we will see in the coming sections.

5.2.3. NPC distance de?nition
Let us de3ne Q(w; aj; i) as the prediction error computed on the phoneme i samples

xk using the aj class model parameters. According to this de3nition, Q(w; ai ; i) is the
prediction error of phoneme i using the ai parameters, i.e the mean squared error
Q(w; ai) given by Eq. (5).
Following Itakura’s de3nition of the distance [20], one can de3ne a new distance

called the NPC distance between two phonemes i and j as

dNPC(i; j) = log
Q(w; aj; i)
Q(w; ai ; i)

: (17)

Eq. (17) gives the ratio of the phoneme i prediction error using the cj class model
parameters acj and the same phoneme prediction error, but using the ci class model
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parameters. When applying the i phoneme signal to the NPC with its adapted coding
coe6cients ai, the output residual error Q(w; aj; i) is minimal. On the other hand,
when applying the same signal to the NPC with the adapted coding coe6cients aj
of the j phoneme signal, the residual error Q(w; aj; i) is not minimal and one obtains
Q(w; aj; i)¿Q(w; ai ; i) and for i = j, dNPC(i; j) = 0. This ratio Q(w; aj; i)=Q(w; ai ; i) is
called likelihood ratio and dNPC(i; j) the log likelihood ratio distortion measure (this
is not a true distance since it is not symmetrical).

5.2.4. Evaluation of the NPC log modelling error ratio
Now the question is to see whether the inequality Q(w; aj; i)¿Q(w; ai ; i) is well

veri3ed, e.g. whether the NPC coding coe6cients model the discriminant features of
coded phonemes. Focusing on NPC-2 discriminant properties, we generalised the NPC
distance to de3ne the NPC log modelling error ratio (log MER) as

%NPC = log

∑P
i=1

∑P
j=1; j �=i Q(aj; i)

(P − 1) ∑P
i=1 Q(w; ai ; i)

: (18)

One should obtain %NPC¿ 0, once the parameter setting phase has been completed.
We carried out experiments on the tree diIerent bases of phonemes B1–B3 which
results are illustrated in Figs. 7–9. We computed the NPC modelisation error ratio at
every learning iteration. It can been seen from 3gures that the initial values are close
to 1 (the log has been omitted). This indicates that the initial status of NPC encoder
(initial weights are randomly chosen) corresponds to an encoder without any features
extraction capabilities. While the prediction error decreases, the NPC modelisation error
ratio simultaneously increases showing a rise in the discriminant capabilities of the
encoder.

5.2.5. Phonemes over-modelisation
One can also note in those 3gures (Figs. 7–9) that the discrimination performance

3rst reached a maximal value and then it started a progressive degradation. This could
indicate that an excess number of learning iterations could be prejudicial, leading to
a decay in performance. In fact, we have well observed this loss of performance on
classi3cation rates (see Section 3.4). During the coding phase, we stopped the encoder
optimisation for several iterations numbers. We computed the recognition rate for each
of these numbers with the MLP classi3er. Tables 5 and 6 show the recognition rates
(generalisation set) versus the coding iterations number. They show that there exists an
optimal iteration number between 5 and 30. Others simulations showed the stability of
this number. Over 3tting is a well-known problem in neural networks. To circumvent
the di6culty, one can use diIerent traditional strategies as the early stopping, or adding
a regularisation term to the error criterion. In our case, we propose to use the MER
measure on a small data set, which belonging classes are known, to evaluate the optimal
coding iteration number (this solution is currently studied).
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Fig. 7. NPC MER during the parameter learning phase (phonemes =aa=, =ae=, =ey=, =ow=), top: the 3rst 200
learning iterations, bottom: 5000 learning iterations.

6. The DFE–NPC model

In Section 4, we tried to improve the discriminant capacities of encoder NPC-1 by
minimising the within-class covariance of generated code vectors. We obtained the
de3nition of NPC-2 encoder given in Section 5 that allows a better integration of this
constraint to be made. We will examine in this section the second option consisting in
maximising the between-class covariance of the generated codes to improve the dis-
criminant capacities of the encoder. We will use the NPC metric previously de3ned
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Fig. 8. NPC MER during the parameter learning phase (phonemes =b=, =d=, =g=), top: the 3rst 200 learning
iterations, bottom: 5000 learning iterations.

in Section 5 instead of the euclidian metric between the generated codes, as used in
Section 4: experiments based on this last method did not make it possible to improve
results signi3cantly for classi3cation. This might lead us to think that although con-
straints applied to codes during the parameters adjustment phase are tending to improve
the between-class covariance, conversely they are in contradiction with adaptations is-
sued from the minimisation of the prediction error. So the discriminant capacities of the
encoder are not improved after the coding phase. However, we will see in this section
that it is possible to optimise discriminant constraints by privileging those which also
tend to minimise the prediction error.
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Fig. 9. NPC MER during the parameter learning phase (phonemes =p=, =t=, =q=), top: the 3rst 200 learning
iterations, bottom: 5000 learning iterations.

6.1. Maximisation of log modelisation error ratio (LMER)

We can consider the MER de3ned by Eq. (18) as an estimate of the between-class
covariance of the aid for a new metrics, the dNPC metrics, instead of the Euclidean
metrics. Thus, maximisation of this variance leads to impose a variation to the code
weights which will maximise the diIerence between the NPC prediction models of the
various phonemes.
Let us consider the de3nition we gave for the LMER (Eq. (18)) and write it as

%NPC = log
Qd

(P − 1)Qm : (19)
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Table 5
NPC-2 performance for several iterations number of the coding process (=aa=, =ae=, =ey=, =ow= phonemes)

Iteration number 5 10 20 30 50 100 150 200 500

Recognition rate (%) 59.2 62 62.6 61.8 60.3 59.8 59.5 58.5 58

Table 6
NPC-2 performance for several iterations number of the coding process (=b=, =d=, =g= phonemes)

Iteration number 5 10 20 30 50 100 150 200 500

Recognition rate (%) 70 64 56 55 49.6 48 48.1 48

The new function to minimise QDFE–NPC is now %−1
NPC. The law for the modi3cation

of any a weight in the second layer (code weight) or ! for the 3rst layer (parameter
weight) in parameterisation is proportional to the opposite of the cost function gradient,
reverse of LMER:

a(q+1) = a(q) − '
@
@a

(
1

%NPC

)
(20)

with

@
@a

(
1

%NPC

)
=

P − 1
%2NPCQdQm

[
Qd @Qm

@a
− Qm @Qd

@a

]
: (21)

We simpli3ed the 1=%NPC cost function to be minimised. By minimising MER rather
than LMER, we do not change the principle of the discrimination error for minimising,
but we obtain a simpler expression:

@
@a

(
1

%NPC

)
=

P − 1
Qd

[
@Qm

@a
− 1

%
@Qd

@a

]
: (22)

We obtain a modi3cation law composed of two terms. With the 3rst one we return
to the principle of prediction error minimisation. The second one, of opposite sign,
corresponds to the maximisation of the discrimination error. For coding, we use the
NPC-1 model adaptation law that remains unchanged for the computation of code
weights.
So as to retain an inSuence on the prediction/discrimination weighting, we 3nally

retained

@
@a

(
1

%NPC

)
= (P − 1)

[
 
@Qm

@a
− (1−  )

@Qd

@a

]
: (23)

6.2. Experimental validation of DFE–NPC encoder

Fig. 10 illustrates the evolution of MER during the encoder parameterisation phase
on B1L base, for voiced phonemes. If we compare this evolution for two respective
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Fig. 10. MER evolution during the parameters adjustment phase:  = 1 (top, NPC-2) and  = 0:5 (bottom,
NPC-3).

values of  weighting: with  =1, we 3nd again the quadratic cost function of NPC-2
encoder; with  = 0:5, we obtain a DFE–NPC encoder with a contribution evenly
distributed between the prediction error and the discrimination error. We note that in
the same experimentation conditions, the MER is higher for NPC-3 encoder than for
NPC-2 encoder. It would be interesting to see whether this result can be found again for
“Euclidean” between-class covariances estimated on both encoders. Fig. 11 reports the
result of simulations carried out to this eIect. The between-class covariance is estimated
in this result for each iteration of parameterisation. We can see that indeed, in DFE–
NPC case the between-class covariance converges to a higher value than in NPC-2
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Fig. 11. Inter-classes variance evolution during the parameters adjustment phase:  = 1 (top, NPC-2) and
 = 0:5 (bottom, DFE–NPC).

case. We thus show experimentally that maximising the MER leads to maximising the
between-class covariance and therefore to a better representation space for classi3cation
codes.
This new representation space for codes, linked to DFE–NPC encoder leads to a

noticeable improvement of performances for classi3cation. To this end we renewed the
previous experiments for classi3cation on bases B1–B3 and we obtained the scores
shown in Fig. 12.
Results obtained on bases B1 and B2 (voiced phonemes) are better than for all

previous coding. However NPC-2 encoder already gave good results for the same data.



B. Gas et al. / Neurocomputing 56 (2004) 141–166 163

LPC

52

54

56

58

60

62

64

50
MFCC NPC 2

66

R
ec

og
ni

ti
on

 r
at

e 
(%

)

NPC 3NPC 1 LPC
50

55

60

65

70

75

80

MFCC NPC 2

R
ec

og
ni

ti
on

 r
at

e 
(%

)

NPC 3NPC 1

LPC MFCC NPC 2

60

50

55

65

70

80

75

NPC 3

R
ec

og
ni

ti
on

 r
at

e 
(%

)

NPC 1

Fig. 12. Recognition rates (generalisation set) obtained with MLP classi3er for =aa=, =ae=, =ey=, =ow=
phonemes, =b=, =d=, =g= phonemes and =p=, =t=, =k= phonemes (NPC-3 coding).

Conversely, the improvement brought by DFE–NPC encoder on base B3 (=p=, =t=, =k=
phonemes) is remarkable, as it is speci3c to this encoder. In fact, let us recall that
NPC-2 encoder does not give a good performance on this same base (cf. Section 5).
These phonemes are unvoiced and their less predictable nature put in default temporal
encoders. The DFE–NPC model is better adapted as the weak minimisation of the
prediction error can be compensated by the strengthening of the discrimination error
(since the cost function is the ratio of the prediction cost over the discrimination cost).
The optimal value of  weighting is not easy to de3ne as it varies according to

phoneme classes to be studied. Within the context of these simulations, we therefore
chose an adaptive weighting. The adaptation law concerned obeys the rule according
to which the minimisation of the prediction error ( close to 1) prevails over the
maximisation of the discrimination error ( close to 0), at least as long as the prediction
error is sharply decreasing. Fig. 13 gives an example of the evolution of  adaptive
parameter during the encoder parameterisation phase of the encoder on base B1.

7. Conclusion

We showed in this article the interest of using nonlinear coding methods to code
the speech signal (improvement of scores obtained for phoneme recognition). We have
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presented a new nonlinear coding model to code the speech signal, the NPC model,
and also three of its declinations. The latter enables us to classify the encoder in the
DFE coding methods category (taking into account information on membership class as
from the coding stage). Results of the experiments described in this article have shown
that recognition rates have clearly improved. We also proposed a theoretical valida-
tion (for unnoised signals and Gaussian noised signals) that allowed us to demonstrate
the appropriateness of the model. By combining these results with the NPC encoder,
we de3ned a new nonlinear distance between phonemes, the NPC distance. We then
extended this de3nition to that of the distance between several points called modeli-
sation Error Ratio (MER). As MER permits to analyse the discriminant properties of
the encoder, we were able to support our study of the model with an experimental
validation. Finally, we have proposed the MER as a new cost function (the DFE-NPC
model). Results obtained put in obviousness a noticeable improvement of performances
for classi3cation.
Our current studies are devoted to the coding of a larger number of phoneme classes.

Lastly, we now focus on a study dealing with the application of NPC coding to the
compression/decompression of the speech signal.
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ABSTRACT

In this paper, we present an architecture called the Modular
Neural Predictive Coding Architecture (Modular NPC). The
Modular NPC is used for Discriminative Feature Extrac-
tion (DFE). It provides an architecture based on phonetics
knowledge applied to phoneme recognition. The phonemes
are extracted from the Darpa-Timit speech database. Com-
parisons with coding methods (LPC, MFCC, PLP) are pre-
sented: they put in obviousness an improvement of the recog-
nition rates.

1. INTRODUCTION

In the aim of improving the speech recognition task, sev-
eral ways can be chosen. One of them is to improve the
feature extraction stage. In fact, recent works shown the
importance of this stage [1], [2],[3]. The feature extraction
is commonly made by temporal methods like Linear Predic-
tive Coding (LPC) or cepstral methods like Mel Frequency
Cepstral Coding (MFCC). Human auditory knowledge like
Perceptual Linear Predictive coding (PLP) [4] are also often
used. The problem with these classical methods is the lack
of discrimination. Indeed, there is no explicit mechanism
which discourages the models from resembling each other.

The principal method for introducing discrimination is
called the Discriminative Feature Extraction (DFE) based
on the Minimum Classification Error (MCE) criterion [1].
The key idea of DFE method is that the feature extraction
and the classification stage can be simultaneously trained in
order to improve the pattern recognition system.

There is another strategy for DFE implementation. It
consists in the independent training of both the feature ex-
tractor and the classifier [5] [2]. This method is more adapted
for complex problems. Indeed, during the simultaneously
training of the two stages, the evolution of the feature ex-
tractor parameters is small compared to the classifier pa-

rameters [2]. The feature extractor has to be trained with
a criterion which measure the discrimination power of se-
lected features. For example, the criterion can be the Maxi-
mization of the Mutual Information (MMI) between the the
features and the class labels [3].

In this paper, we present a Modular Neural Predictive
Coding (NPC) model for speech Discriminative Feature Ex-
traction (DFE). First, The DFE-NPC model is introduced.
The section 3 describes the Modular NPC architecture. The
experimental setup are given in the section 4 and the results
on phonemes recognition task are given in the section 5. Fi-
nally, we give conclusions from the proposed work.

2. THE DFE-NEURAL PREDICTIVE CODING

The Neural Predictive Coding (NPC) [6] is an extension of
the Linear Predictive Coding (LPC) to the nonlinear area.
The NPC model is based on a feedforward multi-layer per-
ceptron used as a nonlinear predictor (cf. Fig.1). This strat-
egy is consistent with the fact that speech production is
known to be nonlinear [7].

2.1. The NPC model

Let L being the length of the prediction window. The Non
Linear Auto-Regressive (NLAR) model computed by the
NPC model is the follow:

ŷk = F (yk) (1)

Wherek is the index of samples andyk is the prediction
context:yk = [yk�1; yk�2; :::; yk�L]

T .
F is a nonlinear function composed by two functions

Gw (w first layer weights) andHa (a output layer weights):

Fw;a(yk) = Ha ÆGw(yk) (2)

With ŷk = Ha(zk) andzk = Gw(yk).



The NPC model has the major advantage to allow a
nonlinear modelisation with an arbitrary limited number of
coding coefficients. The key idea of the NPC-2 [6], an ex-
tension of the NPC model, is to allow an arbitrary number
of coding coefficients by creating a second layer for each
phoneme class. The first layer remaining the same for all
the classes. The cost function is defined as:

QNPC�2 =
X
i

X
k

X
l

(yi;k � Fw;al(yi;k))
2Æci�l (3)

Ci is the class membership of the phonemei among a set of
M classes.Fw;al is one of theM functions corresponding
to theal output layer weights. The Kronecker symbolÆ as-
sociates the classCi to the output layerl. Output layers are
proper to each phoneme, they are the coding coefficients.

Learning

algorithm

Output layer l

Output layer l-1

Output layer l+1

Hidden layer

Estimated

sample

Prediction

error

Output layers

i.e. coding vectors

Phoneme

samples

yk

yk-N+2

yk-N+1

yk-N

yk-1

Prediction cell

Fig. 1. Architecture of the Neural Predictive Coding model

The learning process needs to be realized in two phases:
theparameters adjustment phase and thecoding phase. Dur-
ing the first phase, all the network weights are estimated
from a learning set composed of phonemes belonging to the
M classes. Next, the output layers weights are non longer
used while the hidden layer weights become the encoder
parameters. Then, during thecoding phase, the network
works as a two layers perceptron composed of the hidden
layer previously computed and one output cell. Thecoding
phase consists in the estimation of the output weights which
are the NPC coding coefficients.

2.2. NPC-2 feature extraction principle

The aim of the NPC model is to manage to compute dis-
criminant output layer weights. These weightsa l, the cod-
ing vectors, have to carry discriminant phonetic features.
The first layerw weights are common to all the phonemes.

Considering two phonemesi andj belonging to two dif-
ferent classesCi andCj , the NPC-2 models associated to
the two phonemes are the following:�

Fw;ai = Hai
ÆGw

Fw;aj = Haj
ÆGw

(4)

The NPC-2 modelsFw;ai andFw;aj are different whereas
Gw is common to the two phonemesi andj. This function
remains common features and the discrimminant features
are carried by the discriminant functionsHai

andHaj
.

After the computation of all the phonemes belonging to
theM classes, one could make the same conclusion for the
features extracted from each classes. The coding vectors
associated to each classes carry discriminant features while
the first layer weights carry common features.

2.3. Maximization of the Modelisation Error Ratio

The principal problem with predictive approach is the lack
of discrimination: predictive models are trained indepen-
dently of each other. As a result, there is no explicit discrim-
ination between the models. In order to solve this problem
we developed a measure of discrimination between NPC-
2 models: the Modelisation Error Ratio (MER)[6].L i

j is
the prediction error computed on the phonemei using the
NPC-2 modelHaj

associated to the phonemej:

Lij =
X
k

(yi;k �Haj
ÆGw(yi;k))

2 (5)

The MER is the inverse ratio of the prediction error of
the phonemei predicted by the correct NPC-2 model to the
prediction errors of the phonemei predicted by the others
NPC-2 models:

� =
Qd

(M � 1)Qm
(6)

With Qd =
PM

i=1

PM

j=1;j 6=i L
i
j andQm =

PM

i=1 L
i
i.

The DFE-NPC [6] optimization is based on the maxi-
mization of the MER:

QDFE�NPC =
1

�
(7)

The modification law of anya orw weights is proportional
to the gradient ofQDFE�NPC (7):

@

@a
(
1

�
) =

M � 1

Qd
(
@Qm

@a
�

1

�

@Qd

@a
) (8)

The maximization of the Modelisation Error Ratio al-
lows Discriminative Feature Extraction (DFE), this optimi-
zation is called the DFE-NPC.

3. MODULAR NPC

The DFE can be improved by opting for a ”divide and con-
quer” method: a hard problem is broken up into a set of
easier problems. This principle is not new in speech pro-
cessing. The Hierarchical Mixtures of Experts (HME) [8]



is one of the examples of the implementation of the prin-
ciple ”divide and conquer”. The HME is a set of ”expert
networks” which are trained on different parts of the input
space. The outputs are combined by a ”gating network”
trained to select the expert which is adapted to the part of
the problem.

Commonly, the feature extraction is carried out in the
same way for all the phonemes in spite of the differences.
Indeed, there is many kinds of differences like the voic-
ing for example. The key idea of the Modular NPC is to
provide an architecture which allows to better process the
phonemes. This is done by grouping the phonemes which
have closed features. Then an expert in the feature extrac-
tion process of each group provides discriminant features.

3.1. Description

The method used for the feature extraction decomposition
used is known as the ”soft split” method [8]. It consists
in dividing the phoneme recognition task into sub-problems
which have common elements. This division is guided by
phonetics knowledge. The phonemes which have common
elements are grouped in the same macro-class. The group
classification is similar to phoneme classification in pho-
netic.

The principle of the Modular NPC architecture is to gui-
de the phoneme by ”gating networks” (based on macro-clas-
sifiers) to the ”expert”, a DFE-NPC encoder expert in the
feature extraction of this phoneme. The Modular NPC ar-
chitecture is organized as a tree (see table 1).

Macro-Classifier Node Classes
Level 1 1 Voiced / Unvoiced
Level 2 1 Vowels / Consonants

2 Plosives / Fricatives
(Unvoiced)

Level 3 1 Vowels-Diphthongs /
Semi-Vowels

2 Nasals-Liquids /
Plosives-Fricatives

(Voiced)
Level 4 1 Vowels/Diphthongs

2 Nasals /Liquids
3 Plosives/Fricatives

(Voiced)
Level 5 1 Front/ Central /Back

Vowels

Table 1. Description of the Modular Architecture

3.2. Macro-classification

Instead of training a DFE-NPC by incorporating class in-
formation, we trained it by incorporating macro-class infor-
mations. Note that the same discriminant algorithm (maxi-
mization of the MER) is used. Considering a macro-clas-
sifier � which the function is to discriminate between

macro-classes, the cost function is defined as:

L =
X
i

X
k

X
l

(yi;k � �w;a

l
(yi;k))

2Æ
i�l (9)


i is the macro-class membership of the phonemei. �w;al

is one of the
 functions.
Unlike the NPC model, the codes resulting from thepa-

rameters adjustment phase are used for the classification.
The macro-classification is done by a predictive classifica-
tion method:


i = argmin



X
k

X
l

(yi;k � �w;a

l
(yi;k))

2 (10)

Once the macro-classification is achieved, the phoneme
is directed towards an ”DFE-NPC expert” which provides a
vector code representing the phoneme.

4. EXPERIMENTAL CONDITIONS

In order to evaluate the DFE power of the Modular NPC,
phoneme recognition experiments are performed on this ar-
chitecture. The different phonemes are extracted belonging
to the Darpa-Timit database. The phonemes are extracted
from all the speakers from the first region (New England)
in order to produce a multi-speaker environment. Depend-
ing on their duration, each phoneme is split into a number
of frames: the length of analysis windows is 256 samples
with an overlapping factor of 128 samples. For each class
the number of frames is set to 300.

We made comparisons between the Modular NPC and
traditional coding methods: LPC, MFCC and PLP coding
methods. The dimension of the coding vectors is set to 12.

The classifier used to estimate the performance of all the
encoders is a multi-layer perceptron (MLP) with 12 inputs
(the coding vectors dimension), 10 neurons and as many
outputs as there are phoneme classes. The learning rule is a
gradient descent using the backpropagation algorithm.

The phoneme recognition process is broken up on sev-
eral stages. First, the phoneme is divided into fixed frames.
Then, the frames are coded with the different encoders. The
classification provides a label. Finally, by the help of the
number of frames, a majority voting method allows to ob-
tain the overall decision (for the whole phoneme).



5. PHONEME RECOGNITION RESULTS

In this paragraph, we present the results on phoneme recog-
nition. The recognition rates presented are all on a test base
(300 frames for each class) and the classifier is trained in
the same conditions for the different coding methods.

Phoneme recognition rates for test database are summa-
rized in table 2. The results of the DFE-NPC experts are
presented in table 3.

Voiced/Unvoiced 98.74%

Vowels/Consonnants 83.3%
Plosives/Fricatives (Unvoiced) 98.33%

Vowels-Diphthongs/Semi-Vowels 82.3%
Nasals-Liquids/Plosives-Fricatives (Voiced)93.03%

Vowels/Diphthongs 88.4%
Nasals/ Liquids 96.14%
Plosives/ Fricatives (Voiced) 95.28%

Front/ Central/ Back Vowels 77.3%

Table 2. Recognition rates for the Macro-classification

Front vowels: ih ey eh ae 39.32%
Central vowels: ah er 41.45%
Back vowels: uw uh ow aa 36.08%
Diphthongs: ay aw oy 56.64%
Semi-Vowels: y w 64.65%
Liquids: l r 75.46%
Nasals: m n ng 57.61%
Plosives (Voiced): b d g 72.94%
Plosives (Unvoiced): p t k 88.99%
Fricatives (Voiced): v z jh 70.65%
Fricatives (Unvoiced): f s ch 74.43%

Table 3. Recognition rates for Modular NPC for each base

The overall phoneme recognition is about 61.65% (see
table 4). One have to note that the classifier, based on a
MLP, is a basic classifier which can explain the performances
of the Modular NPC. Indeed, the real objective of this work
is the feature extraction stage and not the classification stage.

LPC MFCC PLP Modular NPC
48.3% 51.25% 52.3% 61.65%

Table 4. Recognition rates for all the phonemes

6. CONCLUSIONS

We have presented an architecture for discriminative fea-
ture extraction: the Modular NPC. This architecture is based

on ”gating networks” and ”expert networks”. The ”gating
networks” allow to redirect the phoneme to an ”expert” in
the feature extraction of this phoneme. The ”gating net-
works” are macro-classifiers based on predictive classifica-
tion and the ”expert” are based on DFE-NPC. The DFE-
NPC provide the discrimination needed for the task by the
maximization of the Modelisation Error Ratio (MER). In
addition, the architecture is organized by phonetics knowl-
edge. Results of the experiments described in this article
have shown that the recognition rates have been clearly im-
proved: approximately 10% than traditional methods used
in a great number of applications. The Modular NPC has
also the advantage to be based on same modules since the
”gating” and the ”expert” networks are based on DFE-NPC.
The principle of discrimination in the different modules is
the same, and it is based on the maximization of the MER.
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ABSTRACT

In this paper, we introduce a model for Discrimant Fea-
ture Extraction (DFE): the Neural Predictive Coding (NPC).
It is an extension of the Linear Predictive Coding (LPC).
The Modelisation Error Ratio (MER), a discriminant cri-
terion adapted for predictive models, is introduced. We
propose a theoretical validation of the discriminant prop-
erties of the MER. The experimental validation consists on
phoneme recognition task. The phonemes are extracted from
the Darpa-Timit speech database. The performances are
compared with traditional methods: LPC, MFCC, PLP.

1. INTRODUCTION

Speech recognition is not a really solved problem since the
systems can not lead with difficult environment like noise,
multi-speaker, etc. ... One of the problem pointed out by
several authors [1], [2], [3] seems to be the feature extrac-
tion stage. Indeed, the comparison of the evolution of both
classification and feature extraction techniques puts in obvi-
ousness a great difference. The most used feature extraction
techniques are based on Linear Predictive Coding (LPC),
Mel Frequency Cepstral Coding (MFCC) and the Percep-
tual Predictive Linear (PLP) technique.

In a discrimination point of view, the Discriminant Fea-
ture Extraction (DFE) based on the Minimum Classification
Error (MCE) is an successful approach for many applica-
tions [2]. But, there is another approach for DFE frame-
work which consists in the the independent training of both
the feature extractor and the classifier [3]. This method is
more adapted for complex problems. Indeed, during the si-
multaneously training of the two stages, the evolution of the
feature extractor parameters is small compared to the clas-
sifier parameters [3]. The feature extractor has to be trained
with a criterion which measures the discrimination power
of selected features. For example, the criterion can be the

Maximization of the Mutual Information (MMI) between
the features and the class labels [4].

In this paper, we focused on DFE paradigm for Neu-
ral Predictive Coding (NPC), the DFE-NPC model [5] in
phoneme recognition task. The NPC model is a non linear
extension of LPC model. The proposed work is a theoretical
and experimental validation of discriminant properties the
Modelisation Error Ratio (MER) for the DFE-NPC model.

The paper is organized as follow: we first introduce the
DFE-NPC model and the MER. In a second time, a statis-
tical validation of discriminant properties the MER is pro-
posed. And, finally we test the model in phoneme recogni-
tion task and we make some conclusions.

2. THE DFE-NEURAL PREDICTIVE CODING

2.1. The NPC model

The Non Linear Auto-Regressive (NLAR) model computed
by the NPC model is the follow:

ŷk = F (yk) (1)

Wherek is the index of speech samples andyk is the predic-
tion context:yk = [yk�1; yk�2; :::; yk��]

T and� the length
of the prediction window.

F is a nonlinear function composed by two functions
Gw (w first layer weights) andHa (a output layer weights):

Fw;a(yk) = Ha ÆGw(yk) (2)

With ŷk = Ha(zk) andzk = Gw(yk).
The NPC model has the major advantage to allow a non-

linear modelisation with an arbitrary limited number of cod-
ing coefficients. The key idea of the NPC model is that the
coding vectors (output layers weightsa l) have to carry dis-
criminant phonetic features. The first layerw weights are
common to all the phonemes. This strategy is consistent



with the fact that the speech production model can be sep-
arated a common zone (the vocal tract) and specific zones
(contributions of the glottal flow and the radiation) [6].

Let us consider two phonemesi andj belonging to two
different classesCi andCj , the NPC models associated to
the two phonemes are the following:�

Fw;ai
= Hai

ÆGw
Fw;aj

= Haj
ÆGw (3)

The NPC modelsFw;ai andFw;aj are different whereasGw
is common to the two phonemesi andj. This function re-
mains common features and the discrimminant features are
carried by the discriminant functionsHai

andHaj
.

After the computation of all the phonemes belonging to
theM classes, one could make the same conclusion for the
features extracted from each classes. The coding vectors
associated to each classes carry discriminant features while
the first layer weights carry common features (cf. figure 1).

Learning

algorithm

Output layer l

Output layer l-1

Output layer l+1

Hidden layer

Estimated

sample

Prediction

error

Output layers

i.e. coding vectors

Phoneme

samples

yk

yk-N+2

yk-N+1

yk-N

yk-1

Prediction cell

Fig. 1. Architecture of the Neural Predictive Coding model

The learning process needs to be realized in two phases:
theparameters adjustment phase and thecoding phase. Dur-
ing the first phase, all the network weights are estimated
from a learning set composed of phonemes belonging to the
M classes. Next, the output layers weights are non longer
used while the hidden layer weights become the encoder
parameters. Then, during thecoding phase, the network
works as a two layers perceptron composed of the hidden
layer previously computed and one output cell. Thecoding
phase consists in the estimation of the output weights which
are the NPC coding coefficients.

2.2. The Modelisation Error Ratio

The principal problem with predictive approach is the lack
of discrimination: predictive models are trained indepen-
dently of each other. As a result, there is no explicit discrim-
ination between the models. In order to solve this problem

we developed a measure of discrimination between NPC
models: the Modelisation Error Ratio (MER)[5].

Let us defineLij as the prediction error computed on the
phonemei using the NPC-2 modelHaj

associated to the
phonemej:

L
i
j =

X
k

(yi;k �Haj
ÆGw(yi;k))2 (4)

Thei-MER is the inverse ratio of the prediction error of
the phonemei predicted by the correct NPC-2 model to the
prediction errors of the phonemei predicted by the others
NPC-2 models:

�i =

PM

j=1;j 6=i L
i
j

L
i
i

(5)

WhereM is the number of classes.

2.3. Statistical validation of the MER discriminant prop-
erties

In this section, we show the discriminant properties of the
MER by a comparaison with the MMI criterion.

First, let us suppose that the model of the vocal tract can
be approximated by the statistical process:

yi;k = Fw;ai
(yi;k) + �i;k (6)

With yi;k = [yi;k�1; yi;k�2; :::; yi;k��]
T is the prediction

context of the phonemei and�i;k are signal noises indepen-
dently and identically distributed (i.i.d.). The� i;k obey to a
normal distributionsN (0;�) with zero means and� = �I

covariances. According to this model, the conditional like-
lihood of observationyi;k is given by:

p(yi;kjyi;k;w; ai) = p(�i;k) =
1p
2��2

e
�

�2
i;k

2�2

= 1p
2��2

e
�
(Fw;ai (yi;k)�yi;k)

2

2�2

(7)

And the joint likelihood of the frame speech signalY i =

[yi;1; yi;2; : : : ; yi;K ] of the phonemei composed byK sam-
ples (in the hypothesis of equiprobable distribution) is the
follow:

p (YijYi;w; ai) =
1

(
p
2��2)K

e
�
PK
k=1(Fw;ai (yi;k)�yi;k)

2

2�2

(8)

Yi = fyi;1 : : :yi;Kg is the prediction window sequence
of the phonemei.

Equation 8 shows that minimization of the prediction
errorLii of the phonemei by the NPC-2 modelFw;ai is



equivalent to maximize the joint likelihood (under the pre-
vious assumptions):

min
w;ai

L
i
i = min

w;ai

KX
k

�
yi;k � Fw;ai

(yi;k)
�2

() max
w;ai

p(YijYi;w; ai) (9)

The Minimization of the inverse MER consists in the
minimization of the ratio between the prediction error of
the correct model (Lii) and prediction errors of other models
(
PM

j=1;j 6=i L
i
j). According to this definition and the previ-

ous result (9), the minimization of the inverse MER (5) can
be seen as the follow statistical process:

min
w;ai;aj

1

�i
= min
w;ai;aj

L
i
iPM

j=1;j 6=i L
i
j

() max
w;ai;aj

p(YijYi;w; ai)PM

j=1;j 6=i p(YijYi;w; aj)
(10)

The statistical interpretation of the Maximization of the
MER (10) can be related to discriminant criterion like the
Maximization of the Mutual Information (MMI). The MMI
criterion has been successfully applied to predictive models
[7]. The Maximization of the Mutual Information (MMI)
consists in the maximisation of the correct model probabil-
ity to the the probability of all models:

max
�i

I = max
�i

p(YijFi)PM

j=1 p(YijFj)p(Fj)
(11)

WhereYi = [yi;1; yi;2; : : : ; yi;k] is the speech signal of
the phonemei andFi is the associated predictor amongM
predictors (M classes).�i is the set of parameters of the
phoneme’s modeli.

The MMI criterion is equivalent to:

� min
�i

PM

j=1 p(YijFj)p(Fj)
p(YijFi)

� min
�i

(PM

j=1;j 6=i p(YijFj)p(Fj)
p(YijFi)

+ p(Fi)

)

(12)

Sincep(Fi) is independent of the model parameters� i, the
MMI consists in:

min
�i

(PM

j=1;j 6=i p(YijFj)p(Fj)
p(YijFi)

)
(13)

As we can see in the equations (13) and (10), the two criteria
are equivalent. In (13) the numerator is a mean likelihood
which is associated to an anti-model measure, whereas the

denominator is a modelisation term. The MER is also de-
fined in the same conditions (10), the numerator is the set
of prediction errors computed by anti-models, and the de-
nominator is the prediction error computed by the correct
model.

2.4. Discriminant Feature Extraction

Following the definition of thei-MER (5), the MER is an
extension to all theM classes and is defined as:

� =
Q
d

(M � 1)Qm
(14)

With Q
d =

PM

i=1

PM

j=1;j 6=i L
i
j andQm =

PM

i=1 L
i
i.

The DFE-NPC [5] optimization is based on the mini-
mization of the inverse MER:

QDFE�NPC =
1

�
(15)

The MER is a measure of discrimination between NPC mod-
els. Indeed, the maximization of the MER can be seen as a
maximization of the between-class covariance. We compare
a DFE-NPC model with the NPC-2 model (a model without
explicit discrimination). The figure 2 represents the evolu-
tion of the MERs during the parameters adjustment phase,
and in a same time we estimate the between-class covari-
ances (cf. figure 3).
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Fig. 2. Evolution of the MER during the parameters adjust-
ment phase

3. PHONEME RECOGNITION EXPERIMENTS

The aim of this work is to validate experimentally the dis-
criminant properties of the DFE-NPC based on the MER.
We have proposed in [8] a Modular NPC architecture. It al-
lows to combine DFE-NPC models by macro-classification
stages for phoneme recognition task. So, the experience
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Fig. 3. Evolution of the between-class covariance during
the parameters adjustment phase

consists in a comparison of this architecture with traditional
coding methods: LPC, MFCC and PLP.

The phonemes belong to the Darpa-Timit database. They
are extracted from all the speakers in order to produce a
multi-speaker environment. Depending on their duration,
each phoneme is split into a number of frames: the length
of analysis windows is set to 256 samples with an overlap-
ping factor of 128 samples. For each class the number of
frames is set to 300 and the coding vector dimension is set
to 12. The classifier used to estimate the performance of
the DFE-NPC encoder is a simple multi-layer perceptron
(MLP) with 12 inputs, 10 neurons and as many outputs as
there are phoneme classes.

The phoneme recognition process is broken up on sev-
eral stages. First, the phoneme is divided into fixed frames.
Then, the frames are coded by the different encoders and
the classification provides a label. Finally, by the help of
the number of frames, a majority voting method allows to
obtain the overall decision (for the whole phoneme).

Front vowels: ih ey eh ae 39.32%
Central vowels: ah er 41.45%
Back vowels: uw uh ow aa 36.08%
Diphthongs: ay aw oy 56.64%
Semi-Vowels: y w 64.65%
Liquids: l r 75.46%
Nasals: m n ng 57.61%
Plosives (Voiced): b d g 72.94%
Plosives (Unvoiced): p t k 88.99%
Fricatives (Voiced): v z jh 70.65%
Fricatives (Unvoiced): f s ch 74.43%

Table 1. Recognition rates for Modular NPC for each base

The recognition rates for the different classes are pre-
sented on table 1, the recognition rates of the macro clas-
sification stages are take into account. The overall is about
61.65% (see table 2). The results put in obviousness the

LPC MFCC PLP Modular NPC
48.3% 51.25% 52.3% 61.65%

Table 2. Recognition rates for all the phonemes

improvement of the DFE-NPC. Indeed, the discrimination
introduced allows to increase the recognition rates.

4. CONCLUSIONS

Discriminant Feature Extraction is an essential requirement
for speech recognition. The DFE-NPC model has main
characteristics for feature extraction. First, it is a non lin-
ear model but with a limited coding coefficients dimension.
We have proposed a theoretical validation of the DFE-NPC
discriminant properties (based on the MER) by a link with
the MMI. The experimental validation with the help of the
Modular NPC shows that the recognition rates are clearly
improved (approximately 10%).
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Abstract. Speech feature extraction methods are commonly based on
time and frequency processing approaches. In this paper, we propose a
new framework based sub-band processing an non-linear prediction. The
key idea is to pre-process the speech signal by a filter bank. From the
resulting signals, non-linear predictors are computed. The feature ex-
traction consists in the association of different Neural Predictive Coding
(NPC) models. We apply this new framework to phoneme classifica-
tion. The experiments carried out with the NTIMIT database show an
improvement of the classification rates in comparison to the full-band
approach. The new method gives also better performances than the tra-
ditional ones (LPC, MFCC and PLP).

1 Introduction

Speech feature extraction stages are commonly based on time and frequency
processing methods. Indeed, the most used method is the Mel Frequency Cepstral
Coding (MFCC) but the Linear Predictive Coding (LPC) has been also used.
The success of the MFCC is partly due to the sub-band processing used since it
is based on Mel-scale filter bank.

The filter banks are usually designed according to so some model of the audi-
tory system [1]. Several models have been proposed for speech feature extraction
[14], [7], [9], [5]. Among the advantages of sub-band processing approaches, the
robustness is a significant point. For instance in speech coding [6], [16] and in
speech enhancement [11], the filter banks clearly improve the performances in
noisy environnements.

In a classification point of view, the division of the whole frequency domain
into sub-bands and the application of different strategies is way for error rates
reduction. In speaker recognition [2], it is known that some sub-bands remain
more speaker dependent features. In speech recognition, similar ideas have been
followed. Works on human being recognition [1] show that the linguistic message
is decoded in different sub-bands and the final decision consists in merging the
information from these sub-bands [10].

In this paper, we are interested in the combination of sub-band processing
and non-linear predictive methods. The key idea is to divide the whole frequency



domain into sub-bands and then non-linear predictors are used for feature ex-
traction. The combination of filter banks and predictors is intensively used in
speech coding. The purpose of this paper is to compare full-band non-linear
predictors for feature extraction and sub-band based approaches.

The paper is organized as follows. Section 2 is dedicated to the description
of the new feature extractor. Then, section 3 presents the non-linear predictor
used: The Neural Predictive Coding (NPC). After, we present the experimental
conditions and the performances of the system for different phoneme groups.
Finally, we give some conclusions and prospects.

2 Non-linear Predictive Sub-band Feature Extractor

Traditionally, linear and non-linear predictors are computed directly from speech
signal samples. In speech coding and in speech enhancement, it has been shown
that such approach is not adapted for noisy environments. Several methods have
been proposed [6] and among them the combination of filter banks and predic-
tors. In feature extraction, similar ideas have been investigated. The Perceptual
Linear Prediction (PLP) [8] is an example. It consists in the modification of the
spectrum by auditory knowledge and then using the all-pole modelling like in
the LPC.

The principle of the proposed feature extraction method is described in fig-
ure 1. The first stage aims to pre-process the speech signal by a filter bank. The
following stage consists to the extraction of the features. Instead of using energy
from these sub-bands, the Neural Predictive Coding (NPC) model is used. The
features are extracted from signals resulting from the pre-processing.

This approach is different from traditional feature extraction methods. We
propose to pre-process the signal by a filter bank. The first stage can be designed
to reflect auditory knowledge. Feature extractors based on auditory models usu-
ally compute the energy of the sub-bands. In our model, the second stage is
based on a non-linear feature extractor: The NPC model which is a predictive
model. The next section is dedicated to the description of this model.

3 Neural Predictive Coding

The Neural Predictive Coding (NPC) model [4] [3] is a non-linear extension of the
well-known LPC encoder. Like in the LPC framework with the AR model, the
vector code is estimated by prediction error minimization. The main difference
lies in the fact that the model is non-linear and it is a connectionnist model:

ŷk = F (yk) =
∑

j

ajσ(wTyk) (1)

Where F is the prediction function realized by the neural model. ŷk is the pre-
dicted sample. yk the prediction context: yk = [yk−1,yk−2, ...,yk−λ]T and λ
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Fig. 1. Non-Linear Predictive Sub-band Based Feature Extraction.

the length of the prediction window. w and a represent the first and the output
layer weights. σ is a non-linear activation function, the sigmoid function in our
case.

The key idea is to use the NPC model as a non-linear auto-regressive model.
As in the LPC framework for the predictor coefficients, the NPC weights are the
vector code. It is well-known that the weights can be consider as a representation
of the input vector. A drawback of this method is that non-linear models have
no clear physical meanings [13]. The solution weights can be very different for a
same minimum of the prediction error. In our approach, we impose constraints
on weights.

3.1 Description

The NPC model is a Multi-Layer Perceptron (MLP) with one hidden layer.
Only the output layer weights are used as coding vector instead of all the neural
weights. For that we consider that the function F realized by the model, under
convergence assumptions, can be decomposed into two functions: Gw (w first
layer weights) and Ha (a output layer weights):

Fw,a(yk) = Ha ◦ Gw(yk) (2)

With ŷk = Ha(zk) and zk = Gw(yk).
As one can note the NPC structure allows a different prediction window’s

length independently to the coding vector size contrary to the LPC structure.



For the layers specialization, the learning phase is realized in two times.
First, the parameterization phase consists in the learning of all the weights by
the prediction error minimization criterion:

Q =
K∑

k=1

(yk − ŷk)2 =
K∑

k=1

(yk − F (yk))2 (3)

With y the speech signal, ŷ the predicted speech signal, k the samples index and
K the number of samples.

In this phase, only the first layer weights w which are the NPC encoder
parameters are kept. Since the NPC encoder is set up by the parameters defined
in the previous phase, the second phase, called the coding phase, consists in the
computation of the output layer weights a (vector code). This is done also by
prediction error minimization but only the output layer weights are updated.
One can note that the output function is linear (cf. equation 1), so it can be
done by the Levinson algorithm as for the LPC model. Here, for consistency
with the parameterization phase, it is done by the backpropagation algorithm.

The result from the layers specialization, the first layer weights w are common
to all the speech signal frames while the second layer weights a are specific to
each frame. For each frame, a feature vector a is computed by prediction error
minimization.

4 Evaluation and discussion

4.1 Experimental conditions

The NTIMIT database [12] is used in this experiment and more especially the
two first regions (DR1, DR2). By using this database, we carry out speech recog-
nition in telephone quality. One can note that the telephone bandwidth is ap-
proximately limited to 300-3400Hz. We focus on the processing of front vowels
(/ih/, /ey/, /eh/, /ae/), voiced plosives (/b/, /d/, /g/) and unvoiced plosives
(/p/, /t/, /k/). This choice can be justified by the fact that the classification
of these phonemes is known to be difficult and they are also often used. For
training and test databases, we use the division proposed by the database.

The classification is carried out by GMM (16 centers, diagonal assumption)
and it is a frame by frame classification (32ms with 16ms of overlapping). The
dimension of the features is set to 12.

The proposed feature extractor is based on sub-band processing but the
optimal number of sub-bands is still an open issue. In Mel-scale filter banks,
this number is about 20. We evaluate the performances of our model with 2
sub-bands (300-1140Hz, 1046-3400Hz) and 4 sub-bands (300-765Hz, 700-1640Hz,
1515-2700Hz, 2100-3400Hz) [15]. For the first case, we extract 6 NPC coefficients
by sub-band and for the second one, we extract 3 NPC coefficients in order to
keep a dimension 12 for the feature vector.

We make comparisons with traditional methods: LPC, MFCC and PLP. And
in order to evaluate the performances of the sub-band approach, we also test a
full-band NPC model.



4.2 Results

The classification rates for the NPC model in the different sub-band are grouped
in 1. The performances of the 2 sub-bands model are better than the full-band
model. This result shows that the sub-band approach, by dividing the whole
frequency domain, is effective for phoneme classification. Indeed, the phoneme
dependent features are distributed among different sub-bands [1], [10]. However,
for the 4 sub-bands model, the performances decrease. This is partly due to the
lack of data for each sub-band.

Table 1. Classification rates for different sub-bands (vowels).

Phoneme Full-band 2 sub-bands 4 sub-bands

/ih/, /ey/, /eh, /ae/ 49.03 52.4 50.89

The classification rates for the different methods are presented table 2. For
voiced phonemes, the performances are improved by non-linear methods even in
the case of the plosives (NPC: 62.24%, Sub-band NPC:63.87 %).

Table 2. Classification rates: significative improvements by non-linear and sub-band
methods.

Phoneme LPC MFCC PLP NPC Sub-Band NPC

/ih/, /ey/, /eh, /ae/ 35.22 48.12 45.12 49.03 52.4

/b/, /d/, /g/ 54.13 59.23 57.21 62.24 63.87

/p/, /t/, /k/ 44.10 51.45 46.98 49.36 52.56

In the case of unvoiced plosives, the performances are appreciatively equiv-
alent to the state-of-art method (MFCC:51.45%, Sub-band NPC: 52.56%). De-
spite of this result, the performances are improved in comparison to the full-band
approach (Full-band: 49.36%, Sub-band: 52.56%).

5 Conclusion

In this paper, we propose a new framework for speech feature extraction. It con-
sists in the combination of filter banks and non-linear predictors. The filter banks
act to pre-process the signal in different sub-bands. These sub-bands remain
phoneme dependent features. They are extracted by the help of a non-linear
feature extractor: The Neural Predictive Coding (NPC) model. The obtained
features are decorrelated and are efficient for classification. The results are bet-
ter than the full-band approach and moreover better than traditional methods:
MFCC, LPC and PLP.



In our approach, the number of sub-bands is still an open issue. Our future
works are dedicated to the introduction of explicit discriminant criteria between
the NPC models. We are also interested in different applications like speaker
recognition and speech/music discrimination.
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Abstract. In this paper we propose a new feature extraction algorithm
based on non-linear prediction: the Neural Predictive Coding (NPC)
model which is an extension of the classical LPC one. We apply this
model to two significant tasks: phoneme classification and speaker iden-
tification. For the first one, the NPC model is trained with a Minimum
Classification Error (MCE) criterion. The experiments carried out with
the NTIMIT database show an improvement of the classification rates.
For speaker identification, we propose a new feature extraction princi-
ple based on the NPC model. We also investigate different initialization
methods. The new method gives better performances than the traditional
ones (LPC, MFCC and PLP).

1 Introduction

The design of speech and speaker recognition systems is commonly based on
three stages: signal acquisition, feature extraction and pattern classification. Fea-
ture extraction is an important stage in recognition systems. The main objective
of this stage is the extraction of relevant characteristics for the next stage which
is the classification stage. It is usually done in a same way for phoneme classifi-
cation and for speaker recognition whereas the final purpose is different. Linear
Predictive Coding (LPC) or the Mel Frequency Cepstral Coding (MFCC) are
the most used methods.

However, some limits seem to be reached and it is difficult to overcome them
with conventional methods. One of the reasons is the great variability of the
speech signal. Variations are due to several elements. There are obviously inter-
speakers and intra-speakers variabilities. The sound environment as well as the
phonetic context (coarticulation) are also elements prone to introduce variability
into speech signals. Several authors pointed out the need of specific features
for each task [1], [2]: speech transmission, speech, speaker recognition or even
language identification.

A good feature extractor must extract the features necessary to the recogni-
tion process. The problem is that these features are not really known. A solution
consists in the exploitation of knowledge about the human operation. This way
is limited by the efficiency of the knowledge for the objective [1]. Some of the

G. Chollet et al. (Eds.): Nonlinear Speech Modeling, LNAI 3445, pp. 344–350, 2005.
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phenomena are useful like critical bands (filter banks) or non-linear modelization
(Mel and Bark scales) which have been implemented in the MFCC or the PLP.
Designing feature extractor by exploiting these knowledge is called data-driven
methods [1].

In this paper, we focus on feature extraction for two significant tasks in speech
processing: phoneme classification and speaker identification. The proposed work
is an investigation on non-linear speech processing in feature extraction. For that,
we examine non-linear modelization but also discriminant criteria.

The paper is organized as following. First, we describe our non-linear model
called the Neural Predictive Coding (NPC). Then, we discuss on the two different
tasks: phoneme classification and speaker identification. For both experiences are
carried out and they give significative improvements of the recognition rates.

2 Neural Predictive Coding

The Neural Predictive Coding (NPC) model [3] is a non-linear extension of the
well-known LPC encoder. Like in the LPC framework with the AR model, the
vector code is estimated by prediction error minimization. The main difference
lies in the fact that the model is non-linear and it is a connectionnist model:

ŷk = F (yk) =
∑

j

ajσ(wT yk) (1)

Where F is the prediction function realized by the neural model. ŷk is the pre-
dicted sample. yk the prediction context: yk = [yk−1, yk−2, ..., yk−λ]T and λ the
length of the prediction window. w and a represent the first and the output layer
weights. σ is a non-linear activation function, the sigmoid function in our case.

The key idea is to use the NPC model as a non-linear auto-regressive model.
As in the LPC framework for the predictor coefficients, the NPC weights are the
vector code. It is well-known that the weights can be consider as a representation
of the input vector. A drawback of this method is that non-linear models have
no clear physical meanings [4]. The solution weights can be very different for a
same minimum of the prediction error. In our approach, we impose constraints
on weights.

2.1 Description

The NPC model is a Multi-Layer Perceptron (MLP) with one hidden layer.
Only the output layer weights are used as coding vector instead of all the neural
weights. For that we consider that the function F realized by the model, under
convergence assumptions, can be decomposed into two functions: Gw (w first
layer weights) and Ha (a output layer weights):

Fw,a(yk) = Ha ◦ Gw(yk) (2)

With ŷk = Ha(zk) and zk = Gw(yk).
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As one can note the NPC structure allows a different prediction window’s
length independently to the coding vector size contrary to the LPC structure.

For the layers specialization, the learning phase is realized in two times.
First, the parameterization phase consists in the learning of all the weights by
the prediction error minimization criterion:

Q =
K∑

k=1

(yk − ŷk)2 =
K∑

k=1

(yk − F (yk))2 (3)

With y the speech signal, ŷ the predicted speech signal, k the samples index and
K the number of samples.

In this phase, only the first layer weights w which are the NPC encoder
parameters are kept. Since the NPC encoder is set up by the parameters defined
in the previous phase, the second phase, called the coding phase, consists in the
computation of the output layer weights a (vector code). This is done also by
prediction error minimization but only the output layer weights are updated.
One can note that the output function is linear (cf. equation 1), so it can be
done by the Levinson algorithm as for the LPC model. Here, for consistency
with the parameterization phase, it is done by the backpropagation algorithm.

The result from the layers specialization, the first layer weights w are common
to all the speech signal frames while the second layer weights a are specific to
each frame. For each frame, a feature vector a is computed by prediction error
minimization.

3 Feature Extraction in Phoneme Classification

The purpose of this task is to extract phonetic information from the speech
signal. In this section, we investigate the importance of non-linear modelization.
First, we compare our non-linear feature extractor (NPC) to traditional methods
in order to validate the importance of non-linear modelization. Secondly, we
propose a discriminant model with non-linear discrimination.

The discriminant model is based on the simultaneous training of a classifier
and the NPC model [5] (see figure 1). For classification, we use the LVQ model
(Learning Vector Quantization). The LVQ and the NPC are optimized through
the Minimum Classification Error (MCE) criterion and the new model is called
the LVQ-NPC model.

3.1 Evaluation and Discussion

The NTIMIT database [6] is used in this experiment and more especially the two
first regions (DR1, DR2). By using this database, we carry out speech recognition
in telephone quality. We focus on the processing of front vowels (/ih/, /ey/, /eh/,
/ae/), voiced plosives (/b/, /d/, /g/) and unvoiced plosives (/p/, /t/, /k/).
This choice can be justified by the fact that the classification of these phonemes
is known to be difficult and they are also often used. For training and test
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Feature extractionSignal acquisition
Input data Recognized class

Pattern classification

MCE
criterion

Fig. 1. Discriminative Feature Extraction based on the Minimum Classification Error

databases, we use the division proposed by the database. A part of the training
set is used as a cross-validation base, in order to stop the classifiers training but
also the LVQ-NPC parameterization phase. The classification is carried out by
GMM (16 centers, diagonal assumption) and it is a frame by frame classification
(32ms with 16ms of overlapping). The dimension of the features is set to 12.

The classification rates for the different methods are presented table 1. For
voiced phonemes, the performances are improved by non-linear methods (NPC:
49.03%, LVQ-NPC: 54.81%) even in the case of the plosives.

Table 1. Classification rates: significative improvements by non-linear and discrimi-
nant methods

Phoneme LPC MFCC PLP NPC LVQ-NPC

/ih/, /ey/, /eh, /ae/ 35.22 48.12 45.12 49.03 54.81

/b/, /d/, /g/ 54.13 59.23 57.21 62.24 66.33

/p/, /t/, /k/ 44.10 51.45 46.98 49.36 53.22

For unvoiced phonemes, the performances are degraded for predictive meth-
ods (LPC: 44.10%, NPC: 49.36%) compared to the MFCC (51.45%). However,
discrimination makes it possible to overcome this problem and to obtain bet-
ter results LVQ-NPC: 53.22% (cf. table 1). This result is important because it
shows that non-linear approach is obviously needed for modelization but also for
discrimination.

4 Feature Extraction in Speaker Identification

This section is devoted to another task: feature extraction for speaker identifica-
tion. This task consists in the extraction of speaker dependent features and they
have to be independent to the phonetic context. As for phoneme classification,
these features are not really known even if some efforts have been done [2].

Currently in speaker recognition, feature extraction is carried out in a same
way for all the speakers. Most of the efforts have been made in the second
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Feature extractor 1
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Fig. 2. Speaker dependent feature extraction principle

stage which is the model of the speaker. In our system, the speaker is obviously
modelized by the second stage (reference model) but the first stage (feature
extractor) is also specialized in the processing of this speaker. The speaker-
dependent features are extracted by the NPC model (see figure 2). Each NPC
model is specialized in the processing of only one speaker.

4.1 Linear Initialization of Non-linear Models

We also investigate initialization of non-linear models [7]. This initialization is
referred as a linear initialization but it differs from conventional neural networks
initializations. The proposed initialization exploits speech knowledge. We used
the LPC coding method for the initialization of the non-linear coding model.
By this way, one can see the NPC as a non-linear feature extractor initialized
by a linear model. By neglecting biaises and removing the non-linear activation
functions (for linear approximation), one obtains the following equivalence:

Θ = w • a (4)

Where Θ are the LPC parameters of the speech signal, w first layer weights
(determined in the previous phase: the parameterization phase) and a second
layer weights.

If the NPC vector code dimension is ρ and the prediction window is λ then
the LPC vector code dimension has to be set to λ. The second layer weights a
are given by:

a = w+ • Θ (5)

Where w+ is the pseudo-inverse of w.
The initialized weights are determined by a simple LPC analysis with an

order λ. Once the initialization is accomplished, the coding process (prediction
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error minimization) proceeds as well as the original NPC coding phase by the
backpropagation algorithm.

Initialization of non-linear models by linear ones has been already investi-
gated [8] but with matrices decomposition methods (SVD, QR,...). The main
limitation relies in the multiplicity of the solution. In this paper, we propose a
method which guarantees a single solution.

4.2 Evaluation and Discussion

Our experiments have been computed over 49 speakers from the Gaudi database
[9] that has been obtained with a microphone connected to a PC. One minute of
read text is used for training, and 5 sentences for testing (each sentence is about
2-3 seconds long). The feature vector dimension is set to 16. A covariance matrix
(CM) is computed for each speaker, and an Arithmetic-Harmonic Sphericity
(AHS) measure is used in order to compare matrices [10].

Table 2 presents the experimental results. One can see that for the tradi-
tional methods, the best performances are obtained for the MFCC (97.55%) and
the LPCC (96.73%) coding methods. These methods try to model the phonetic
context but also the speaker characteristics. The LPC model has a better score
(90.61%) than the PLP (86.12%). This is due to the fact that the PLP method
suppresses speaker dependent characteristics. It is why the PLP allows compa-
rable performances with the MFCC in speech recognition task (cf. Section 3).

Table 2. Speaker identification rates

Speech coding method Identification rate (%)

LPC 90.61

LPCC 96.73

MFCC 97.55

PLP 86.12

NPC (random initialization) 61.63

NPC (linear initialization) 100

Depending on the initialization, the NPC behavior is very different. We ob-
tain 61.63% for the random initialization while for the linear initialization we
obtain 100%. This last initialization gives the best results. One of the reasons is
that it allows the unicity of the initialization. Another reason is that the LPC
is appropriated to the modelization of voiced part which contains more speaker-
dependent characteristics.

5 Conclusions

Usually, speech and speaker recognition systems are improved by statistical
methods. In this paper, we study the feature extraction stage. This stage can be
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improved by several methods and among them non-linear processing. Feature ex-
traction in phoneme classification has shown that non-linear processing is needed
for modelization but also for discrimination. We proposed another method for
feature extraction in speaker identification. In this task, we show that non-linear
models can be initialized by linear models and it can be useful.

The proposed work is an investigation on feature extractors. We show that
non-linear speech processing can be effective if we use it in a suitable way.
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The Predictive Self-Organizing Map : application to
speech features extraction
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Paris. France
Bruno.Gas@upmc.fr

Abstract - Some well known theoretical results concerning the universal approximation
property of MLP neural networks with one hidden layer have shown that for any function f
from [0, 1]n to <, only the output layer weights depend on f . We use this result to propose
a network architecture called the predictive Kohonen map allowing to design a new speech
features extractor. We give experimental results of this approach on a phonemes recognition
task.

Key words - speech features extraction, function approximation, signal prediction

1 Introduction

Most of the speech recognition systems require in the very first stage to model the short-
term spectrum of the signal (typically windows from 10 to 20 ms). MFCC parameters (Mel
Frequency Cepstrum Coding) are for a long time used because of their robustness and of
the quality of their statistical distribution. Authors as Hermansky [3] however pointed out
the importance to revisit the feature extraction stage. He proposed to use the more recent
perceptual auditive models such as the PLP and RASTA-PLP [1],[2]. One also find parametric
approximation methods of the short-term spectrum. Instead of using directly the short-term
spectrum as for MFCC, one can approximate it by parametric approaches like it is done in
the well-known LPC (Linear Predictive Coding). Usually these approximations are based on
linear assumptions of the speech production model (i.e. vocal tract).

1.1 Non linear models

Gas and Zarader [7] proposed a new feature extraction method based on a neural network
approach (MLP) : The Neural Predictive Coding (NPC). This model is a non-linear extension
of the LPC. Consequently, the NPC parameters are the coefficients of the non-linear auto-
regressive model estimated by prediction error minimization [4]. They can be seen as a
nonlinear parametric modeling of the short-term spectrum. The main drawback of neural
networks approach is the feature vector dimension which can be very high [5]. Traditionaly
used approach consists in reducing the representation space by the means of a discriminant
analysis (LDA) [8], possibly nonlinear (NLDA) [6]. The NPC model aims to solve this problem
by using the output layer weights as a signal representation or features. The generated
acoustic vector thus sees its dimension depending only on the arbitrary number of hidden
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cells and not on the input size (i.e. prediction context). It is not necessary any more to
change the representation space.

1.2 Discriminative models

One drawback of the NPC parameters, inherited from LPC parameters, is their lack of
discrimination. In fact, they are more adapted to speech coding and synthesis applications
[11]. Juang and Katigiri [9] showed that a reinforcement of the discriminant property can be
obtained by adapting the features extraction to the classification task. For example, Biem
and Katagiri [10] proposed to estimate the optimal spectral width of the MFCC filters bank
during the classifier training stage. Similar ideas have been used to make improvements of the
NPC coder. Two new versions of the coder were thus proposed (DFE-NPC and LVQ-NPC),
[13]. They were tested on phonemes recognition [14] and speaker recognition [15].

1.3 Unsupervised models

Some applications (for example the segmentation of unknown speakers in radio broadcast
news) do not provide classes membership information (the speakers). An alternative consists
in using unsupervised algorithms. We propose in this article a new unsupervised version of
the coder called NPC-K (K for Kohonen) which could be also called SOM-NPC. The output
layer cells are organized according to a topological map called the topological predictive map.
We show by experiments that a specialization of the output layer weights is obtained by
self-organization, according to the membership class of the input signals.

2 NPC-K parameters

In 1957, Kolmogorov proved with its superposition theorem (13th Hilbert problem refutation)
that every continuous function f from En to < defined on the n-dimensional Euclidean unit
cube En and with range on the real line < can be represented as a sum of continuous functions:

f(x1, . . . , xn) =
2n+1∑

q=1

φq(
n∑

p=1

ψpq(xp)) (1)

Hecht-Nielsen [16] recognized that this specific format of Kolmogorov’s superpositions can be
interpreted as a feedforward neural network with a hidden layer that computes the variables

yq =
n∑

p=1

ψpq(xp) (2)

This suggestion has been criticized by Poggio and Girosi [17] for several reasons, one being
that applying Kolmogorov’s theorem would require the learning of nonparametric activation
functions. However, other similar results have been obtained by the use of functional analysis
theorems [18]. What makes Hecht-Nielsen’s network particularly attractive for us is that the
hidden layers are fixed independently of any function f , so that in theory this part of the
neural network is trained once for n (It was demonstrated by Kurkova [19], Sprecher and
Katsuura [20] and others that there are universal hidden layers that are independant even
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of n). The NPC features extractor is builded from this principle : only the output layer
weights are the feature vector. The remaining problem is then to estimate the hidden layer
weights. Four estimation methods have been already proposed (NPC, NPC-2, DFE-NPC
and LVQ-NPC). The proposed one here has the advantage of being unsupervised and clearly
puts in obviousness the output weights specialization.

2.1 NPC-K coder definition

Following the Lapedes and Farber [4] model, one can see the NPC encoder as a layered neural
network trained to predict time series. For a given signal frame m generated by an unknown
non linear operator f , it is trained from examples of pairs of xk = [yk−1, yk−2, . . . , yk−λ]>

input vectors and yk output samples, while minimizing the mean square error:

Qm(Ω,a) =
1

2

K∑

k

(yk − FΩ,a(xk))
2 (3)

where FΩ,a is the non linear function realized by the neural network with parameters noted
Ω (first layer weights) and a = [a1, . . . , aN ]> (hidden layer weights) including sigmoidal
node functions. More precisely, FΩ,a can be viewed as the composition of two functions GΩ

(corresponding to the network first layer) and Ha (corresponding to the network output layer)
such that:

FΩ,a(xk) =
∑

i

aiσ[
∑

j

ωijyk−j ] = GΩ ◦Ha(xk) (4)

The NPC coding needs two computing stages. 1) the parameters adjustment stage which
consists in the learning of the weights of the first layer Ω once a time; 2) the features extraction
stage which occurs at every signal frame coding: only the a weights are learned while the
hidden layer weights (issued from the first stage) remain fixed. The prediction error which
must be minimized over all the sample vectors xk of the frame m is then given by :

Qm(a) =
∑

k

(yk −Ha(zk))
2 with zk = GΩ(xk), (5)

using a standard multidimensional optimisation method, e.g. steepest descent (error back
propagation).

2.2 NPC distance

The first stage (first layer weights learning), which is unsupervised in our case, is done
by defining a set of predictive output cells organized on a 2 dimension map. Because the
comparison between patterns from the input signals space and vectors from the second layer
weights space is not immediate, we need to define a specific distance. The NPC distance [14]
between two signal frames l and m is defined as the Itakura’s distance measure was in the
framework of linear prediction techniques [22]:

dNPCΩ (l,m) = log
Qm(Ω,al)

Qm(Ω,am)
(6)

(6) gives the ratio of the frame m prediction error using the frame l NPC parameters al and
the same frame prediction error, but using the frame m NPC parameters am. When applying
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the m signal frame to the NPC (for a given Ω) with its adapted coding coefficients am, the
output residual error Qm(Ω,am) is minimal. On the other hand, when applying the same
signal to the NPC with the adapted coding coefficients al of the l signal frame, the residual
error Qm(Ω,al) is not minimal and one obtains Qm(Ω,al) ≥ Qm(Ω,am). For l = m, one
has dNPCΩ (l,m) = 0. Let us note that dNPCΩ (l,m) is a not a true distance since it is not
symetrical.

2.3 First layer weight and predictive map trainning

We define a network structure with L output cells on a 2D map (see fig. 1) with a local
neighborhood function V σ. In traditional Kohonen map, the algorithm is based on the
Euclidean distance in the input space. However in this new predictive map, we use, for
consistency, the previously defined NPC distance in the signal space. The obtained algorithm
is described as follows:
For all the training frames m :

1) finding the winner neuron l∗ of the map such that :

l∗ = arg min
l=1,...,L

dNPCΩ (l,m) = arg min
l=1,...,L

{log
Qm(al)

Qm(am)
} = arg min

l=1,...,L
{Qm(al)} (7)

2) updating the winner neuron and its neighbors weights such as to minimize the dNPC

distance (this is equivalent to minimize the square prediction error) :

Qm(a1,...,L) =
L∑

l

∑

k(m)

(yk −GΩ ◦Hal(xk))
2V σ(l∗, l) (8)

were V σ(l, l∗) = e−
d(l,l∗)

2σ is the neighborhood function (a gaussian low in our case, d(l, l∗)
being the length of the shortest way between l and l∗ in the map and σ the standard
deviation). σ is a decreasing function of the learning time such that σ(q) = [

σf
σi

]
1
N σ(q−1)

where σi and σf are the initial and the final imposed values of the standard deviation
and N the learning iteration number.

3) updating the first layer weights by error backpropagation

The expressions that permit to adapt the vector weights are derived from the traditionnal
MLP backpropagation algorithm (gradient descent) as follows :

1) output layer weigths al :

ail(q) = ail(q − 1)− ∂Qm
∂ail

(9)

= ail(q − 1) + V σ(l∗, l)
∑

k(m)

(yk − φ(Vk))φ̇(Vk)φi(xk) (10)

φ being the sigmoid function, Vk the l map cell potential : Vk =
∑

j ajlφj(xk) and

φi(xk) the output of the ith first layer cell.
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2) first layer weigths ωji :

ωji(q) = ωji(q − 1)− ∂Qm
∂ωji

(11)

= ωji(q − 1) +
L∑

l=1

ailV
σ(l∗, l)

∑

k(m)

(yk − φ2
l (xk))φ̇

2
l (xk)φ̇

1
i (xk)yk−j (12)

where φ1
i (xk) is the activity of the ith first layer cell and φ2

l (xk) the activity of the l
output map cell. φ̇ denotes the derivative sigmoid function.

xk( )F a, lΩ

x k( )F a, l*Ω

λ

λ

λ
Ω al

a

First layer weights Output layer weights
(feature vectors)

l*

Predictive 2D map

Winner cell neighborhood

σ

y

y

y

y

y

k−   

k−  +1

k−  +2

k−1

k

Training
algorithm

Frame l samples

Figure 1: NPC-K coder.

2.4 NPC-K feature vector computing

There are at least two ways of using the NPC-K predictive map. One can uses it as a
feature extractor or both as a feature extractor and a feature classifier. As forth-mentioned
in paragraph 2.1), the first way consists in estimating the a weight vector while presenting
the signal frames. The second way consists in using the predictive map by 1) labelling it in
an adequate manner and 2) choosing the map cell which minimize the NPC distance when
presenting a signal as input. This last way is of a greater interest for us : combining data
modelization and data classification is one of the research interests on which we are focused.
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vowels voiced plosives unvoiced plosives
frames 11701 883 3223
phones /aa/ /ae/ /ey/ /ow/ /b/ /d/ /g/ /p/ /t/ /k/
frames 2924 4600 2161 2016 258 312 313 623 1100 1510

% 24% 39% 18% 17% 29% 35% 35% 19% 34% 46%
cells (/64) 13 32 13 6 14 32 18 19 34 46

% 20.3% 50% 20.3% 9.3% 22% 50% 28% 15.6% 53.1% 31.2%

Table 1: Phoneme training bases

2.5 Experimental results

We built three phoneme bases extracted from the Darpa-TIMIT speech database. The first
base groups four classes of voiced phonemes (vowels) very commonly used: /aa/, /ae/, /ey/
and /ow/. the second and the third bases group two series of phonemes : /b/,/d/,/g/
(voiced plosives) and /p/,/t/,/k/ (unvoiced plosives). Those phonemes are frequently used
and simultaneously difficult to process. We used the two first Dialect Regions : DR1 (see
table 1) for the training set of both the NPC-K first layer estimation and both the MLP
classifier training. DR2 for the test set.

d d d d d g g g
d d d d d b g g
d d d d d b g g
d d d d g b g g
g d d d d d g g
d d d b d d g g
d b d b b b b b
d b b b g g g b

q q q q q q q t
q q q q q q p t
q q p t t t t t
q p p p t t t t
p q p p t t t t
p q t t t t t t
p q q t t t t t
t t t t t t t t

ow ow aa ae ae ae ae ey
ow aa aa aa ae ae ae ey
ow aa aa aa ae ae ey ey
ow ae aa aa ae ae ey ey
aa ae ae ae ae ae ae ey
aa aa ae ae ae ae ey ey
ow ae ae ae ae ae ey ey
aa ey ey ae ae ae ae ae

Table 2: Map cells labelling for the 3 phoneme bases

We trained three NPC-K coders of 16 inputs, 16 hidden cells, 8×8 = 64 predictive cells and σ
varying from 8 to 0.1. After 50 training epochs (for example each epoch means 11701 frames
presented to the network for the first vowels base) we then obtained the map cells labelling in
table 2. A map cell is labelled according to the most frequently winner class. The coder can
be then used as a phonemes classifier. The number of cells sharing the same label depends

features extractor classifier data set recognition rate
vowels voiced plosives unvoiced plosives

NPC-K NPC-K map training set 64% 66% 76%
NPC-K NPC-K map test set 59% 63% 69%
NPC-K MLP training set 64% 88% 86%
NPC-K MLP test set 56% 64% 77%

LPC MLP training set 75% 88% 87 %
LPC MLP test set 70% 63% 76 %

Table 3: Phonemes recognition rates obtained from 2 layers MLP and NPC-K classifiers
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on the signals class complexity but also on the ratio of the corresponding frames used for the
training (see the table 1). Once the first stage is finalized, we compute the NPC-K parameters
of the DR1 and DR2 speech frames. The DR1 features were used to train a two layers MLP
(16 × 10 × 3 cells, for the /p/, /t/, /k/ phonemes experiment for example) as a phoneme
classifier (60000 training iterations). We reported on table 3 the recognition rates obtained on
the three bases from both the coder and both the MLP classifier. For comparaison, we added
the scores obtained using the LPC features extractor (Linear Predictive Coding) on the same
data set. The visible organization of the output cells on the 2D map shows that the output
layer weights carry really important features related to the modelized short-term spectrum.
However comparaison with the LPC coding shows that vowels features are extracted better
with LPC than with NPC parameters. On the contrary, all of the plosives features are well
extracted with NPC as well as with LPC.

3 Conclusions

We have proposed a predictive self-organizing map architecture which ensure the unsuper-
vised training of a NPC coder under the assumption that only the second layer weights carry
the modelized signal features. Phoneme feature extraction experiments given in this article
have shown an interesting self-organizing process of the output cells which seems to confirm
the initial assumptions. Our current works are devoted to the study of an adaptative neigh-
borhood function. We are also focusing on a non deterministic reading of the predictive map
mainly because the higher levels of speech systems usually need class probability estimation.
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Abstract

Speech recognition systems are composed of different modules involving signal pro-
cessing, pattern recognition and so on. In this paper we focus on the design of the
feature extractor stage which aims to compute optimal vectors for the next pat-
tern classification stage. We propose a new non-linear feature extraction method
based on the Neural Predictive Coding (NPC) scheme integrated with a Learning
Vector Quantization (LVQ) stage. The main idea is to design an improved feature
extractor based on the NPC by the introduction of additional discriminant con-
straints provided by the LVQ classifier. This cooperation between the NPC and the
LVQ is achieved with the help of the well-known Discriminative Feature Extraction
(DFE) framework. The feature extractor and the classifier are designed for simul-
taneuos optimisation of the same objective: the Minimization of the Classification
Error (MCE). The effectiveness of the proposed method is estimated on phoneme
classification tasks. We evaluate the performances on the NTIMIT database (tele-
phone quality), focussing the investigations on high confusable phonemes: front
vowels (/ih/, /ey/, /eh/, /ae/), voiced plosives (/b/, /d/, /g/) and unvoiced plo-
sives (/p/, /t/, /k/). The performance is compared with other widely used coding
methods namely, the Linear Predictive Coding (LPC), Mel Frequency Cepstral Cod-
ing (MFCC) and the Perceptual Linear Predictive (PLP) schemes. The experiments
show an improvement in the rates by the use of our proposed non-linear discriminant
method.

Key words: Data-driven Feature Extraction, Neural Predictive Models, Non-linear
Speech Processing.
PACS:
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1 Introduction

In pattern recognition, there are two main ways to improve the performance
of the recognizer: namely by using a feature extractor and a classifier (see
figure 1). For research purposes, one could aim to investigate a sophisticated
feature extractor which allows a better description of the pattern. On the
other hand, one can choose to use a basic descriptor or feature extractor and
develop a sophisticated classifier. As pointed by Duda et al.[1], the distinction
between feature extraction and classifier stages is made only for practical
reasons. In speech processing, the distinction is more accentuated since the
methods for classification and feature extraction are very different. Most of
the classification methods at present are statistical based while the feature
extraction ones are frequential and/or temporal methods. One of the reasons
is that by examining the pattern shape (speech signal) one cannot directly
or easily find appropriate features and this is in contrast with other pattern
classification problems such as handwritten or object recognition problems.
Some methods were initially proposed for spectrogram reading[2]) about two
decades ago, whilst more recently, methods related to speech signal description
such as energy or zero crossing rate have been proposed.

Feature extraction Pattern classification

Acoustic models

Signal acquisition

Input data
Recognized class

Fig. 1. Automatic speech recognition system: an association of specialized modules.

2 Problem dimensions

2.1 Traditional methods

The most commonly used speech coding methods are the Mel Frequency Cep-
stral Coding (MFCC) and the Perceptual Linear Predictive (PLP) methods.
These methods are examples of successful auditory knowledge integration. In-
deed, they are respectively based on the Mel and the Bark scales and both
of them are inspired by the human auditory process. Various models which
try to mimic this process have been proposed[3,4]. However, as pointed out
by Hermansky [5], the human properties are not all implementable and useful

2



for recognition. Some auditory properties such as non-linear scale or spectral
compression seem to be efficient.

In contrast with the MFCC or PLP, Linear Predictive Coding (LPC) is moti-
vated from a speech production perspective. It is based on an Auto-Regressive
(AR) model of the vocal tract and has been intensely used in transmission but
less in recognition tasks.

All these methods have been successfully applied to speech processing but they
have some limitations. First, speech signals result from non-linear phenomena
due to several physiological reasons (vocal tract, air flow turbulences, ...)[6–8].
Secondly, there is no a priori class information during the coding process:
the features are extracted in the same way for all the sounds in spite of their
obvious differences (vowels, voiced, unvoiced, nasals, ...). In this contribution,
we investigate introduction of class membership information and non-linear
modelling during the coding phase in contrast with what is usually done.

2.2 Related works

2.2.1 Non-linear feature extraction

In order to overcome these limitations, several feature extraction methods have
been considered. Lee et al.[9] have proposed a feature extractor based on the
Independent Component Analysis (ICA). The ICA provides the possibility
of Higher-Order Statistics (HOS) extraction which is useful for non-linear
characterization. It has been applied to word recognition and it has shown a
relative error reduction of 47.4% compared to the MFCC. Another non-linear
feature extraction method is the reconstructed phase space[10]. This method is
derived from non-linear/chaotic signal processing techniques and it highlights
the dynamic characteristics of the process (i.e. sound production dynamics).
In a phoneme classification task from the TIMIT database, the reconstructed
phase space scores (31.23%) were outperformed by the MFCC (50.31%) but
it was found to give promising results when used in fusion[11]. Other methods
based on signal processing approaches have also been proposed such as the
Discrete Wavelet Transform[12] or Modulations[13].

2.2.2 Knowledge integration

Knowledge integration during the feature extractor design is one way for
achieving global improvement. Methods related to this integration are called
Data-driven methods[14]. These methods can simplify the classification’s task
by decreasing the required complexity. Ideally, an optimal feature extrac-
tor should suppress the unwanted characteristics from the speech signal and
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keep only the appropriate ones. However this optimal feature extractor is not
known.

For this purpose, Malayath et al.[14] proposed to modify the traditional spec-
tral methods used in speech processing by the introduction of class member-
ship informations (a priori informations). Their work involved the optimiza-
tion of spectral basis functions by Linear Discriminant Analysis (LDA). The
obtained basis functions are an alternative to the traditional Discrete Cosine
Transform (DCT) and are more adapted for the classification purpose. This
feature extractor has been applied to a connected digit recognition task, and
it showed a relative error reduction of 28.8%.

The previous works, proposed in the literature, demonstrate the need of effec-
tive feature extractors for speech recognition. One can argue that the optimal
feature extractor design has to be carried out while taking into account the
final purpose. For instance, a given method can extract relevant features for
speech recognition without being efficient for speech transmission. Several au-
thors[5,15] have pointed out the need of using an adequate representation for
each speech application.

3 Scope of the paper

In this paper, we focus on two key elements for speech feature extraction:
non-linear modelling and data-driven methods. The first point has been high-
lighted by the previous works (cf. §2.2). Non-linear processing has been suc-
cessfully applied to speech synthesis[16], speech coding[17], prediction[18],
speaker recognition[19,20] and language identification[21]. On the other hand,
data-driven methods are usually introduced by a discriminative criteria based
on statistical approaches (data analysis, maximization of the mutual informa-
tion MMI etc.).

Section 4 presents the approach used for non-linear extension of a well-known
method namely, the Linear Predictive Coding. Then, we describe the pro-
posed model termed the Neural Predictive Coding. Section 6 examines the
methods proposed in the literature for discriminative feature extraction. The
next section proposes a new scheme involving non-linear predictive models
and discriminative criteria. Section 8 is devoted to the evaluation of the new
model for phoneme classification. Finally, we give some concluding remarks
and future work recommendations.
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4 Non-linear extension of the LPC model

As mentioned earlier, the Linear Predictive Coding (LPC) method is moti-
vated by the speech production model. The LPC coefficients are related to
the vocal tract model[22]. This coding method has been intensely applied in
speech processing[15] and offers numerous advantages. For one, it is a rigor-
ous methematically defined model and at the same time, it is very simple to
implement. However, it also has some limitations, namely:

• it is not well adapted for unvoiced speech signals,
• linear based: it does not take into account non-linear phenomena present in

speech signals,
• high variability within recognition classes[15],
• it is not optimized for recognition.

Several authors have investigated some solutions (see Ref.[15] for a good re-
view). In this paper, we propose a non-linear extension of the LPC using neural
networks: termed the Neural Predictive Coding (NPC)[23].

The goal of the NPC model is to extract relevant features for speech recog-
nition and is not normally used as a classifier or a non-linear predictor. The
objective here is to encode the speech signal by prediction error minimization
with discriminant constraints.

5 The Neural Predictive Coding: a Non-Linear Auto-Regressive
model

The Neural Predictive Coding (NPC) model (cf. figure 2) is basically a non-
linear extension of the well-known LPC encoder. As in the LPC framework
with the Auto-Regressive (AR) model, the vector code is estimated by predic-
tion error minimization. The main difference lies in the fact that the model is
non-linear (connectionist based):

ŷk = F (yk) =
∑
j

ajσ(wTyk) (1)

Where F is the prediction function realized by the neural model. ŷk is the
predicted sample. yk the prediction context: yk = [yk−1, yk−2, ..., yk−λ]T and
λ the length of the prediction window. w and a represent the first and the
last (output) layer weights. σ is a non-linear activation function (the sigmoid
function in our case).
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Neural networks have been used in speech prediction due to their efficient ap-
proximation capabilities[24]. Multi-Layer Perceptron (MLP)[17], Radial Basis
Functions (RBF)[25] and recurrent networks[17,18] have been successfully ap-
plied to non-linear speech prediction to-date. However other models can also
be used such as Volterra filters[26], quadratic model[27], locally linear meth-
ods[28] or non-parametric methods[29].

The key idea of the NPC model is to use it as a non-linear auto-regressive
model. As in the LPC framework, the NPC weights (predictor coefficients)
represent the vector code. It is well-known that the neural weights can be
considered as a representation of the input vector. A drawback of this method
is that non-linear models have no clear physical meaning[15]. The solution
weights can be very different for a same minimum of the prediction error. To
overcome this limitation, we impose constraints on the weights.

Learning 

algorithm

phoneme l

phoneme l-1

phoneme l+1

Common 

layer

Predicted samples

Specific

layers:

coding vectorPhoneme

samples l

yk

y

y

yk-λ

yk-1

Prediction

cell

Prediction

Error

k-λ+1

k-λ+2

Fig. 2. Neural Predictive Coding (NPC) architecture: a connectionist model used
as a non-linear predictor.

5.1 Description

The original NPC model is a Multi-Layer Perceptron (MLP) with one hidden
layer. Here we consider a model with two hidden layers. Only the output layer
weights are used as the coding vector instead of all the neural weights. For
this, we assume that the function F realized by the model, under convergence
assumptions, can be decomposed into two functions: Gw1,2 (w1,2 first and
second layers weights) and Ha (a output layer weights):

Fw1,2,a(yk) = Ha ◦Gw1,2(yk) (2)

With ŷk = Ha(zk) and zk = Gw1,2(yk).
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The learning phase is realized in two stages. First, the parameterization phase
involves the learning of all the weights by the prediction error minimization
criterion:

Q =
K∑
k=1

(yk − ŷk)
2 =

K∑
k=1

(yk − F (yk))
2 (3)

With y the speech signal, ŷ the predicted speech signal, k the samples index
and K the number of samples.

In this phase, only the first layer weights w1,2 (which are the NPC encoder
parameters) are kept. Since the NPC encoder is set up by the parameters de-
fined in the previous phase, the second phase, called the coding phase, involves
computation of the output layer weights a: representing the phoneme coding
vector. This is done also by prediction error minimization but only the output
layer weights are updated. One can notice that the output function is linear
(cf. equation 1), so it can use simple LMS-like algorithms. Here, for consistency
with the parameterization phase, it is done by the backpropagation algorithm.

The NPC weights modification law ∆aPred and ∆wPred
1,2 are proportional to

the gradient of the prediction errors QNPC =
∑M
i Qi, with M representing the

number of classes.

6 Discriminative Feature Extraction: a new way for feature extrac-
tion improvement

The NPC model has been successfully applied to feature extraction for phoneme
classification[23]. Previous works have shown that efficient performances are
obtained by the introduction of discriminative criteria during the parameter-
ization phase. We have proposed a criterion based on prediction errors ratio
called the Modelization Error Ratio (MER)[23]. This criterion is related to
the Maximization of the Mutual Information (MMI)[30] and the principle al-
lows the design of a discriminant feature extractor (called the DFE-NPC) in
independently of the classifier. Indeed, during the DFE-NPC parameteriza-
tion phase there is no cooperation with the next classification stage. Here, the
proposed work involves a different scheme: simultaneous optimization of the
feature extractor and the classifier.
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6.1 Classification guided discrimination

The Discriminative Feature Extraction (DFE) framework is an example of
constraints imposed by the classifier for achieveing the same goal, namely the
Minimum Classification Error (MCE). The key idea of the MCE criterion is to
update the parameters of the classifier and/or the feature extractor for min-
imum classification error (see figure 3). As has been shown in (Ref.[31]), the
traditional discriminant methods (i.e. Minimum Square Error (MSE), Max-
imization of the Mutual Information (MMI) and so on) do not necessarily
minimize the classification error.

Feature extractionSignal acquisition
Input data Recognized class

Pattern classification

MCE
criterion

Fig. 3. Discriminative Feature Extraction based on the Minimum Classification
Error.

The minimisation of the MCE criterion (see figure 3) is realized by an ade-
quate update rule: the Generalized Probabilistic Descent (GPD)[31]. The final
purpose needs several steps. First, a loss function that reflects the classifica-
tion performances of the recognizer is defined. A misclassification measure is
extended from the loss function. This measure aims to evaluate the distance
between one specific class and the others. Then, the GPD is used to minimize
the misclassification distance which is passed through a non-linear and dif-
ferentiable function such as the sigmoid function. The DFE framework based
on the MCE criterion has been successfully applied in both speech recogni-
tion[32,33] and speaker recognition[34].

6.2 Application to the NPC model

One of the major drawbacks of simultaneous training is the eventual sub-
optimality caused by local minima[33]. To overcome this limitation, Torre et
al.[33] proposed independent training of both the feature extractor and the
classifier.

In this contribution, we propose simultaneous training of both the NPC and
the classifier. The learning problem is overcome by choosing an adequate clas-
sifier in terms of complexity. Due to the NPC complexity (MLP-based predic-
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tor) and the NPC objective (feature extraction by the weights), an appropriate
classifier family of prototype-based classifiers is obtained. The learning pro-
cedure involves prototypes’ (representatives’) adjustment in order to describe
optimal class boundaries.

The simultaneous training of a prototype-based classifier and the NPC makes
it possible to impose discriminant constraints on both the NPC weights and,
equally importantly, on the feature vectors (output layer weights) while min-
imizing the prediction error.

6.3 Prototype-based classifiers

In order to implement prototype-based classifiers, one can use different meth-
ods: unsupervised (K-means, clustering methods, Self Organization Maps and
so on) or supervised (k-NN, LVQ). As mentioned previously, we need to impose
discriminant constraints so we use supervised methods and more precisely the
Learning Vector Quantization (LVQ) classifier.

The LVQ classifier has been successfully applied to different domains such as
handwritten recognition[35] or speech recognition[36]. Several versions have
been proposed: LVQ1, LVQ2 or LVQ3. The MCE/GPD framework has been
applied to the LVQ classifier resulting in a model close to the LVQ2[31]. In
the next sections, we use this model for achieving the LVQ-NPC cooperation.

7 Simultaneous training of the LVQ classifier and the NPC feature
extractor

In the DFE framework, the feature extractor and the classifier are considered
as a single module described by Φ = (a,m) (m being the LVQ classifier
prototypes).

7.1 DFE framework

The DFE framework needs the definition of a discriminant function for each
class. In the case of the LVQ classifier, the discriminant function is the negative
of the minimum distance from the input pattern (the feature vector) to the
genuine prototype:

gi(a) = −min
τ

‖a− mi,τ‖2 = −min
τ

d(a,mi,τ ) (4)
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where d(a,mi,τ ) is the Euclidean distance between the input pattern a (fea-
ture vector) and mi,τ is the τth prototype of the class Ci.

According to the DFE framework, we define the misclassification measure as:

µi(a) = −gi(a) +


 1

M − 1

∑
j �=i

gj(a)−ψ


− 1
ψ

(5)

where ψ is a positive number. For a large ψ, the misclassification measure
becomes:

µi(a) = −gi(a) + gi(a) (6)

gi(a) is the competing discriminant function (anti-discriminant function) to
the class Ci. This leads to only consider the first incorrect prototype[36]:

gi(a) = max
j �=i

gj(a) (7)

The misclassification measure µi(a) (5) has to be positive when a is misclas-
sified and negative if it is not the case:

µi(a) = d(a,mi,τ ) − d(a,mj,υ) (8)

where mi,τ is the closest prototype of the genuine class while mj,υ is the closest
prototype of the incorrect class.

The next step involves defining the MCE loss function which reflects the clas-
sification errors:

li(a) = li(µi(a)) =
1

1 + e−ζµi(a)
(9)

The MCE objective function is the following empirical loss:

L(a, µ) =
N∑
n=1

M∑
i=1

li(an)δC(an)−i (10)

where C(an) is the class membership of the feature vector an and δ is the
Kronecker symbol which equals 1 when C(an) = i. N is the number of frames
and M the number of classes.

The Generalized Probabilistic Descent (GPD) is applied for updating the pa-
rameters Φ = (a,m):
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an =an − β(t)
∂li(an)

∂an

mi,τ =mi,τ − α(t)
∂li(an)

∂mi,τ

mj,υ =mj,υ − α(t)
∂li(an)

∂mj,υ

(11)

where α(t) and β(t) are the learning rates of the LVQ classifier and the NPC
model respectively. The learning rates are a decreasing function of the epoch
index t.

According to the MCE loss function (9), the updating rules for the LVQ pa-
rameters can be written as:

mi,τ =mi,τ + 2α(t)li(an)(1 − li(an))(an − mi,τ )

mj,υ =mj,υ − 2α(t)li(an)(1 − li(an))(an − mj,υ)

(12)

And for the NPC model, the updating rule for the feature vector an is:

∆aMCE
n = −2β(t)li(an)(1 − li(an))(mi,τ − mj,υ) (13)

One can notice that the feature vectors are updated in a function of the
distance between the two prototypes: the genuine and the incorrect. They
are updated in the direction of the maximum separability between these two
classes.

These discriminant contributions also need to be associated with the prediction
modifications: ∆wPred

1,2 and ∆aPred defined in 5.1.

7.2 Cooperation

The objective of this cooperation is to introduce discriminant constraints on
the NPC parameterization phase. Several solutions can be used, for instance
one can use constraint minimization like in (Ref.[37]) where the simultaneous
training of classifiers is processed with a Lagrangian formalism. We opt for
another approach. The two optimizations are moderated with the help of a
coefficient θ.

Consequently, the modification for the feature vector an combines prediction
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and discrimination:

∆an = θ∆aPredn + (1 − θ)∆aMCE
n (14)

The second phase of the cooperation involves the modification of the first
two layers in the maximum class separability direction. However, the relation
between the first two layers’ weights w1,2 and the MCE criterion (9) is not
direct as for the output layer weights. Considering the NPC objective in the
cooperation, that reverts to bringing the features closer to their adequate
prototypes and to move away from the incorrect prototypes. In other words,
the feature vector ai,n produced by the NPC model for the analysis window
yi,n (belonging to the class Ci) must be close to one of the prototypes mi,τ .

In order to achieve the above, we introduce a new stage into the NPC model.
For the window yi,n, we determine the two modifications necessary for:

• Bringing the feature closer to the prototype mi,τ : minimization of the pre-
diction error under the constraint: the output layer is fixed to mi,τ . One
obtains the modification of the first two layers ∆wmod

1,2 .
• Move away from the prototype mj,υ: maximization of the prediction error

under the constraint: the output layer is fixed to mj,υ. One obtains the
modification of the first two layers ∆wdisc

1,2 .

During the above two processes, one estimates the modifications necessary to
maximize the separability of the classes from the first layers’ (w1,2) point of
view.

The modification law of the first layers is a moderation of these two effects:

∆w1,2 = θ∆wmod
1,2 + (1 − θ)∆wdisc

1,2 (15)

One can notice that this modification law does not integrate the modification
of the NPC model ∆wPred

1,2 . Indeed, this modification is not useful any more
because the contribution ∆wmod

1,2 makes it possible to take into account the
modelling part required by the LVQ-NPC process.

After the parameterization phase, the LVQ is no longer used. The coding phase
is identical to all other models (cf. §5.1)

8 Experiments in feature extraction for phoneme classification

In general, the evaluation can be carried out on different tasks. For instance,
we applied successfully the NPC model to speaker identification[38]. Here, we
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focus on a different task: phoneme classification. This task is adapted for the
comparison of the discriminant capabilities of feature extractors.

8.1 Experimental conditions

The NTIMIT database[39] is used in the experimental part of this work. This
database is composed of TIMIT utterances which are transmitted over tele-
phone lines. Generally, the performances of speech recognition systems are
degraded using this kind of a database. For instance, in (Ref.[39]), several
tests were carried out for better understanding the sources of degradation.
It was shown that the phoneme error rates using the TIMIT/NTIMIT tasks
increase by about 10%.

The NTIMIT database is composed of 10 sentences pronounced by 630 speak-
ers from 8 areas of the United States. For each speaker, the sentences are
grouped on three types. There are 2 dialect calibration sentences (SA), 5
phonetically-compact sentences (SX) and 3 phonetically-diverse sentences (SI).
The two SA sentences are identical for all the speakers and are usually not
used for training and testing because they might produce a bias.

In this work, we use the two first dialect regions DR1 (New England) and DR2
(Northern) with a predefined configuration for the training set comprising 114
speakers (DR1: 24 male and 14 female, DR2: 53 male and 23 female) and the
test set comprising 37 speakers (DR1: 7 male and 4 female, DR2: 18 male and
8 female).

We focus on subset composed by front vowels (/ih/, /ey/, /eh/, /ae/), voiced
plosives (/b/, /d/, /g/) and unvoiced plosives (/p/, /t/, /k/). This choice can
be justified by the fact that the classification of these phonemes is known to
be difficult. The number of phonemes for each class is described in table 1.
A part of the training set is used as a cross-validation base, both in order to
stop the classifiers’ training and also the LVQ-NPC parameterization phase.

We carry out phoneme context-independent classification., and as a result, the
performances shown represent frame-by-frame classification rates. Depending
on their duration, each phoneme is split into a number of frames. The analysis
window size is fixed to 32ms (8kHz for NTIMIT) with an overlapping of 16ms.

8.2 Classifiers

The proposed work is an evaluation of a new feature extractor: the LVQ-NPC.
Consequently, we make comparisons with the most commonly used methods:
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Table 1
Database composition: training, cross-validation and test sets.

Phoneme ih ey eh ae b d g p t k

Train 911 438 712 494 316 575 236 561 848 837

Cross-validation 100 100 100 100 50 50 50 100 100 100

Test 316 167 292 153 199 192 100 201 310 273

the Mel Frequency Cepstral Coding (MFCC) and the Perceptual Linear Pre-
dictive (PLP) speech coding methods. We also compare with the Linear Pre-
dictive Coding (LPC) since the proposed model NPC is a non-linear extension
of the LPC. For all these methods, the feature vector dimension is set to 12
without dynamic parameters like ∆ and ∆∆.

The classification is done on a frame-by-frame basis without context depen-
dency. Moreover, it must be carried out by several kinds of classifiers in order
to measure the discriminant power of each feature extraction method. For each
group of phonemes (i.e. vowels, voiced and unvoiced phonemes), we train a
complete system: feature extractor plus classifier.

8.2.1 Gaussians Mixture Models (GMM)

This model is based on densities estimation of each class. GMMs are trained
by the help of the Expectation-Maximization (EM) algorithm with diagonal
covariance matrices assumption. As this classifier is sensitive to initialization,
the parameters are initialized by the k-means algorithm (10 iterations) with
k = 16. Classification is done according to the maximum likelihood (ML)
criterion.

8.2.2 Prototypes classification (LVQ)

The LVQ model (Learning Vector Quantization) is a prototype-based classi-
fier. The training and the testing are carried out by the consideration of the
Euclidean distance. As this method is also sensitive to initialization, we use
the k-means algorithm with k = 50. The LVQ model used for classification
is different from the model used for LVQ-NPC cooperation. Here, we use the
LVQ1 algorithm first in order to measure LVQ-NPC generalization capabilities
and also to compare the coding methods with prototype classifiers.

8.2.3 Multi-Layer-Perception (MLP)

The MLP is based on non-linear discriminant functions. The model has one
hidden layer of 10 neurons and the input size is 12 (feature vector size). The
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training is done by the Levenberg-Marquardt algorithm.

8.2.4 LVQ-NPC

Like for all prototype-based classifiers, a key parameter is the optimal num-
ber of prototypes by class. We carried out different classification experiments
with the LVQ-MCE classifier. We present results for voiced plosives but sim-
ilar behavior is obtained for other classes. Figure 4 shows the classification
rates versus the number of prototypes. We can notice that an optimal num-
ber of prototypes by class seems to be 25. Indeed, this number gives efficient
performances on both training (69.52%) and test (67.11%). For 50 prototypes
by class, equivalent results are obtained (training: 71.65%, test: 67.48%) but
for implementation reasons we set the number of prototypes by class to 25.
Figure 4 shows also that a greater number of prototypes obviously increase
the classification rates for the training part but penalize the generalization
capability.

Another important parameter is the moderating one (cf. equations 14 and 15).
We use a traditional decreasing law:

θ(t) = θ0

(
1 − t

T

)
(16)

where T is the iteration number. The value of θ0 differs according to the
phonetic group: 0.6 for vowels and 0.7 for plosives (voiced and unvoiced).
Such evolution law shows that it is necessary to start with modelling classes
and then to progressively increase the discrimination.

As mentioned earlier (cf. §5.1), explicit feature extraction is carried out during
the coding phase using the backpropagation algorithm. We set different itera-
tions for each kind of phoneme: 5 for vowels and 10 for plosives. The coding
vector dimension is set to 12 and the NPC structure to 20-16-12-1 (represent-
ing size of the prediction window, first hidden layer size, second hidden layer
size and output layer size respectively).

8.3 Results

In this section, we present the results for phoneme classification. The clas-
sification rates shown are those obtained on the test set. The usefulness of
discrimination is evaluated by comparison with the NPC model without LVQ
cooperation (i.e. the original NPC model with two hidden layers). In this way,
we evaluate the importance of both discrimination and non-linear modelling.
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Fig. 4. Classification rates versus the number of prototypes by class.

Table 2 shows the classification rates for vowels with various coding and clas-
sification methods. One can notice that the proposed methods (NPC and
LVQ-NPC) improve the classification rates. The non-linear modelling by neu-
ral networks (NPC: 49.03%) and the discrimination (LVQ-NPC: 54.81%) allow
an improvement of more than 6% compared to the MFCC coding. LPC fea-
tures are not used in speech recognition tasks but a comparison with their
non-linear extension (NPC) is very important and it shows the efficiency of
non-linear processing (cf. 2).

A key point of the results is that the proposed simultaneous learning during
the parameterization phase between the LVQ-MCE classifier and the NPC fea-
ture extractor shows good generalization capabilities. Indeed during the coding
phase with other classifiers, we obtain 54.81% for GMM, 53.12% for LVQ1 and
52.23% for the MLP. The best performances for all the feature extractors are
obtained by GMM which is the most widely used classifier in speech recog-
nition. One can also observe that the MLP gives better results for MFCC,
PLP and NPC than the LVQ1 classifier. However it is not the case for the
LVQ-NPC feature extractor since the classification rates for LVQ1 (53.12%)
are better than the MLP (52.23%). It seems to be due to the LVQ-NPC co-
operation during the parameterization phase which introduces prototype-like
discrimination.

The /b/,/d/,g/ task has been used for the validation of the Time Delay Neural
Network (TDNN)[41]. Those plosives are also voiced phonemes and we find a
similar behavior for the coding methods (cf. table 3). The non-linear methods
also give an improvement (NPC: 62.24%) and the discriminant model gives the
best results with 66.33% for the LVQ-NPC. One can also notice the general-
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Table 2
Classification rates for the vowels: /ih/, /ey/, /eh/, /ae/: significative improvements
by non-linear and discriminant methods.

LPC MFCC PLP NPC LVQ-NPC

GMM 35.22 48.12 45.12 49.03 54.81

LVQ1 36.53 43.21 40.33 46.66 53.12

MLP 41.21 44.23 43.22 47.31 52.23

ization capabilities of our approach by comparing the result of the LVQ-NPC
with the LVQ-MCE classifier during the parameterization phase (67.11%) in
figure 4 and those obtained by other classifiers (cf. table 3).

Table 3
Classification rates for the voiced plosives: /b/, /d/, /g/.

LPC MFCC PLP NPC LVQ-NPC

GMM 54.13 59.23 57.21 62.24 66.33

LVQ1 50.22 57.82 57.03 60.33 64.55

MLP 55.31 58.12 57.63 61.86 63.89

The classification of unvoiced plosives (/p/,/t/,k/) is interesting because they
are regarded as less predictable, and hence less attractive for predictive models.
Indeed, it can be seen that the NPC results (49.36%) are lower than the MFCC
ones (51.45%) for this case. However, proposed use of discrimination makes it
possible to overcome this problem and to obtain better results independently
to the classification method (cf. table 4). Once again, the best classification
rates are obtained by the GMMs for this case.

Table 4
Classification rates for the unvoiced plosives: : /p/, /t/, /k/.

LPC MFCC PLP NPC LVQ-NPC

GMM 44.10 51.45 46.98 49.36 53.22

LVQ1 43.03 50.12 46.22 48.07 50.12

MLP 45.12 50.56 45.88 48.66 50.98

The classification rates on the NTIMIT database not only show the need but
also the efficiency of non-linear feature extractors. For all the voiced phonemes,
the rates are improved by the introduction of the NPC model. For unvoiced
phonemes, the predictive models’ performances are penalized even if they are
non-linear. In this task, the discrimination is shown to increase the classifica-
tion rates. One can therefore conclude that we need to exploit the non-linear
domain not only for modelization but also for discrimination.
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9 Conclusions

In this paper, we have presented a new feature extractor method which makes
use of non-linear modelling with neural networks and simultaneous discrimi-
nation capability provided by a classifier. This feature extractor is termed the
LVQ-NPC since it is based on simultaneous learning of the Learning Vector
Quantization and the Neural Predictive Coding models. The proposed method
has many advantages. Firstly, the feature extraction aims to take into account
the non-linear phenomena usually observed in speech production. Secondly,
we are able to extract features with discriminant constraints in order to keep
the relevant characteristics of the speech signal for the application (phoneme
classification).

We proposed a simple and original learning procedure for the NPC and the
LVQ within the Discriminative Feature Extraction (DFE) framework based
on the Minimum Classification Error (MCE). The cooperation shows that the
NPC weights are updated with two criteria: minimization of the prediction
error and minimization of the classification error. In this way, we benefit from
the advantages of both criteria. The complexity during the parameterization
phase introduced by LVQ-NPC cooperation is different from the complexity
during the coding phase. Indeed, this phase can be done almost as simply as
for the LPC coding method.

The LVQ-NPC has been applied to the phoneme classification task using the
NTIMIT database. It has demonstrated good performance compared to the
most widely used coding methods MFCC and PLP. The model has also been
shown increase the classification rates even if the phonemes are unvoiced and
have a high confusability (/p/,/t/,/k/ phonemes). The generalization capabil-
ities have been estimated by the use of different classification methods (GMM,
LVQ1 and MLP).

Our current studies are devoted to the extension of the proposed framework to
achieve simultaneous learning with other classifiers such as MLP, GMM and
HMM.
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