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front-end 5p#V 5 Acoustic Modeling
VOVOV�VOV�VOVfVOV�VOV�VOV�VOV�VOVOVfVOV�VOV�VOV 6

p#V87 3A>?523
HMMs

V�VOV�VOV�VOV�VOVOVfVOV�VOV�VOV�VOV�VOVfVOV�VOVOV�VOV 9
p#V87IV p @B'6�&9;%�' )GC

HMMs
V�VOVfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV�VOV�V 9

p#V87IV g 4  #�2�!"I� HMMs - Gaussian Mixture HMMs
VOV�VOV�VOV :
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HMMs
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HMMs

VOV�VOVOVfVOV�VOV�VOV�VOV�VOVfVOV�VOVOV�VOV�VOV�VOV ;
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g V g � 3�<=M!4./0�#3�%2-;L�-;%�>E�;4j9I�I'I9&+85�':9I-&/0-;>:3�($3 VOVfVOV�VOV�VOV�VOV�VOVfVOV p g

g V g V p ��-0�G)GM���-K/��#3�%2-;LN-&%�>E�;4 V�VOV�VOVfVOV�VOVOV�VOV�VOV�VOVfVOV p g
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VQ
V�VOV�VOV�VOVOVfVOV�VOV�VOV�VOV pK7

g V87IV p c ��C&�� #($3T�0/0P;5�-&($3�4u9I�;'H/����!-����U9;)*��7��&)!�
VQ

V�VOV�VOV�VOV pK6
g V87IV g 3A>?5G3

VQ
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g V<9;V g J �!"$��'69;M!4�($)!-F/&��5�> -B)G3�4�(H #"$��P#)*3#)!�&4 VOV�VOV�VOVfVOV�VOVOV g#g

g V8: Model based
)2��"$��':9IM!4 � Vocoders � VOVfVOV�VOV�VOV�VOV�VOVOVfVOV�V g#g
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g V p g � �&%��&/0-&7�/0M!4 V�VOV�VOVOV�VOVfVOV�VOV�VOV�VOV�VOVfVOVOV�VOV�VOV�VOV�V �#g
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� V p 3A' (H�0<H+_<H� VOV�VOV�VOVfVOV�VOV�VOVOV�VOV�VOVfVOV�VOV�VOV�VOV�VOVOVfV �#�
� V g D ' h0�0' -0�=�#9I��4�)!-; B�&%�"H':9I-;1m(= #($)*��7��&)�-;4 VOVfVOV�VOV�VOV�VOV�VOVfVOV �M5
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VQ
VOV�VOV�VOVOV�VOV � 7

� V � V p 4 9;-&/0P;4 VOV�VOVOV�VOV�VOV�VOVfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV � 7
� V 5 c %2"H' )G��9;)�-0��'69&�T(H #($)G��7��0)!-;4�9I�;'$ ���-&/0-I> 3�($3 V�VOV�VOV�VOVfVOV�VOV�V � 7
� V87 D ' h0�0' -0�=�#9;3
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Yarrow
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� V8:IV87 v 38���U<="$-&4O70� c ����<=�2R8%�' ($3 VOV�VOV�VOV�VOV�VOVfVOV�VOV�VOVOV 5 6

� V8; c �2�0<=�2R8%�' ($3T7��u)!-
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VOV�VOV�VOV�VOVfVOV�VOV�VOVOV�VOV�VOV 5 9
� V p � 4  #7#/&��%�C;(H7��&)�� V�VOV�VOV�VOV�VOVfVOV�VOVOV�VOV�VOV�VOVfVOV�VOV�VOV 5 9
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5 V p @B'E�&5�':9I�&(�>E�T/&�!'E%2�;7�C&)U+8� VfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV�VOV�VOV�VOV 7 �
5 V g Baseline

/0��>?%2�;7�� VOV�VOV�VOVOVfVOV�VOV�VOV�VOV�VOVfVOV�VOVOV�VOV�V 7 g
5 V � � ��'6%�C&7��&)!�}h&�0��7#+l)!-&1T90h&�;�G)2' (H70-&1 VfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV 7 g
5 V 5 � ��'6%�C&7��&)!�K5�'6�;�2 #(H70�0)2'69;-;1m9�h&�;�2)2' (H7�-;1 V�VOV�VOV�VOVOV�VOVfVOV�VOV 7 5

5 V 5 V p 38/&'6��-�<H�K/0�;%2�;7�M�)G%2+8��(H #($)G��7��0)!-;4^V�VOV�VOVfVOV�VOV�VOVOV 7 5
5 V 5 V g 38/&'6��-�<H�F �/0-;5�'E�&�� #(H7�C&)�+8�JVOV�VOVOV�VOV�VOV�VOVfVOV�VOV�VOV 7 5
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bits
�&��C} �/0-&5�'6C;�� #(H7��J~
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5 V87 4  #7#/&��%�C;(H7��&)�� V�VOV�VOV�VOV�VOVfVOV�VOVOV�VOV�VOV�VOVfVOV�VOV�VOV 7�9
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�%/ � � �
7IV p 3A' (H�0<H+_<H� VOV�VOV�VOVfVOV�VOV�VOVOV�VOV�VOVfVOV�VOV�VOV�VOV�VOVOVfV 7 ;
7IV g 3YLN�;%27�-�<=M!4��;�2�0<=�GR8%�' ($3�4�L=+8�2��4�($��7��!%�� VfVOV�VOV�VOV�VOV�VOVOVfV 6 �7IV � c (H1#%�7��0)!�K5�>E9&)G #�K9;�I'$(H #(H9;�! #M!4O�2M!�;4.<=�����!C&4mVOV�VOVOVfVOV�VOV�VOV 6 �7IV � V p k�L�M��#3B�&/0PB)G3K7���)GC�h&�&($3B(=�u�;(H1#%�7��&)��F5�>E9&)2 #�K5���5�-;7�M!�G+8� 6Ip
7IV 5 ��-��2)GM���-T9;�&)!�&���!7#3�7�M!�G3�4��;�2�0<=�2R8%�' ($3�4�L�+8�G��4 V�VOV�VOVfVOV�VOV�V 6 g7IV 5 V p 4 "$��)2':9ICK/&%2P#)2 �/0�d~ ETSI proposal

VOV�VOV�VOV�VOV�VOVfV 6 g7IV 5 V g J �!"$�2-���-�<�>?�K�;(H1#%�7��0)�+8�m(H #($9I�� �R8�f/��#3�%�-&LN-&%�>?�&4
VOVfVOV�V 6 �7IV 5 V � ��M!7��0)!�e"$%G��($3�4O(=�u5�>E9&)G #�F�2M!�;4.<=�����!C&4 VOV�VOV�VOV�VOVOV 6 57IV87 � �&%�C;52��' <=7��B�!LN�&%�7�-�<H��4u9;�&)!�&���!7#3�7�M!�G3�4��;�2�0<=�2R8%�' ($3�4�L�+8�G��4 VOV 6 7
7IV87IV p c %�"H' )G��9&)!-���':9;�T)�-; T(H #($)G��7��0)!-;4.VfVOV�VOV�VOV�VOV�VOVOVfVOV 6 6
7IV87IV g 38/&'69;-I' �2+8��>?�B/&�U��C&)*3B�;�2�0<=�2+8%�' ($)*� V�VOV�VOVfVOVOV�VOV�VOV 6 6
7IV87IV � �u��-0/&-;> 3�(H3T)�-; T/0����C&)*3}<�'6�

batch
�;�2�0<=�2R8%�' ($3oV�VOVfVOV�V 6 :

7IV87IV 5 Batch recognition applet
VOV�VOV�VOVfVOV�VOVOV�VOV�VOV�VOV 6 ;

7IV86 4  #7#/&��%�C;(H7��&)�� V�VOV�VOV�VOV�VOVfVOV�VOVOV�VOV�VOV�VOVfVOV�VOV�VOV 9 �
� >?/'@A(CBED"F"D�GH�"�+�I-0/'��1�,.� �

pda
� � F"& �"!#��� �)( B��	��&
� � D � �

6IV p 3A' (H�0<H+_<H� VOV�VOV�VOVfVOV�VOV�VOVOV�VOV�VOVfVOV�VOV�VOV�VOV�VOVOVfV 9 56IV g � �&%��&9&)*3�%�' ($)2'69;CT)!-; Zaurus pda
VOVfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV 9 56IV � Floating & fixed point

�;%�' �N7#3#)2':9;��VOV�VOVfVOVOV�VOV�VOV�VOV�VOVfV 9 7
6IV � V p c ���&/0�&%�C;($)��;($3

floating-point
�&%�' ��7#R8� V�VOV�VOVOV�VOV�V 9 7

6IV � V g c ���&/0�&%�C;($)��;($3
fixed-point

�;%�' ��7#R8� V�VOV�VOV�VOVOVfVOV�V 9 6
6IV � V � 4 1�<H9;%�' ($3 floating & fixed point

�&���0/&�&%�C&(H)��;($3�4 V�VOV�V 9 6
6IV � V 5 Fixed-point

�&%�' ��7#3#)�':9;��VOV�VOV�VOV�VOVOVfVOV�VOV�VOV�VOV�V 9 9
6IV � V87 ��M!7��0)!�F/0%2C;S��U+8��7��

fixed-point
�;%�' �N7�-&1#4 VOVOV�VOVfVOV�V 9 :

6IV 5 Fixed-point
M�9I52-;($3})�-; 

Yarrow
VOV�VOVOV�VOV�VOVfVOV�VOV�VOV�VOV : �6IV 5 V p c 9I%�> h&��'6�K�&����<=�2R8%�' (H3�4

fixed-point
M�9;5�-&(H3�4 VfVOV�VOVOV�V : g6IV 5 V g J �&"$1�)G3#)�� fixed-point

M�9I52-;($3�4 V�VOV�VOVfVOV�VOV�VOVOV�V : g6IV87
Fixed-point live

M�9I52-;($3m)�-; 
Yarrow

VOV�VOV�VOV�VOV�VOVfVOV�VOV : g6IV87IV p
Live recording

VfVOV�VOV�VOV�VOV�VOVfVOV�VOVOV�VOV�VOV�VOV : �6IV87IV g � �!%�' <=%2�;L=� live
9;+85�'69;-&/0-I> 3�($3�4 VOVfVOV�VOV�VOV�VOV�VOVOVfV : 56IV87IV � Live

9;+85�'69;-&/0-I> 3�($3B($)!-
Zaurus

V�VOVfVOV�VOV�VOV�VOV�VOV : 6
6IV86 4  #7#/&��%�C;(H7��&)�� V�VOV�VOV�VOV�VOVfVOV�VOVOV�VOV�VOV�VOVfVOV�VOV�VOV : :
c i p#V p � ��'6%�C&7��&)!� bit allocation

VOV�VOV�VOVfVOV�VOV�VOV�VOV�VOVOVfVOV�VOV ;Ip
c i p#V g /0��>?%2�;7�� � VOVfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV�VOV�VOV�VOVfVOVOV�VOV�V ; gc i p#V � /0��>?%2�;7�� ��
 VfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV�VOV�VOV�VOVfVOVOV�VOV�V ; �c i p#V 5 /0��>?%2�;7�� 5 VOVfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV�VOV�VOV�VOVfVOVOV�VOV�V ; 5
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c i p#V87�/0��>?%2�;7�� 7 VOVfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV�VOV�VOV�VOVfVOVOV�VOV�V ; 7
c i p#V86�/0��>?%2�;7�� 7 
 VfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV�VOV�VOV�VOVfVOVOV�VOV�V ; 6
c i p#V<9U/0��>?%2�;7�� 6 VOVfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV�VOV�VOV�VOVfVOVOV�VOV�V ;�9
c i p#V8: 4 1�<H9I%�' ($3B�&/0-#)2�U���!(H70C0)�+8� bit allocation

VOVOV�VOV�VOVfVOV�VOV�VOV ;�9
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p#V p 4  #��-��0':9;�B��':9IP��2�K($)��&)2' ($)2'69&��4m�;�2�0<=�GR8%�' ($3�4�L=+8�2��4�V VOV�VOV�VOV�V �p#V g � �&%��0<H+_<H� MFCC
5�'6�;�21#(=7��0)!-;4�VeVOVfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV 7

p#V � HMM
7�-��2)GM���-=V VOV�VOV�VOV�VOVfVOV�VOV�VOVOV�VOV�VOVfVOV�VOV�VOV�V 9

g V p ��-��2)GM���-T/0�;%2�0<H+_<H��4�L=+8�2��4 VOVfVOVOV�VOV�VOV�VOV�VOVfVOV�VOV�VOV g#g
g V g Codebook & Centroids.

VOV�VOV�VOVfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV g 9
g V � @B'E�&5�':9I�&(�>E�B��9;/0�I>E5��! #($3�4�V VOV�VOV�VOV�VOVOVfVOV�VOV�VOV�VOV�VOVfVOV g 9
g V 5 389;/0�I>E5��! #($3}9;�I'$523�70' -& #%G<�>?�

codebook
V�VOV�VOVfVOV�VOV�VOV�VOV�V g :

g V87 @B'E�&5�':9I�&(�>E�T90h&�;�G)2' (H70-&1IV VOV�VOV�VOV�VOVOV�VOVfVOV�VOV�VOV�VOV�VOV �#�
g V86 v 3YS�-;52-;4.(= #($)*��7��&)�-;4�90h&�;�G)2' ($)GR8�f9I�;'H�&����<=�2R8%�' (H3$V$V�VOVOV�VOV�VOV �#�
� V p c %2"H' )G��9;)�-0��'69&�

Yarrow
(H #($)*��70�0)!-&4 V�VOVOV�VOV�VOV�VOVfVOV�VOV�V � 7

5 V p @B'E�&5�':9I�&(�>E�T/&�!'E%2�;7�C&)U+8�&V VOV�VOV�VOV�VOVOV�VOVfVOV�VOV�VOV�VOV�VOV 7 �
7IV p c �2�0<=�2R8%�' ($3TL�+8�G��4�(H��5�>69;)G #�KL�+8�2��4.9I�I'H5���5�-;7�M!�G+8� VOV�VOVfVOV 6 �7IV g � %G��(H3m9;+85�':9I-0/0-I> 3�($3�4�($)!-J7�-��2)GM���-B/0����C&)*3miA�!S2 �/03�%2��)*3#)*� VOVfV 6 6
7IV � 38/;':9I-;' �G+8��>E�K/0����C0)G3B�&����<=�2+8%�' (H)*�}VOV�VOV�VOV�VOV�VOVfVOVOV�VOV�VOV 6�9
7IV 5 J � � plugins

)�-; T/0����C&)*3$V�VOV�VOVOV�VOV�VOV�VOVfVOV�VOV�VOV�VOVOV�V 6 :
7IV87

AudioPanel
VOVfVOV�VOVOV�VOV�VOV�VOVfVOV�VOV�VOV�VOVOV�VOV�VOVfVOV 9 �7IV86

Compress Panel
V�VOVOVfVOV�VOV�VOV�VOV�VOVfVOV�VOVOV�VOV�VOV�VOV 9;p

7IV<9
Recognize Panel

V�VOVOV�VOVfVOV�VOV�VOV�VOV�VOVfVOVOV�VOV�VOV�VOV 9 g7IV8:
Help Panel

VOVfVOV�VOVOV�VOV�VOV�VOVfVOV�VOV�VOV�VOVOV�VOVfVOV�VOV 9 g
6IV p 4 1�<H9I%�' ($3 floating & fixed-point

��9;5�P&(=�U+8�&VuV�VOV�VOV�VOV�VOVfVOV 9 ;
6IV g 4 1�<H9I%�' ($3 floating & fixed-point front-end features

V VOVfVOV�VOV :Ip
c i p 4 1�<H9I%�' ($3B�&/0-#)2�U���!(H70C0)�+8�mVOV�VOV�VOV�VOV�VOVOVfVOV�VOV�VOV�VOV�VOV ; ;
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� V p � �&%��0<=P&7��!��� features
9I�;'H9;�&)!�0�#��S���' 4O�;%�"$�!>E+8��VOV�VOV�VOVfVOV�VOV � :

5 V p Baseline
/0��>?%2�;7�� VOV�VOV�VOVOVfVOV�VOV�VOV�VOV�VOVfVOV�VOVOV�VOV�V 7 g

5 V g Bit-rates & WER
<�'6�

scalar quantization
Q.<�'6� )G3#����L�+8��':9;��4

/0-I'6P�)*3#)��;4OL�+8�G� VOV�VOV�VOV�VOV�VOVfVOV�VOV�VOVOV�VOV�VOVfVOV�VOV�V 7 �
5 V � Bit rates & WER

<�'E�
scalar quantization

Q$<�'6�F ��=3#�#��4u/0-I'6P#)G3�i
)!�&4OL�+8�2�eVOVOVfVOV�VOV�VOV�VOV�VOVfVOV�VOVOV�VOV�VOV�VOVfVOV�VOV�VOV 7 �

5 V 5 4 1�<H9I%�' ($3 correlation & knowledge based partitioning
V�VOV�VOV 7 7

5 V87 Bit allocation
<�'E�K)!� 7T �/&-&5�'6�;�21#(=7��0)!� V�VOV�VOV�VOV�VOVfVOVOV�V 7 6

5 V86 Bit allocation
<�'E�K)*3

scalar
/0�!%�>E/�)�+8($3 VfVOV�VOV�VOVOV�VOV�VOVfV 7 6

5 V<9 �uh&�;�G)�' (=7�P&4�/&�&%�-& #(�>E�B��-&%�12h&-; ,V�VOVOV�VOV�VOVfVOV�VOV�VOV�VOV�VOV 7�9
6IV p 38/;>E5�%2�;($3��;%�' �N7�-&1

precision bits
($)!-

Spectral Energy distance7��u)*3
float

M�9I52-;($3 VOV�VOV�VOVfVOV�VOV�VOVOV�VOV�VOVfVOV�VOV�VOV�V : �6IV g 38/;>E5�%2�;($3T�;%�' ��70-&1
precision bits

($)G3����;�2�0<=�2R8%�' ($3 VOV�VOVfVOV�V : g



� ��� ��	 � 	��
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World Wide Web
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�U/;':9I-;' �G+8��':R8�F7��m)*3��F�!7�LNC;��' ($3o(H #($9I�! �R8�FP&/�+84

pdas � Personal Digital Assi-
stants � 9I�I'09$' �23#)GCT��M!�&4�<=�!���!C&4�70��52 #���&)GP#)*3#)!�m/0%2P;(;h&�;($3�4j(=���&(=1#%27��&)!�T5�>E9&)2 #�52�!5�-&7�M!�2+8� � 802.11, GPRS � Q$9I���N' ($)GR8�G)!�&4fMU)2(='=5� #���0)*�})*3���/0%�P&(Ih&�&($3T(H�u/��#3�i%2-;L�-;%�>E�!4j�&/0Pe-0/&-& #52�#/0-#)G��Q$-&/0-#)G�!52�#/0-#)G��V

� L�+8�G�d�&/0-#)2�U����>w)!-��J/&' - LN #(='69;P�)G%�P&/0-,��/&':9I-;' �G+8��>?�&4}9I�;'_��/0-;7�M!�2+84K7#/0-�i
%2��>8��� �&/0-#)2�U��M!(H��'YM�����/&-���1�LN'6�0':9IP�)G%�P&/0- "$%2��($3�4J)�+8�d/&�&%��0/&C&�2+ (= #($9;�! �R8�&V
v � 523�($)2' 4u7�M!%2�!4
7��;4�Q03O/&' -T($3�70�&�2)2':9;�f�!LN�&%�7�-�<H���;�2�0<=�GR8%�' ($3�4
L�+8�G��4
($)!-}"IR8%2-
)U+8�F)*3#����/&':9I-I' �2+8��'6R8�0Q���> ���I'N3e/&%2P;(;h&�;($3o(H�f/0�#3�%2-;L�-;%�>E�!4�7�M!($+ 5�':9;)G1#-; FL�+8�2��4
� PSTN

�
GSM � �0/0P�($)!�����!%�Cf�O9$' �23#)GC�)*3#��M!L=+8����V+3A> �2�I'���/0P;7��!��-���-I':/0P��&Q�P#)2'0352 #���0)2P#)*3#)!�O/0%�P&(;h&�;($3�4�(H�A(H #($)*��7��&)!���;�2�0<=�2R8%�' ($3�4 L=+8�2��4 7�M!($+,5�'69&)G1�+8�j52�!5�-#i

7�M!�G+8� � ��/&'6/���M!-���)�+8�f5�':9;)G1�+8��L=+8�2��4 � Q0�N�B9IC&����';)2' 4���5G3T �/0C;%2"$-; #(H�!4u �/�3�%2�!(=>?�!45�'E����M!(='E7��!4�($)!-���-���-&M!���f�; #S2�;��P&7��!��-O�&%�' ��7�P}(H #(H9;�! �R8�u7���/0%�P&(;h&�;($3�(H�
5�>E9&)G #�
52�!5�-&7�M!�2+8�0V

y\'6�����
<�> �2��'!9IC&)2'�)GM�)!-;' -��!LN'69&)2P=Q*/&%2-#)2�!> ��-& #7��x)�-�7�-0�G)GM���-j/0����C0)*3�i �!S� �/�3�%��U)G3#)*�
P0/0-; K-J/&�U��C&)*3�4m��> ���;'�-&/0-;'E�&52�#/0-#)2�O(H #($9I�� ��o':9I�;�G�K���e/0�;%2C0<=��'=9I�I'����J�0/&-&($)2�!>:i
���!'l)2' 4F/&�&%��&70MU)2%2-; #4B)*3�4JL�+8�G��4F($)!-��d�!S� �/�3�%2��)*3#)G�a7�M!($+ 5�':9;)G1#-& �5���5�-;7�M!�G+8�&Q
-e-&/0-I> -&4O�;���0���;7�h&C;�2��'I)!-��E521#($9I-���-��HM�%G<=-F)*3�4f�;�2�0<=�2R8%�' ($3�4�V J -F7�-0�G)GM���-J�; �)GP-��2-;7�C;|2��)!�;'�9I�&)��;�2�!7#3�70M��23.�;����<=�2R8%�' ($3uL=+8�2��4 � distributed speech recognition � V� �!%G<=�&(=>?�,�; �)*�,�U/;':9I���2)G%2R8�2��)!�;'8($)*3��d�!1#%��!($3zh&M��#)2' ($)�+8��)G%�P0/�+8�a7���>6+8(H3�4
)*3�4��&/0�I' )�-;1#7��!�G3�4f/��#3�%�-&LN-&%�>?�&4u/0-; K�&/0�I' )2�!> )!�I'N<�'6�J)*3��T�;���0/0�;%�C&($)!�;($3T)U+8�B/0�#i
%2�;7�M�)G%2+8�j)*3�4jL=+8�2��4�Q07���)*3m5G3�7&' -; #%G<�>E�m�!�2P;4�(H"I��7��&)�-;4�9;+85�'69;-&/0-I> 3�($3�4
7��
(H)GP#i
"$-o)*3��T9I�0��1�)2��%23F5� #���0)*�e(H #7#/&>?�!($3JL=+8�2��4�/0%�-;4��;�2�0<=�2R8%�' ($3$Vu����'6R8�2-��2)!�&4O)!-��
�0/0�I' )�-;1#7��!��-F%� ���7�Pe7���)GC;52-;($3�4�52�!5�-&70M��2+8��(H��7�P��0' 4

2kbps
9I���{' (H)�-;1#7��O5� #�2�&)*�

)*3��B�!L��;%�7�-�<H�B)*3�4m�&���0<=�GR8%�' ($3�4fL�+8�G��4f(H�f5�>69;)G #�J5���5�-;7�M!�G+8�m7��f����C;"H' ($)�-z9;P�i
($)�-;4m9;�I'N/0�!%�' <=%�C;L�-; #7��f7&'6�o)GM�)!-;'E�d ���-&/0-I> 3�($3$Q�P0/&-& e-o/0����C&)*3�4���> �2�I'{70'E�

Java
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��LN�;%27�-�<H��':9I�&�2�d���a9;+85�':9I-0/0-I'6��>x)*3aL�+8�2�d(H�T/0%��0<=7��0)�':9IP�"$%�P���-a(=�B(H #($9I�! #M�4
P0/�+84

pdas
V

� )G��9I7#3�%�>6+8($3})*3�4f��%G<=�;(=>E�;4u"I+8%�>?|2��)!�;'H(H� 6}9;�!LNC0���I'6�o~

> � - � ����(*D � y\> �2��)!�;'270'6�O(=1#�G)!-&7�3.��' (H��<H+_<H�u($)!�O(H #($)*��7��&)!���&���0<=�GR8%�' ($3�4lL=+wi
�2��4�Vw@B> ���U)!�I'#3f(H #��-��0':9;����':9IP����f�!�2P;4�)GM�)!-;' -; �(H #($)*��70�0)!-&4�QI�!�GR�(H)*3f(H #��M i
"$��'6�a7�������)*R8�G)!�I'�)!�a($3�70�&�2)2':9IP#)G�!%��z �/0-;(H #($)*��70�0)!�=Q\P0/�+84T-a7#3�"$�;��' (H7�P;4
523�70' -& #%G<�>?�&4
/&�&%��&70MU)2%G+8�uL=+8�2��4�Q0)!�T�&9;-; #($)2'69;C}7�-��2)GM����m9;�0�=R84j9;�I'&3f9I�#i
)GC&�#�#3#�#3B��/&':��-�<H�F�& �)*R8��<�'6�F)*3���/0�!%�>E/�)�+8($3K�; �)*��4�)*3�4O�!%*<=�;(=>?�&4�V

> � - � ����(*DI= 4 )�-�/0%GRl)!-�7�M!%�-&4e�; �)�-;1d)!-; d9I�!L��&���;> -; IQ_5�> �2��)!�;'\)!-�����+8%23#)2':9IP �/0P�h&�0��%2-z/0-& o�&/0�I' )G��> )��I'{<�'E�d)*3��K9;�&)!�&��P03�(H3Kh&�;(='69&R8�F������-;'6R8�0Q�P&/�+84T-;'
/�3�<=M!4O9I�I'$)!�e70-��G)2MU���F/��#3�%�-&LN-;%�>?�&4u9I�;'=-;'H����+8%�>E�!4O%� ���7�-;12i �0/�Rl����'E�&4�9I�;'
9;+85�'69;-&/0-I> 3�($3�4�/�3�<H��4m"I+8%�> 4��0/0Rl���!'E�!4�V � �;%2-; #(='EC&|�-��2)��I'H��/&> ($3�4�-;'�)G�!"$��' i9IM!4j90h&�&�2)2' (H7�-;1}7��uM�70L��;($3T(H�.)G�!"$��'69;M!4�5�'E�&�� #(H7��&)2'69;-;1f90h&�;�G)2' (H70-&1IQ$�!�GR
�&9;-���-; �����>$70'E�K9I�&)��0<=%2�;L���)�+8�m)G�!"$��'69&R8�f9&+85�':9I-0/&-;> 3�(H3�4uL�+8�2��4�V
4 )!-}52�!1�)G�!%�-�7�M!%�-&4j5�> �2��)!�;'070'6�}�;�2�&�� �)2'69&��/&��%�' <=%2�;L��O)�-; f(H"I��70�0)!-&4j9&+85�' i9I-0/&-;> 3�(H3�4 L�+8�2��4 �; �)*��4�)*3�4j��%G<=�;(=>E�;4�Q�3�-0/&-;>?���&/0-&(H9;-&/0��>�($)G3��.(H #7�/&>E�!($3
L�+8�G��4m/0%�-;4T�&����<=�2R8%�' (H3$V c ���0��1#-��2)!�;'�-I'\�0��<=P;%�' �N7�-;'�9;�I'�/&��%�' <=%2C;LN-��G)!�I'
-I'w5�'E�&5�':9I�&(�>E�!4B��9;/0�;>?5��� #(H3�4�Q\90h&�&�2)2' (H7�-;1a9;�I'\/0��'6%��&7�C&)�+8�0V J M���-&4F/0�;%2��i)2> ���!�G)!�;'$)G%2P&/0-I'$��/&':��-�<H��4�)�+8��/&�&%��&70MU)2%G+8�O)!-; m(="I��7��0)!-;4�9&+85�':9I-0/&-;> 3�(H3�4
9I�;'l3��;S�' -���P�<H3�(H3�)�-; IV J - (H"I��70� 9;+85�'69;-&/0-I> 3�($3�4Kh&�;(=>E|���)��I'l($)G3���'E52M!�)*3�4A5�'E�&�� #(H7��&)2'69&��4Y9�h&�;�G)!-&/0-;>:3�($3�48)�+8�
5�'E�&�� #(H7�C&)�+8��)U+8�
/&�&%��&70MU)2%G+8�A)*3�4
L�+8�G��4�V

> � - � ����(*D � � �;%�-& #(='EC&|���)��I';3B ���-&/0-;>:3�($3T)*3�4�9;+85�'69;-&/0-I> 3�($3�4�7��u)�-e(H1#($)G3�7��
Yarrow

V 38/0��9&)2�!> ��-��G)!�;4T)�-,�;%�"H':9IPa(H1#(H)*3�7��
Yarrow

7��T)!-,(H"I��7���9;+wi
5�':9I-0/&-;> 3�(H3�4B/0-; a�;���0/�)21#S2�;7���Q_)�-,9I�0�N' ($)�-;1#7��e70'6� -���-09;�#3�%G+870M��23d/0���0)!i
LNP&%�7��m�&��C&/�)G #S23�4
��LN�;%27�-�<HR8�.9;+85�'69;-&/0-I> 3�($3�4
L�+8�G��4�V 4 ����/&>E/0�!52-�9&R85�':9I�/0�!%�' <=%2C;L�-0�G)!�;'��;���0�� �)2'69;CO-I'�h;' h0�0' -��=�#9I�!4�/0-; u�;���0/�)21#";�=3#9;�;��9I���=R84 9I�;'�-I'
�&�#����<=M!4Y/0-& uMU<�' ���&�
(H)�-�(H1#($)*3�7����&���0<=�GR8%�' ($3�4

Decipher
<�'6��(= #�2�!%G<=�&(=>?�

7��})!-
Yarrow
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Parameterization
Front End

Language Model P(W) P(Y|W)

this                 is                speech   

W

Pronouncing Dictionary

th     ih    s     ih     z     s     p     Iy    ch

Acoustic Models

Acoustic Vectors

4 "I��7�� p#V p#~ � ��� D �E(CB 1 � ( B���� � ��� � �A(*���)( B 1",���� �"!#� $'&A(*�+�",I-0/'�21", � J -5�'EC�<=%��&707���5��!> "$����'w)�-0�d �/0-���-�<�' (H7�P )*3�4e/&' ���;��P#)*3#)!�&4
P (W |Y )

)*3�4J�&9;-���-; ��N>:i
�&4d��M�S���+8�

W
5��!52-;7�M!�2-; �)!-& �09I-; #($)2':9I-;1,($��7��&)�-;4

Y
V �

prior
/&' ���;��P#)*3#)!�

P(W)
 �/0-���-�<�>?|2��)!�;'I�&/�v��! �����>E�;4j�&/0P})!-T<H�#+8(H(='69;PK7�-��2)GM���- � language model � V� /&' ���;�2P�)*3#)��

P (Y |W )
 �/0-���-�<�>E|���)��I'I"$%23�(='67�-&/0-I':R8�2)��;4u)�-F(H1#�G����)�-

HMM
/0-; 

�&���0/&�&%�' ($)GC�)!-
W

9I�I'G9I�&)��;($9I�� #C;|��U)!�I'G�&/0PO�&/���C
HMM

L�+8�G3#)2'69;CO70-��G)2MU�����!�2+wi
7�M!�2��(H)*3�(H��'6%�C=Q��;��C0��-�<=�O7��A)2' 4�/0%�-&LN-;%2M!4l)�+8�j��M!S���+8��/0-& ���> �2�I'��0/&-��=3#9I�! #7�M!�2�!4
($)�-e���!S�':9IPB/0%�-&LN-;%GR8�&V
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front-end

� � � ���A(*�#����, �

/0�&%�C0�� #%2-o70� <=�&��1�)G�!%�-& e7#�#9I-& #4�V � %G3�(�'67�-&/0-I':R8�2)��;4�<�'E�z/0�;%�C&5���' <=70�J/0�&%�C0�� #%2-
Hamming

9I�;'#�!LN�&%�7�P;|2-0�G)!�&4Y�&��C0�� #(H3
Fourier

�u<=%2�;7�70'69&��4 /0%�P�h0��� ��3�4 � LPC �/0�;>?%��2-; #7���)2' 4mh&�&(�':9IM�4KL��;(H7��&)2':9IM!4m/0�&%��;7�M�)G%2-; #4m)2' 4K-&/0-I>E�!4}7��T5�'6C;L�-;%2-; #4m7�� i
)��;(H"I3�7��&)2' (H7�-;1#4f7���)!�0)2%2M�/0-; #7���(H�u9;C&/0-I'6�K9;�&)GC&�#�#3#�#3B7�-&%�L��$V

��'E�O)GM�)!-;'E��7�-;%2L���<�'E�O)��f�09I-& #(H)2':9IC�5�'E�&��1#(H7��&)��f�!> ���;'2-;'
mel-frequency cep-

stral coefficients � MFCCs � VAv 3Y�2�;4�)G%�P0/&-&4�<�'E�J�2�e �/0-���-�<�' ($)!-&1#�&QNLN�I> ����)��I'H($)!-
4 "I��7���p#V g V c LN-&1m/0C;%�-& #7��.)!-eLNC;(H7��B)!-; B($��7��&)�-;4O�!L��;%�7�P&|�-; #7��j70'E�K9;�0>?7��09I�
� mel-frequency � 3}-&/0-;>?�}(H"$�!5�'EC&|���)��I';-& #(�'6�;($)2':9IC}R8($)G�.�2�}/&%2-;(H�U<$<�>E|���'�)G3��OL���i(H7��&)2':9;�d�;�2C&�� #($3J)*3�4B�;�*�N%GRl/&' �G3�4}�&9;-&��4�Q�/0-; o��> ���I'N<=%2�;7�70'69&�oM�+84T)!�

1000Hz9;�I';��-�<=�&%�' ��70'69&�}�&/0PT9I�!'&9I�;';/&M�%���V � 9;�0>?7��09I�m�& �)*�}M!"$��'I�0/0-;5��!' ";����>;/0��'E%2�;7��&)2' i
9;C�P#)2'#h&�U�#)�':R8���!'�)*3��u�09I%�>:h&��'6���;����<=�2R8%�' ($3�4�V 4 )*3�(H #��M!"$��'6��Q#<�'6�m�2�f9;C;��-& #7��Y)*3��' (="$1B)!-& TLNC&(=7��0)!-;4�/0�!%�>E/0-; f<H9I�;-& #(='E�&�2�T�!L��;%270P&|�-& #70�
��-�<=�&%�' ��70'69&�F(H #7#/&>?�!($3$V
J MU��-;4�QH�;L�-;1��!LN�&%�7�P;(H-; #7�� Discrete Cosine Transform

Q=/0�I>E%���-& #7��.M!�2�B�&9I-& 2i
($)2':9IPB5�'6C;�2 #(=7��m/0-& ��0/&-#)G������> )��I'I�0/&PJp g cepstral

(H #�2)G������(H)GM!4�9I�;'&)*3��O�!��M�%G<=��'6�
)�-; o($��7��&)�-;4�V c �}/0%�-&($��M!(H-& #70�f)2' 4}/0%2Rl)G�!4m9;�I'{5���1�)2��%��!4f/&�&%���<HR_<=-; #4fM!"$-; #7��
)G���0':9ICFM!���K5�'6C;�2 #(H70�K7��U<=MU��-; #4 � ;IV
��������� � �
	����
	�
���������
��������
	�������� �"!#�%$���&'����()�*&'!#�+�"��,

front-
end

J -T)G���0':9IPT�0/&-#)GM����!(H7��T��/0-;7�M!�G+84�Q;�!> ���;'&3f/&�&%���<H+_<H�m�!�2P;4 MFCC
5�'E�&��1#(H7��&)�-;4

<�'6�a9;C0���
frame � 523#���;5G�e<�'6�a9IC���� 10 msecs � L�+8�G��4�VKk h&�;(='69;P;4}($9;-&/0P;4T�& 2i

)*��4O)*3�4��!%G<=�&(�>E�;4�Q;��> �2�I'$-Bh&M��#)2' ($)�-;4f5�'6�;�� #(H7��&)2':9IP&4�90h&�;�G)2' (H70P&4�)�+8�m/0�&%��&/0C&�2+
5�'E�&�� #(H7�C&)U+8�&V � 5�'E�&5�':9I�&(�>E�T�; �)*�T/0�!%�' <=%�C;L���)!�;'=�U9;)G�!�2R84u(=�u��/0P;7��!��-B9I��LNC&���;' -�V
3Y5GR /&-���1B(H1#�2)�-;7��K���F�;���&LNM!%2-; #7����&/���CB)G3��f9I�!�G)G%�':9;�B'65�M!�B/0-; T��> ���;'$3B��S2��4m~

J - MFCC
5�'EC&�� #(H7��

Y
"I+8%�>?|2��)!�;'�9;�&)GC&�#�#3#���d(H�}70'69;%�P#)G�!%��d �/0-�i

5�'6�;�21#(=7��0)!�
y1, y2, . . . , yL

9I�;'*9;C0���\)GM�)�-I' -u �/&-&5�'6C;�2 #(=7��j90h&�;�G)2>?|��U)!�I'
($)!-e/&' -J9;-0�G)2' �2PF(H�O�; �)GPF �/&-&5�'6C;�2 #(=7��

ŷi

Q=�&/0PeM����K(=1#�2-���-J�&/0PK)2M i
)!-;'E�e9;�&)GC&�#�#3#���F��/&'6��� <=70M����J �/0-;5�'E�&��1#(H7��&)�� � )!-o(H1#��-���-e�; �)GPJ-���-#i7�C;|��U)!�I'

codebook � V

J -z�&/0-#)GM����!(H7��J)!-& F90h&�&�2)2' (H7�-;1F��> �2�I'�3F(H #7�/&>E�!($3J)!-& e($��7��&)!-&4 � �&LN-;1B9IC#i���� �/&-&5�'6C;�2 #(=7��z�;�2�&/0�;%�> ($)!�&)��I'{�0/&Po)�-�5��!>E9;)*3K)!-& J �/0-;5�'6�;�21#(H70�0)!-&4}($)!-d-&/0-I> -
9�h&�;�G)�> ($)*3#9I� � 9I�I'#3���/&' )GC;"$ #�2($3�)*3�4��;�2�0<=�2R8%�' ($3�4 9I���=R84�Q&P0/�+84
����5�-;1#7�� 9;�I'�(H��U/&P&7��!�23�/0�&%�C0<=%2�;L�-�Q�7#/0-;%2��>#���f"$%23�(='670-0/0-I' 3�����>&70'6���2M!��9I�&)*3�<=-&%�>?�O�09I-& #(H)2':9;R8�
7�-��2)GM��#+8�a/&-& ���9I7���)��&�#���!1#��)��I'A)*3���1�/0�&%�S23,)�-; �90h&�&�2)2' (H7�-;1�)�+8�,�&9;-; #($)2'69&R8�
5�'E�&�� #(H7�C&)U+8�m($)!-

front-end
V
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Delta
Delta

39 element 
Acoustic 
Vector

Speech

spectrum
FFT based

Mel scale
triangular filters

F F T

L o g D C T
Delta

4 "I��7�� p#V g ~ � ��& �"! / !E1
MFCC

@A( ��� ���#��� ��D�, � y\'E���2�d<�> ����'
pattern ma-

tching
Q&3�9I #7��0)!-;7�-&%�L���70�U)!�&)G%2M�/0��)!�;';(H��70'E�}�09I-���-& ��{>E���09I-& #(H)2':9;R8�j5�'6�;�2 #(=7�C#i

)U+8�&Q�)!�a-&/0-I>E�z�;�2)2':/0%�-;($+l/0�!1#-& #�FM!�2�z-;7��&��-0/&-;' 3�7�M!��-z��-�<=�;%�' �N70':9IPdLNC&(=7��z/0-; 
 �/0-���-�<�>E|���)��I'�<�'6�a9;C0���

10 msecs
L�+8�G��4�V � %G3�(�'67�-&/0-I':R8�2)��;4B70'E�a7#3�i <=%��;7�70':9;�

mel-frequency
9;�0>E7��&9I�z9I�;'�����)!�&(H"I3�70�0)2' (H70P,@B'6�&9;%�' )�-;1 4  #�23�70' )GP���-& � Disc-

rete Cosine Transform - DCT � h&�U�#)�':R8��-& #7��m)*3��J�&/0P;52-;($3$V J -a/0%2Rl)�-�QwM!"$��'(H�&�J�&/0-#)GM����!(H7��a)*3��J(H #7#/;>E�!($3z)G3�4B/��#3�%�-&LN-;%�>?�&4m($)!-& #4K/0%2Rl)�-; #4B(H #�2)G�����!($)GM!4
)�-; d5�'6�;�21#(=7��0)!-;4�Q\�!�GR )!-�)G�����! �)��I> -�Q\M!"$��'x(H�;�e�0/0-�)GM�����(=7���)*3��J�0/0-;(H #(H"$M�)2' ($3
� decorrelation � )!-& m($��7��&)!-&4�Q&h&���#)2':R8��-��2)��;4�)�' 4� �/0-0��M!(H��' 4.<�'6�B($)!�&)2' ($)2':9;�B�;�2� iS2�;%G)G3�(=>E�B9;�I'H��/&' )G%�M�/0-��2)��;4�)*3B"$%2��($3B5�'E��<H+8��>E+8�O/&' ��C&9&+8��(H #�270�U)!��h0�#3#)GP#)*3#)!�&4 �
Covariance matrices � V J M���-&4�QI<�'E�F���K�!��($+87��&)*R8(H-; #7���52 #���&7&':9;�m/0�#3�%2-;L�-;%�>E�<�'6�F)�-J($��7���Q$/0%�-&($��M�)�-; #7��u)2' 4�/0%2Rl)G�!4�9I�;'$5��!1�)G�!%2�!4u/0�;%2�0<HR_<=-; #4�V
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Acoustic Modeling

J �m�&9I-& #($)�':9IC�7�-0�G)GM����f/0�&%�M!"$-& #�uM!�2�f)G%�P0/0-�<�'E�f)!-��� �/0-���-�<�' (H7�PT)G3�4
/&' ���;�2P�)*3�i)��;4
P (Y |W )

Vx��-���C&5���7�-0�G)G����-&/0-I> 3�($3�4_��> ���;'�)�-�L�R8�G3�7��j/0-; 
�&���0/&�&%�> ($)!�0)!�;'G�0/&P
M����

HMM � triphone �!� VBv 3A�2� HMM
M�"$��'\70>?�d9I�0)2C&($)!�;($3d��' (HP&5�-; IQ\70>?�d9I�&)GC#i

($)��;($3e��S�P;52-; }9;�I' � ����5�'6C;7��!(H�!4�9;�&)��;($)GC;(H��' 4�V�kO'=9I�&)��;($)GC;(H��' 4f��' (HP&5�-; 2i ��S�P;52-; "$%G3�(='E7��!1#-& #�J($)G3��eM!�2+8($3o/0-��#�#R8�J5�'6�;52-#"H'69&R8�
HMMs

Q�)���-&/0-I>E�a(H"I3�7��&)2>E|�-; #�
M���� (H1#�*�N�U)!-

HMM
Q_)�-t-&/0-;> - 7#/0-;%2��>A�2� �;�2�&/0�;%2�;($)*��(H��'l70� <=�&��1�)G�!%���4J7�-0�2C�i

52�!4�QHP&/�+84���M!S2��' 4��B70'6�e-���P&9&�#3�%23}/0%2P�)��;($3$V J - � ��� 7#/&-&%���>H���T����+8%23�����>H(H�;�
70'6� <=�!���G�#)G%�'6�t�&9;-���-; ��N>?�&4J(H #7�h&P��#+8� � ($)*3 /0�!%�>E/�)�+8($� 7��;4�Q��&9;-; #($)2'69&R8��5�'E�#i�2 #(H70C0)�+8� � 7�-0�G)G����-&/0-I':R8�2)��;4K/&�&%�C0�#�#3#��� 70'6� 9;%� #L=���&9;-���-; ��N>?��9;�&)��;($)GC;(H��+8�
� �0/0-�)G����-&1#7��!�2+8�.�&/0P�)2' 4 � ����5�'6C;7��!(H�!4�9;�&)��;($)GC;(H��' 4 � V � /;' ���&��P#)*3#)!�T7���)GC�h&�&(H3�4
�0/0P�)G3��F9I�&)GC&(H)��;($3

i
($)*3��J9I�&)GC&(H)��;($3

j
9I����-;%�>E|���)��I'��&/0P�)*3��o5�'6�&9;%�' )*�d/&' �N�#i

�2P#)G3#)��
aij

QA���2R 3�/;' ���&��P#)*3#)!��/&�&%���<H+_<H��4e�!�2P;4e(H #7�h&P���-; �(H)*3,9;�&)GC;($)!�&($3
j
Q

9;�0��-;%�>?|2��)!�;'I�&/0PF)*3T/&' ���;��P#)*3#)!�e�!S�P&5�-; 
bj

V
4 )�- 4 "I��7��Tp#V � L��I> ����)��I'�M!�2�u/0�;%2C;5��!' <=7���)G3�4Y/0�;%��0/0C;�2+d5�'E�&5�':9I�;(=>E�;48P&/0-; �)!-7�-��2)GM���-F7���)!�#h&�I> �2��'H70M�(H+ )*3�4��&9;-���-; ��N>?�&4u9I�0)!�;($)GC;(H��+8�

X = 1, 2, 2, 3, 4, 4,
5
QH<�'E�F���F/0�&%�C0<=�!'$)*3��}�09I-���-& ��{>E�

y1
MU+84

y5
V � (H #��5� #�&(H70M��23}/&' ���;�2P�)*3#)��J70'E�&4

�09I-���-& ��{>E�;4j5�'6�;�2 #(=7�C0)�+8�
Y
9;�I'$70'E�&4��&9;-���-; ��N>?�&4�9;�&)��;($)GC;(H��+8�

X
QI5��!52-;7�M!��-& 

9;C&/0-I' -; B7�-0�G)GM���-; 
M � /;' ���&��P#)*3#)2��4�7���)GC�h&�&($3�4f9;�I'���S�P;52-; � QH �/0-���-�<�>?|2��)!�;'N(H�;�)�- <�' ��P&70����-�)�+8�z/&' ���;��-#)*�#)�+8�a7���)GC�h&�;($3�4e9;�I'w)U+8�a/&' ���;��-#)*�#)�+8�a�!S�P&5�-& IV�y\'E�

)*3����&9I-���-& ��N>?�T9I�0)!�;($)GC;(H��+8�
X
)!-; T(H"I��7��&)�-;4Tp#V � M!"$-& #70�.P#)�'�~

P (Y,X|M) = a12b1(y1)a22b2(y2)a23b3(y3) . . . � p#V g��
4 )*3��T<=�!��':9;�e/&��%�>E/�)U+8(H3e/&-& X = x(1), x(2), x(3), . . . , x(T )

Q�3e/&�&%��0/&C&�2+ /;' i
���&��P#)*3#)!�K<�> ����)��I'{~

P (Y,X|M) = ax(0)x(1)

T∏

t=1

bx(t)(yt)ax(t)x(t+1) � p#V ���
P0/0-; 

x(0)
��> �2�I'�3m9I�0)GC;($)!�&(H3���' (HP&5�-; f)!-& �7�-��2)GM���-& f9;�I'

x(T +1)
3�9I�0)2C&($)!�;($3

��S�P;52-; IV
4 )*3���/0%���<=7��&)2'69;P#)G3#)���Q �!7���> 4J<=�2+8%�>E|�-& #70�F7�P0�2- )*3����09I-���-& ��{>E� Y

Q
�!�GR 3
�09I-���-& ��{>E�

X
7��;4A��> �2�I'�C�<=�2+8($)*3$Q�<�'E�f�; �)GP�9;�I'�70'6��C&7��Y<�'6��9;%� #L�M!4l���;%G9I-#h;'E�&��M!4

�09I-���-& ��{>E�!4�Vxyw'6��)!-��� �/&-���-�<�' (=7�Pm��-;'6/0P��
)*3�4
P (Y |M)

�;%G9I��>��2���0��%�-;> (=-& #7��8)*3��
p#V � <�'E� P����!4z)2' 4�/&' ���;�2M!4�7���)���h&C;(H��' 4a9I�0)!�&(H)GC&(=�U+8�&V v 3A�2�;4d�&/0-#)G�����!(H7��&)2'69;P;4
)G%2P&/0-;4u<�'6�e�2�B<�> ����'$�; �)GPK��> �2�I'$-

Forward-Backward
�&��<=P&%�' ��7�-;4�V

�����	��

��������������������
����	�� !�����	"#
�$�%�

&�$'���(���	
�)�$+*#�
contexts , %- ����(����.0/1��
2���134)��5�����1�+�*1�����1�	�+.0���0)2�1$6�7��/�)2�8���0)�� %#)��1$ "#�

HMMs , triphones
3295:;$<�5)��5=�>?��@A�0B7����)��C)D�7EF��G#G-H�$+*�B7EG#H���%�%���EI !������"-�� ��

45
3 triphones J ����/K)2�L�7���1�+�M��/����MN�O-9 O�O�OP"-�0�7%($<���7���1$ ��Q��D)��1$-%#)��K���	��RD�
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Model

1 2 43

Acoustic
Vector

Sequence

5

y2y1

b3(y3)b2(y2)b2(y1)

Y      =   y4 y5

a23 a34 a45a12

a22 a33 a44

y3

b4(y4) b4(y5)

4 "I��7��,p#V � ~ HMM
��D�� � � � D � v 3Y��� � ��� 7#/0-;%��!>{���e����+8%23�����>{(H�&�T7&'6�J<=�!�*i

�G�#)G%�'6�F�09I-���-; ��N>E�;4u(H #7�h&P��#+8� � ($)*3T/0�!%�>6/�)�+8($�B7��;4�QH�&9;-; #($)2'69&R8��5�'6�;�� #(H7�C&)U+8� �7�-��2)G����-0/0-I':R8�2)!�&4O/&�&%�C0�#�#3#���e70'E�F9I%� #L=�B�&9;-���-; ��N>?�K9I�&)��;($)GC;(H��+8�0V ���U)!��h&�;> �2��'
7���)��;S21f)U+8�u9I�0)!�;($)GC;(H��+8��h&C;(H��'0)U+8��/&' �N�&��-#)*�#)�+8�O7���)GC�h&�&($3�4�9;�I'�9IC0����"$%2-���':9;�
/0�!%�> -;52-�/0�&%�C0<=�!'�M����O9I�;' �2-;1#%�' -��09I-; #($)2':9IP�5�'6C;�2 #(=7��f(H1#70L=+8���f7��A)*3��.9;�&)!�&��-&7��
��S�P;52-; f)G3�4O/0�;%2-;1#(H�;4.9I�&)GC&(H)��;($3�4�V

���� �t�*�l�

HMMs
� ��/&'6��-�<H�o)*3�4}9;�&)!�&��-&7���4��!S�P&5�-& IQ{/0�I>?|2��'�($3�70�&�2)2':9IPd%�P���-d�;LN-&1J7�-��2)G����-&/0-;'E��>
)*3��
7���)���h0�#3#)GP#)G3#)���)!-& .L�C;(H7��&)!-&4Y)*3�4YL�+8�G��4�Q�(H�l�;�2)2> ���!($3u7��_)�-O70-��G)2MU��-�7���)GC�i
h&�&($3�4�9;�&)��;($)GC;(H��+8�m)�-J-&/0-I> -FM!"$��'=���F9;C;�2��'=7���)*3��}5�'EC&%29I�!'E�=V c ��C&��-�<=�B��-I':/0P��
7��K)!-,/�+84J7�-0�G)G����-&/0-I' -;1#�2)��I'_-;'l9;�&)��;��-&7�M!4B�!S�P&5�-; IQ_M!"$-; #7��B)2%2��' 4K9I�&)*3�<=-&%�>?��4
�09I-& #(H)2':9;R8�f7�-0�G)GM��#+8�&V
��������� � 	 � 
 &
	 ���

HMMs

J ��/0%2Rl)�� (H #($)*��70�0)!� �;����<=�2R8%�' ($3�4JL�+8�G��4e"$%23�(='67�-&/0-I' -&1#(H�;�d5�'6�&9I%�' )GM!4e9;�&)!�#i�2-;7�M!4��!S2P;5�-& }(H�O(H #��5� #�&(H70PF7��O5�'6�;�� #(H7��&)2':9IPK90h&�;�G)2' ($)G� � Vector Quantizer -
VQ � V=v 38)G(�' Qx9IC0�����&9I-& #($)�':9IPz5�'EC&�� #(H7��a�&�2)2'69;�0�N> ($)!�0)!�I'��&/0Pz)!- index � 52��>E9&)G3 �)�-; ,/&' - 9;-��2)2' �2-;1�(H�J�& �)!-&1�5�'6�;�21#(=7��0)!-;4o�0/0P M!�2� (H1#�2-���- )GM�)�-I':+8��5�'6�;�2 #(=7�C#i
)U+8� � codebook � Q��!�GR -I'$9I�0)!�;�2-;7�M!4���S�P;52-; m' (H-;5� #�2�;7�-;1#��7�� look-up tables

/0-; 
/0�!%�'EM�"$-; #�e)2' 4B/&' �N�&��P#)*3#)G�!4B<�'6��9;C0���}/&' �N�&��P�52��>E9&)*3$Vey\'E�a)G3d9I�0)!�&��-;7#�z�!S2P;52-; 
bj(yt)

($)*3��e9;�&)GC;($)!�&($3
j
Q\7��

yt

)!-��09I-; #($)2':9IPd5�'6C;�� #(H7��a)*3z"$%2-0��'69&�z($)�' <=7��
t���e' (H"$1#��' Q=52�!5�-&70M���-; f)*3�4O�&/0��':9IP���' ($3�4u)�-; 

yt

($)�-J5�'6C;�2 #(=7��
ym

)!-; 
codebook

~
M∑

m=1

bj(ym) = 1 � p#V 5&�
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P0/0-; 
� ��> ���;'*)�-�7�MU<=�U��-;4l)!-& 
codebook

V J -�7��U<=C0��-./����!-���MU9;)*3�7��u7��w)!�O5�'E�09I%�' )GC7�-��2)GM����B��> ���;'IP�)2'H �/0-���-�<�' ($)�':9ICe�; �)GP;4.-K)G%�P0/0-;4u�!> ���;'I�;%G9I��)GCT�&/0-#)G�����!(H7��&)2':9IP;4
�0/0P C0/&- ��3��;����<=�2R8%�' ($3�4�Q8�;LN-&1d3�/;' ���&��P#)*3#)!� ��S�P;52-; d5��!�z"$%2��'EC&|���)��I'_�2�  �/0-#i
��-�<�' (H)G��> Qw�0�#��Cz�;���09;)GC&)��I'{7�M!($+ �!�2P;4

look-up table
V c �G)�> ����)��d)�-a7��U<=�0��1�)2��%�-

7�M!%2-;4O)!-& e"$%2P0�2-; T($/0�&)��&��C&)��I'{($)!-��}9�h&�;�2)2' (H7�P�Q�P&/0-& K/0%�MU/&�!'N���J �/0-���-�<�' ($)G��>{3
�U��C;"H' ($)*3T�&/0P&(H)��;($3m)�-; �5�'6�;��1#(H7��&)�-;4.��' (HP;52-; f70��)!�T/0%�P#)G �/0�T�&9;-; #($)2'69;CT5�'6�;��12i
(H7��&)��K/0-& �/0�!%�'6M!"$-��2)��I'I($)!-

codebook
V D ��M�/0-& #70����-I':/0P��OP�)2'$-T7#3�"$�;��' (H70P&4

VQ52%��K(H�;��/&%2-�i ��/0�!S2�!%G<=�&($)G��4u�;����<=�2R8%�' ($3�4 � recognition preprocessor � Vv k�7#+84K��9�)U+8�e/0%��0<=7�C0)�+8�&Qx3d�;�2C&�� #($3o)!-& a�09I-; #($)2':9I-;1o"IR8%2-; o��> ���;'�70':9I%G�
� �&LN-&1 M!"$-; #7���/0��/0�!%2�;(H7�M!��- �;%�' �N7�P (H #7�h&P��#+8�t�!S2P;52-; � 7��,��/&':/�)GR8(H��' 4 ($)*3���09I%�>:h&��'6� )*3�4d�;����<=�2R8%�' ($3�4�Q�-I'A-&/0-I>E�!4o�!��' (="$1#-��G)!�I'Y9I�I'Y��P�<H+ )�-; �90h&�&�2)2' (H7�-;1
-K-&/0-;> -;4u�!' (H�0<=C0<=�!'=��/&':/���M!-�����P;%2 2h&-�V#38/&> ($3�4�3T"$%2��($3

VQ
7��u��> (H-&5�-��E-���P&9&�#3�i

%2-��x)!-�5�'6C;�2 #(H70�a+84eM!"$��' Ql�0/&�;' )G��>_/0-���1�7��U<=C&���
codebooks

<�'6�,����9;�&��1��N�!'x)!-
�09I-& #(H)2':9IPK"IR8%�-=Q$�&9;P;7��K9;�I'$P#)!�&�m�; �)GP&4u/0�;%��&7�M!����'$(H"$��)2':9ICe70':9I%2P;4�V

D M h&�I'6�O<�'6�O)2' 4�/0%2Rl)G�!4 ��LN�;%27�-�<=M!4A�&����<=�2R8%�' (H3�4YL�+8�G��4A)�-�7�-��2)GM���-O�& �)2PO����' i
)�-; #%*<=-;1#(H�m':9I�&��-0/&-;' 3#)2'69;C�Q��&LN-;1K��9;��> �G3K)*3��B��/0-#"I�e3J5�'6�0���!(='E7�P#)*3#)!�d(H�f/0P;%2-; #4
P0/�+84d7��G��7�3 9I�;'A �/0-���-�<�' ($)2'69&� ' (H"$1#4z�#)!�&��/&��%�' -&%�' (H7�M!�23$Q��!�2R 9I�;'8)��t���!S�':��P�i
<�'6�a�#)��;�K(H"$��)2'69;C�70'69;%�C=Vm���0�=R84m/0�!%2��-&1#(=�&�T)!�d"$%�P���'6��Q�7���)*3��F��' (H�0<H+_<H�zP���-
9;�I'8' (H"$ #%�P#)G�!%G+8�a �/0-���-�<�' ($)2'69&R8��(H #($)G3�7�C0)�+8���0�#��C,9I #%�>6+84e7��F)2' 4z�0/&�;' )*��(H��' 4
��LN�;%27�-�<HR8�j<�'6�m/0-���1f7��U<=�0��1�)G�!%�-f���!S�':��P�<�' -�Q&MU<�' ���
L��;����%�P�P#)�'0)!-}(H �<H9I�U9I%�'67�M!��-
7�-��2)GM���-K5����f�#)��;��/&'6�e9I�0)GC&�#�#3#��-�V
��������� � , �����	�

HMMs - Gaussian Mixture HMMsv 38)G(='{)!�z(H1�<="$%�-����J(H #($)*��7��&)!�z�&���0<=�GR8%�' ($3�4f"$%23�(='670-0/0-I' -&1#�}/&�&%��&70�U)2%�'69;M!4�(H 2i
�2�!"$��> 4O9I�0)!�&��-;7�M!4��!S2P;52-; }/0-; K7�-0�G)G����-&/0-I' -;1#�m)��o�&9I-& #($)�':9ICe5�'6�;��1#(H7��&)��o�&/0�! 2i
����>E�;4�V
y\'6�J)!-o($9I-0/&Pe�; �)GPJ(H #�2���=+84f"$%23�(='E7�-0/&-;' -;1#�G)!�;'{70�!> <=70�0)!�e<H9;�;-; #(='6�;�GR8�
9;�&)��;��-&7#R8�f9;�I'I3T/&' �N�&��P#)*3#)!�J��S�P;52-; � output propability � ��> ���I'I3B�!SG��4m~

bj(yt) =
M∑

m=1

cjmN(yt;µjm,Σjm) � p#V87 �
P0/0-; 

cjm

��> �2�I'l)!- h&C&%�-;4 � weight � )�-; 70�!> <=70�0)!-&4 m
($)G3��a9I�&)GC&(H)��;($3

j
9;�I'

N(yt;µjm,Σjm)
��> ���I'$3K/&-��� #5�'EC&($)!�&)*3 � multivariate � <H9I�&-; #(='6�;�2�B7��O7�M!($3K)�' i7#�

µ
9I�I'l(H #��5�'E�09I1#7��;�2($3

Σ
<�'E��)!- 7���> <=7��

m
($)*3��a9;�&)GC;($)!�&($3

j
V 4  #�2���=+84

� /0�&%�P;7�-;'E�!4 � 9I�0)!�&(H)GC&(=�!' 4�7���)��;S21 HMMs
"$%23�(='67�-&/0-I' -&1#�}9I-;' �2M!4�<H9I�;-& #(='E�&��M!4�Q

MU)2(='�R8($)2�����z7���':R8����)��I'�-z(= #�2-��0'69;P;4��;%�' ��7�P;4�)!-; #4�V � �&%*vIP����z�; �)GC�Q�-z"$%2P0�2-;4/0-& F"$%2��'EC&|���)��I'H)2P&(H-F<�'E�F)G3��T�U9;/0�I>E5��! #($3T)�+8�}/0�&%��;7�M�)G%G+8�f)�-; #4�Q{P&(H-e9I�;'=9I�0)GC
)*3��}5�'E�&5�':9I�&(�>E�T)G3�4��&���0<=�GR8%�' ($3�4�QH��> ���;'H�&%29;��)GCF7��U<=�0��1�)2��%�-;4O(H��(H"$M!($3K7���)!-& #4
�&�2)2> ($)!-;' "$-; #4�"$%�P��2-; #4u7���5�'E�09I%�' )GC

HMM
7�-��2)GM����=V
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HMMs
v ku/�+84f��> �2�I'HLN�&���!%2PK�0/0Pe)!�e/0�&%��&/0C&�2+
Q$/0�;%2-; #(='EC&|���)��I'H)!-JL��I' ��P;7��!�2-K)��o7���' -���� i
9&)*��70�0)!��)*3�4870'E�&4Y9;�&)*3�<=-;%�>?�;4

HMMs
���.�&/0-#)2�U��-;1#�A/����!-��2��9;)*��7��&)��.<�'E�.)!-�C0�#��-

�!>?5�-&4m9I�;'��;�2)2> ($)G%�-&LN��V 4 )!-���%G<=�;($)*��%�' -�7��;4T ���-0/&-;'6���=3#9;�}M!���z9I�;' �2-;1#%�' -z��>?52-;4�09I-& #(H)2':9;R8�d7�-0�G)GM��#+8�a/0-; ,(H �<H9;�!�2)G%2R8�2��'_)!� /����!-��2��9;)*��7��&)�� )U+8� g 7��U��P;52+8�9;�I'$/0%�-&9;1�/�)2�!'=7��u)�-0���!S2��4u(= ��#��-�<�' (=7�P�~
� '65�M!���!> ���;'����u�!LN�&%�7�P;(H-; #7��_)�-

VQ
P#"H'��0/ �6�! �����>?�&4Y($)��f�09I-& #(H)2':9ICO7�-��2)GM����

�0�#��C�($)�-
front-end

Vl���Y)*3��.M!S2-;52-�)�-; 
VQ

����7#3��u��> ���I'�/&'6�m-�5���>69;)*3�4�Q#�&�#��C�)!-
>E5�' -�)!-}/0%�P#)G �/0-}5�'6C;�2 #(=7��=Q&7#/0-;%2-;1#7��
����/&�!'E%2�;7��&)2' ($)!-&1#7��.7�M!"$%�'&���f9I�0)!�&�#��S2-; 2i
7���(H�u9;C&/0-I' -F(H"I��7��F9&+85�':9I-&/0-;>:3�($3�4u/0-& T���K5�> �2��'I ���3#�#�B�09I%�>:h&��'6�T�;�2�0<=�2R8%�' ($3�4
<�'6��)!- |23#)!-&1#7��!��-�h&�0��7�P (= #7#/&>?��(H3�4 � 70�F"$%2��($3�/0C;�G)!�,)�+8� Gaussian Mixtu-
re HMMs � V 3YL��;%�7�P&|�-��2)��;4�)!-d(="I��7��z9;+85�'69;-&/0-I> 3�($3�4m($)!-d-&/0-;> -z9;�&)��&�#��S��&7���Q9�h&�;�G)�>E|�-& #70�O(H�f5���>69;)*3K)GR8%2�o/;'6�o9I�;'N/&�&%�C0�#�#3#���o5�'6�&9I%�' )!-0/0-I' -&1#70�f)!�z7���> <=7��&)��
)U+8��<H9I�&-; #(='6�;�2R8�0V J R8%��=Q$/0�!%�'67�M!��-& #70�j)!-o>E5�' -F��/&>E/0�!52-F�09I%�> h&��'6�;4u�&����<=�2R8%�' (H3�4
� ��P�<H+ )G3�4u'69;�;�2-&/0-I' 3#)2':9;��4��&��C&�� #($3�4�)!-& m�&9;-; #($)2'69;-;1�"IR8%�-; �/0-; �5�'6�&)*3�%2��(H�;7�� �9;�0�=R84T9I�;'\��/&' )GC;"$ #�2($3�4F)!-& a"$%2P���-; e�;����<=�2R8%�' ($3�4 � ��P�<H+ )*3�4F�&�2)2':9I�&)GC&(H)��;($3�4
)�-; F �/&-���-�<�' (=7�-&1F)*3�4�/&' ���;�2P�)*3#)��;4m��S�P;52-; T7���M!���e�&/���P

look-up � V.���0)!�&�� �)2':9IP%2P���-�Ql/0�I>E|���'x)!-,<=�U<=-���P;4KP#)2'l)�- 9;C0���B�&9;-; #($)2'69;P,5�'6C;�� #(H7�� �E($/&C&��' �l(H�K9;�&)GC&��i
�#3#���F��/&'6��� <=70M����e70':9I%2P�)G�!%2�B5�'6�;��1#(H7��&)�� � M!($)U+ L � V c  �)2PKM!"$��'H(H�;���&/0-#)2MU���!(H70�)*3��o�09IP;7��a70� <=�&��1�)G�!%23a��/&' )GC;"$ #�2($3a)�-; �"$%2P���-; o�&����<=�2R8%�' (H3�4�Qx9I���=R84F�&�2)2>\�2�
"$%G3�(='E7�-&/0-;'E��> )��I'jM!��� �6)G�!%�C&($)�' -��

codebook
9;�&)GC )G3 5�'EC&%29;��'E� )�-; 9�h&�;�2)2' (H7�-;1IQ

"$%G3�(='E7�-&/0-;' -;1#�G)!�I'
L
7&':9I%2C

codebooks
V

D �&(='E|2P;7��!��-;'=��-;'6/0P��}($)!-��}5�'E�&�� #(H7��&)2'69;Pe90h&�&�2)2' (H7�Pe)�+8�
MFCC

5�'E�&�� #(H7�C�i
)U+8�e)!-& 

front-end
(H1#7�L�+8�2��7��})!�a/&�&%��0/&C&�2+
Q�3z9I�0)!�&��-;7#�o��S�P;52-; 

bj(yt)
Qw7��

yt = [y1t, y2t . . . yLt]
)!-J5�'EC&�� #(H7��K/0-& }/&��%�'6M!"$��'$)!�

L
 �/0-;5�'E�&��1#(H7��&)!�F��> �2�I'{~

bj(yt) =
M∑

m=1

cjm

L∏

i=1

Pmi(vq(yit)) � p#V86 �
P0/0-; 

cjm

�!> ���;'�)!- h&C&%�-&4 � weight � )!-& 70�!> <=70�0)!-&4 m
(H)*3 9I�0)GC;($)!�&(H3

j
9;�I'

Pmi(vq(yit))
3d/;' ���&��P#)*3#)!��)!-; a5�'6�&9;%�' )�-;1�(H #7�h&P���-; 

vq(yit)
<�'6�,)!-� �/0-;5�'EC&�� 2i

(H7��
i
)!-& o7���> <=7��&)!-&4

m
VT���

vq(yit)
�;�2�&/0�;%�' ($)!-&1#70��)!-�(H1#7�h&-���-��!S2P;52-; F)�-; 

9�h&�;�G)�' (=7�-&1z)�-; z �/0-;5�'E�&��1#(H7��&)!-&4
i
)*3��J"$%2-���':9;�z($)2' <=7#�

t
Q\7��TC&�#���d��P�<�'E��)�-��

�&�2)2> ($)!-;' "$-J5��!>E9;)*3$V
4  �<H9;%�> �2-��2)!�&4e)2' 4d�!S�' ($R8(H��' 4�p#V86,9I�;'jp#V87IQYh0��MU/&-& #7��oP�)2'YM!"$-; #7��J�&�2)2'69;�&)GC�i($)��;($3a)*3�4}<H9I�&-; #(='6�;�2��4m70�mM!���o<�' �2P;7��!�2-a/&' ���;��-#)*�#)�+8�0Q\/0%2C0<=7��a/0-; oM�"$��'\(H�;�

�0/0-�)GM�����(=7��O)*3����;�2)2':9I�0)2C&($)!�;($3.)!-; . �/0-���-�<�' (H70-&1�)�+8��/&' �N�&��-#)*�#)�+8�j�!S�P&5�-& �)U+8�
<H9;�;-& #(�'6�;�GR8�J7��BM!���

look-up
9;�I'w(H #�2��/�R84K)*3��o��/&' )GC;"$ #�2($3�)*3�4e�&���0<=�GR8%�' ($3�4�V

y\'6��/0�!%�' (H(=P#)G�!%2�!4 ����/�)!-&7�M!%���'6�!4�/0�;%2�&/0M!7#/0-; #7�� ($)*3��j5�':/0�#+87��0)�':9;����%G<=�;(=>E� nqpK:2rsV



��� ��� � � F � & ���#��� ��� ���


���� � ��`o�����Y���}`d�.
\�
• J � (H #($)G��7��0)!� �;����<=�2R8%�' ($3�4aL=+8�2��4zh&�&(=>?|�-��G)!�I'A(H)*3���1�/0�;%2S23 �!��P&4a7#3�i
"$�;��' (H70-&1J/0�;%���<H+_<H��4 �E�&9;-; #($)2'69&R8� ��5�'E�&�� #(H7�C&)U+8� � front-end � Qw�&9I-& #($)�' i9;R8��7�-��2)GM��#+8��/&-& O7�-0�G)G����-&/0-I' -;1#�
)!��L�+8�2��7��0)!�f"$%23�(='E7�-0/&-;'6R8�G)!�&4�9I%� #L�C
7��;%29;-�h;'6�;�2Ce7�-��2)GM���� � HMMs � 9I�;'N�!�2P;4�<H�#+8(H(�':9I-&1e7�-��2)GM���-& IV.���f"$%G��i($3J($)!�0)�' (H)2':9;R8�K9I�I'{C0�#�#+8�B70� �NP&52+8�0Q�<�> �2��)!�;'N)G���0'69;CJ3o�&/0-09;+85�':9I-0/0-I> 3�($3
� �;�2�0<=�2R8%�' ($3 � )*3�4OL�+8�G��4�V

•
� ��' (H�0<H+_<H��)!-& ,90h&�;�G)2' (H70-&1�)�+8�d/&�&%��&70MU)2%G+8�d)�-; 

front-end
M!"$��'8(H�;�

h&�;(=':9IPe($9;-&/0PK)*3��}7�MU<�' (H)*3F(H #7�/&>E�!($3$V c  �)GPF70�&4O��/&' )G%�M�/0��'=/=V6"{VY)*3��m�&����i
<=�2R8%�' ($3�(=�Y/0�!%�>6/0)U+8($3O/&-& O-�%2 ���70P&4�7���)GC;52-;($3�4�5���5�-;7�M!�G+8�
�!��P&4 5�'E�&1���-; 
7���)!�&S�1

front-end
9I�;'=�&����<=�2+8%�' (H)*�T�!> ���;'I/&��%�' -&%�' (H7�M!��-&4�V

• J �o/0%2Rl)!�z(H #($)*��70�0)!�a"$%23�(='E7�-0/&-;' -;1#(H�&�F5�'E�09I%�' )2Co7�-��2)GM����=Q{)G���0':9ICzP;7#+84��/&'69;%�C0)G3�(H�&�o�&9I-& #($)�':9IC�70-��G)2MU����/&-& �"$%G3�(�'67�-&/0-I' -;1#�o<H9I�;-& #(='E�&��C�7���> <Ii
7��&)!�

HMMs
V}y\'6�a)!-& #4T($9I-&/0-&1#4}�; �)*��4})*3�4B�!%G<=�&(�>E�;4f3z-&/0-I>E�z/0%2-�)G��> ����'

)*3B"$%2��($3T)!-& T5�'6�;�� #(H7��&)2':9I-&1m90h&�&�2)2' (H7�-;1IQH"$%23�(='67�-&/0-I':���=3#9I�;���&9;-; #($)2'69;C
7�-0�G)GM����j/0-& �/&%2-&9;1�/0)�-; #�Y7��_5�'6�&9;%�' )�-&/0-I> 3�($3
)�+8�Y)2�U���! �)!�;>E+8� � DMHMMs � V

• � M�%����&/0Pm�& �)GPmP;7#+84�Q07��;4
5�> ���U)!�I'#3�5� #�2�&)GP#)*3#)!�m�2��"$%G3�(='E7�-&/0-;'6��(H-; #7���)�-90h&�&�2)2' (H7�Pf)U+8�./0�;%2�;7�M�)G%2+8��)�-; 
front-end

7�� �&���0<=�G+8%�' ($)*��/0-; u"$%23�(='E7�-#i
/0-I'6��>�)GP;(H-�70�!> <=70�0)!��(H #���!"IR8�

HMMs � ($)*3��j/0�!%�>E/�)�+8($3./&-& u-O90h&�&�2)2' (H7�P;4 �/0-;5�'6�;�21#(H70�0)!-&4
5�> �2��'#90h&�;�G)2' (H70M���-} �/0-;5�'EC&�� #(H7�� � P;(H-�9;�I'070�!> <=70�0)!�}5�'E�#i9I%�' )*R8�
HMMs

�&/0Pm9�h&�;�2)�-&/0-I> 3�($3f(H #���!"IR8�
HMMs � (H)*3���/0�!%�>E/�)�+8($3m/0-& -O90h&�;�G)2' (H70P&4� �/0-;5�'E�&��1#(H7��&)!-&4 5�> ���!'�)!-���5���>69;)*3u)�-; u9�h&�;�2)2' (H7�M!�2-; u �/0-&5�'6��i

��1#(H7��&)�-;4 � V 4 )*3��}52�!1�)G�!%23T/0�!%�>E/�)�+8($3FM!"$-; #7���9I�;'=7��U<=�0��1�)G�!%23K(H #7#/;>E�!($39I�;'$)��;"$1�)G�!%G3B�;����<=�2R8%�' ($3$V

���� � �u�A�.�u[�`o�����

4 �m�; �)GPd)�-�9I��LNC&���;' -z5�P���3#9;��70'6��/0-���1o(H1#�2)!-&7#3z��' (H�0<H+_<H�d($)!-�9;�!LNC0���I' -o/0-; ��M <=��)!�;'A�;�2�0<=�GR8%�' ($3�L�+8�G��4�V �,'6� /&' - /��#��%23�4z�0�#��C 9I�;'8/0�!%�'E�U9;)2'69&����' (H�0<H+_<H�
5�> �2��)!�;'x($)*3��e�!%*<=�;(=>?��nqp!rsQ�3z-&/0-I>E�a�U/;> ($3�4T/0�!%�'6M!"$��)��I'�9I�;'x($)!-zh;' h0�0> -tn � r8<�'6�a)�-
HTK

(H1#($)*3�70�=V � ' -o��'65�':9IC=QN70'6�o�;���0�� �)2'69&�K/0�!%�' <=%��&L��T<�'6�o��/0�!S��!%*<=�;(=>?�FL�+8�G��45�> �2��)!�;'�(H)�-Fn g rsV�v 3Y�����;%G9I��)GC��&S�'6P���-�<=-�9;�I'�/��#��%���48h;' h0�0> -���> ���;'2)!-Kn 5 rI<�'6�f)�-�-&/0-I> i-d(H #��> ($)!�0)!�;'�9;�I'{)!- n 72rsV 4 )*3,n 5 rY5�> �2��)!�;'�70'6�a-���-09;�#3�%G+870M��23J�!'69;P0�2�J)!-& J)!-;7�M!��&����<=�2R8%�' (H3�4AL�+8�G��4�Q��&/0PO)2��"$��':9IM!4A<�'6��/&�&%���<H+_<H���&9;-; #($)2'69&R8�
5�'6�;�2 #(=7�C0)�+8��9I�I'
(H1�<H9;%�' ($3�4m/0%�-#)G1�/�+8�&Q�7�M!"$%�'N)*3��K�U9;/0�I>E5��! #($3K9I�I'N/0%2-;(H�;%270-�<H�F7�-��2)GM��#+8�&QN�&�#��C
9;�I'{/0%��09;)2'69;M!4���1#(H��' 4m<�'E�z)*3��F�0/&-#)G�����!(H7��&)2':9IP#)*3#)!�d�!��P&4m(H #($)*��70�0)!-&4T�;����<=�2Rwi
%�' ($3�4�L�+8�2��4�V



� !$�������	��� �
� � ��� � ��� ��� � � � 	 � � � �

���

 �t	��m���������
v ku/�+84O��>E5��&70��($)*3�� 3A' (H�0<H+_<H�$QH($9;-&/0P;4��& �)*��4u)*3�4��!%G<=�&(=>?�;4.��> �2�I';3T��1#%��!($3m)G%2P�i
/0-& J9;+85�':9I-0/0-I> 3�($3�4}L�+8�G��4}(H�m��/&>E/0�!52�d/0-& F���a9I���N' ($)!-;1#�K)*3��e�;�2C&/�)G #S23e�!LN�&%*i
7�-�<HR8�B�;�2�0<=�GR8%�' ($3�4fL�+8�2��4�/&' -z/&%2-;(=' )*�o�0/&PoC0/0- ��3K9IP&($)!-; #4�Q{�;LN-&1B�; �)GPo��> �2�I'
(H #�2 #LN�;(H7�M!�2-m7��
)!-T%� ���7�P}7���)GC;52-;($3�4�5��!52-;7�M!�G+8�&V c  �)GP����}��/&' )G%�M �N��'&)*3��O"$%G��i
($3�)!-& �70-��G)2MU��-; �/0����C0)G3�i��!S2 �/�3�%���)*3#)*��<�'E� �!LN�&%�7�-�<=M!4J(H�e/0�!%�' h&C0�#��-���P&/�+84
�& �)GPK)�-; T5�'6�;5�'69&)G1#-; ��T)U+8���&(H1#%�7��&)U+8��5�'69&)21�+8�0Q$P&/0-& }-K/0����C0)*3�4O��> �2�I'I �/0�!1��� 2i
�2-;4.<�'6�F)*3B9;+85�'69;-&/0-I> 3�($3})*3�4OL�+8�G��4�V

4 )�-K���!L�C&���;' -op���>E5��;7���P#)2';)!- front-end
/0�;%�C�<=��';)2' 4u/0�;%2�;7�M�)G%�-& #4j)*3�4�L=+wi

�G��4J7��e7�-;%2L��,�09I-& #(H)2':9;R8�z5�'6�;�2 #(H70C0)�+8�0QY)�� -0/0-I>?��"$%G3�(�'67�-&/0-I' -;1#�2)��I'8�&/0P�)!�
�09I-& #(H)2':9ICJ7�-��2)GM����K<�'E�z���Bh&%��U����>�3Th&M��#)2' ($)*3o�&9;-���-; ��N>?�K��M!S��U+8�}�&/0PJ)!-��T�&����i
<=�G+8%�' ($)*�$V c �2�;LNM�%G�=3#9I��P#)2'=3B"$%2��($3B5�'E�&�� #(H7��&)2'69;-;1m9�h&�;�G)�' (=7�-&1T��/&' )G �<="$C;���U)!�I'
7��O)!-J9�h&�;�G)�' (=7�Pe)U+8�T5�'6�;�2 #(=7�C0)�+8�}��' (=P&5�-& K)�-; 

front-end
($)!�J/0%2P�)G �/0�J�09I-; 2i

($)2':9ICe5�'E�&��1#(H7��&)��e�;�2�;L�-;%�C&4
/&-& }/0�!%�'6M!"$-��2)��I'H(H)�-
codebook

V 3A':/0R_�=3#9;�O��/&> (H3�4�Q
P#)2'I3T"$%2��($3�)!-; m5�'6�;�� #(H7��&)2':9I-&1�90h&�&�2)2' (H7�-;1}�U/;' )2%2M�/0��'I)*3T"$%23�(='670-0/0-I> 3�($3T�&9;-; 2i
($)2':9;R8�}7�-��2)GM��#+8�f/&-& }/0%�-&9;1�/�)!-; #���&/0Pe5�'E�09I%�' )!-0/&-;> 3�(H3K7�-��2)GM��#+8�f7��O70�!> <=70�0)!�
(H #�2�!"IR8�u9I�0)!�&��-;7#R8�0Q0)��T-&/0-I>E�}523�70' -& #%G<H���=3#9I�&�u��'65�':9ICm<�'6�m)�-K($9;-&/0P}�; �)*��4
)*3�4
��%G<=�;(=>E�;4�Vlk (H #�25� #�;(H7�P;4j)!-& }5�'6�;�2 #(=7��0)�':9I-&1m90h&�&�2)2' (H7�-;1}7��."$%2��($3})�+8�f/0�;%��#i
/0C&�2+ 7�-0�G)GM��#+8�&Q\M!"$��'x(=�&�J�&/0-#)GM����!(H7���)*3�(H #7#/&>?�!($3z)!-& a($��7��&)�-;4B)*3�4FL=+8�2��4�Q
�0�#��CF9;�I'I)*3��m��/&' )GC;"$ #�2($3K)*3�4O�&���0<=�GR8%�' ($3�4�V

4 )�-�/&%GRl)!-,7�M!%2-;4T�; �)�-;1z)!-& z9;�!LN�0���I> -& J5�> ����)��I'�9IC&/0-;' -a����+8%23#)2':9IP� �/0P#h&��i��%2-�Qw/0�&%�-; #(='6C;|2-0�G)!�&4})2��"$��':9IM!4�QlP0/�+84B)*3��J9&+85�':9I-&/0-;>:3�($3z/�3�<H��4�Q_)!-��Fh&���N7#+l)GP
9;�I'�5�'E�&�� #(H7��&)2'69;P�90h&�&�2)2' (H7�P�9;�I'�)GM���-&4A)2' 4 )G�!"$��'69;M!4A9&+85�':9I-&/0-;>:3�($3�4YL�+8�G��4�V 4 )�-52�!1�)G�!%�-F7�M!%�-&4�)�-; T9I��LN�&���;> -; IQ$/0�!%�' <=%�C&LN��)��I'��&���0�� �)�':9ICK)!-J(H"I��7��J9;+85�'69;-&/0-I> 3�i
($3�4T/0-; o�!L��;%270P&(H�;7��f)�-�-&/0-;> -a(H #��52 #C;|2��'{)2��"$��':9IM!4m9&+85�':9I-0/&-;> 3�(H3�4mL�+8�2��4}9;�I'



= � = � �"! � , F �%��& D�- D�&AG ��, BE��( B+/'@)( BED"F"D�GH�"�+� �%=

9&+85�':9I-0/&-;> 3�(H3�4j/�3�<H��4�V c ���0��1#-��2)!�;'I-I'0h&�&(�':9IM�4�M!���2-I'6�!4�QI-;'I-;%2-���-�<�>?�!4j9I�I'I-;'$�&��i
<=P&%�' ��7�-I'&/0-& O"$%23�(='E7�-0/&-;'6���=3#9;�;�u9;�I'#/&��%�' <=%2C;LN-��G)!�I'�-I'05�'6�;5�'69;�;(=>?�!4 ��9;/0�I>E5��! #($3�4
<�'6�J)*3e5G3�70' -; #%*<�>?�F)U+8�

codebooks
�&�#��Ce9;�I'=)�-; K5�'6�;�2 #(=7��0)�':9I-&1}90h&�&�2)2' (H7�-;1K70�

)*3K"$%2��($3T)�-; #4�V
� %GRl)!�KP;7#+84�/0%�M�/0��'H���B<�> ���!'HS2��9IC����;%�-=Q;P#)2'�(H���&�2)2> ���!($3B70�.)�' 4f(H 2i�2������' 4z)G�!"$��':9IM�4z9&+85�':9I-0/&-;> 3�(H3�4J/0-& (H�;�a($9I-&/0PtM�"$-; #��)*3���/&' ($)*�
�;�2�&/0�;%2�0<H+_<H�f)!-; B($��7��&)�-;4�)*3�4�L�+8�2��4�Q;3T9;+85�':9I-0/0-I> 3�($3}/0-; T�!L��;%*i
7�P;|�-& #7���QI �/�3�%��U)2�!>HM����B5�'6�;L�-;%��U)�':9IPT($9;-&/0Po~ J 3T7�MU<�' ($)*3F(H #7#/&>?�!($3)�+8�O/0�;%2�;7�M�)G%2+8��)*3�4�L=+8�2��4j70�.($9I-&/0PTP#"H'I)*3��O/;' (H)*�K�;�2�&/0�;%2�0<H+_<H�
)!-& T(H��7��0)!-;4�Q=�0�#��CK)*3���9;�&��1�)G�!%G3T5� #�2�&)*�T�;�2�0<=�GR8%�' ($3$V

����� � ��� ��� � �
�j�A[��K[u�
����� ]���	 ]��,�
	�]�[j��[f� �j���
J �e(= #($)*��7��&)��d�U/;':9I-;' �G+8��':R8�}(H"$�!5�'6C;|2-��2)!�;'$<�'6�o���F7���)!�&5�>?52-; #�f/0�#3�%2-;L�-;%�>E��V 4 �P���� �; �)GC�)!� (H #($)*��7��&)!�  �/&C&%�"$��'l70'6� /�3�<H�,/0-; �/0�;%2C0<=��'w)*3��a/��#3�%2-;LN-&%�>E��9I�I'
($9;-&/0P;4�)!-& m(H #($)G��7��0)!-;4u��> �2�I';�2�T70�U)!�;5GR8(H��';)*3��OM!S�-&5�-m)*3�4./�3�<H��4.(H)�-���/0%2-;-;%�' i
(H7�PO)*3�4�Vxv ku��-I'2M!"$-; #7��8�!7#/0��'E%�>?���0/0PO�; �)GPu)!-�7�-��2)GM���-m~x��9&/0-;7#/0M!4A%2�;5�' -;L=+8��':9I-;1
($��7��&)�-;4�Q\)G3#����P;%��&($3�4�Q�70�U)2C&5�-&(H3zL=+8�2��4}9�V:)0V:�$V � %�-&9;��'670M���-; F���d7#/&-&%�-&1#70�m���9;C;�2-; #7��O�;�2C&�� #($3K�&/0P;52-;($3�4O�!��P&4O)2MU)!-I' -; e7�-��2)GM���-& BP;7#+84�Q{"$%2��'EC&|�-��2)��I'H)!�J9I�#i
)GC0�#�#3#���a�!%*<=�&����>E��~j/&-&(H-�)2':9IM!4m70�U)2%�'69;M!4�9;�I'N9;�&)GC&�#�#3#���o7��0�=3�7��&)2':9ICd7�-0�G)GM�����V
4 )*3��F�;��C0/�)2 #SG3e)U+8�F)G�����! �)��I>E+8�}h&-&���=3�(H�;�B9I�0)!�0�� �)�':9ICz-;' Hartley, Nyquist &
Shannon

V
� /�3�<H�O/0�#3�%2-;L�-;%�>E�;48/0�;%�C�<=��'�M!S2-;5�-O/0-; u-f/0%�-&-;%�' (H70P&4 )*3�4
5��!�
)*3��
<=�2+8%�>E|���'

�0/0Pm/0%�' �ji\3�/��#3�%�-&LN-&%�>?��M!"$�!';���f9IC;�2��'�70�
)*3O<=�2R8($3�<�'E�m9;C&)2' V � M!S2-;5�-&4 )*3�4j/�3�i
<H��4���> �2�I'=7&'6�z7#3�is/&%2-�h0��M �N'E7#3$QN"$%�-���':9ICF70�U)!��h&�0�#��P;7��!�G3e5�'E�&5�':9I�;(=>E��Q=C;%2�J7#/&-&%���>
�2�F7�-��2)G����-0/0-I' 3�����>$(H�;�f7&'6�B)2 #"$�;>?� � (H)�-#"$�;($)2'69&� � 5�'6�;5�'69;�;(=>?�=V J -K"$�;%2�&9;)*3�%�' ($)�' i9;PK)U+8��/�3�<HR8�m�& �)*R8�&QH��> ���I'IP#)2'H7�/0-&%�-;1#�f���K7�-��2)G����-&/0-;' 3��N-&1#��(H�&�

bandlimited5�'E�&5�':9I�&(�>E�!4�Vdyw'6�,/0�;%�C&5���' <=70�=Qw)�- ($��7��,)*3�4eL�+8�G��4FM�"$��'_(H"$�!5�P��JP��#3a)G3��d' (H"$1
)�-; J($)*3��B7#/&C&�2)�� �#�#� i �M50�#� Hz

V 389I7���)��&�#���! #P&7��!��-;'N�; �)GPo)!-o<=�U<=-���P&4�QN7#/0-;%2-;12i
7��O�2�K9;C;��-& #7��.52��' <=7��&)�-��#3 �{>?�F(H�O(= #"$�2P#)G3#)��

Nyquist
9I�I'I/���M!-��f���FM!"$-; #7����2�

9;C;�2-; #7��u7���5�'E�09I%�' )!-;1T"$%2P���-; �($)!-#"$�;($)2':9IM!4�5�'6�;5�'69;�;(=>?��4�V
��������� � � � �'(�� � $�� ��&*��� ��&
� ���
v 3Y�2�e�&/���PF70-��G)2MU��-F/��#3�%�-&LN-;%�>?�&4u��> ���I'I3B/�3�<H�K���K70-��G)2�U��-&/0-I'6��> )!�;'��0/&PF70'E�J5�'E�#i
9;%�' )�-;1t"$%2P���-; �($)!-#"$�&($)�':9;�t5�'6�;5�':9I�&(=>?�

{Xi}
∞

i=−∞

V J - �&��L�C�h03#)!- ($)�- -0/&-;> -
-&%�>E|�-��2)��I'I-I'$)G #"$�I>E�!4�7���)!�#h0�#3#)GM!4

Xi

7#/0-;%2��>=�2�F�!> ���;'I5�'6�&9;%�' )GM!4u�B(H #�2�!"$��> 4 � /HV6"{V52��' <=7��&)�-��#3#/�)G3�7�M!�G3�L�+8�G� � Ql�!�2R -I'_($)!�0)2' ($)�':9IM�4a'65�'6P#)*3#)2��4F)*3�4J5�'6�;5�'69;�;(=>?�&4T9I��i
��-&%�>?|2-��2)!�;'{�&/0Pz)G3��e>?5�'E�o)*3o/�3�<H�$V}y\'E�d)G3zL=+8�2�$Q�M!�2�d)GM�)�-I' -a7�-0�G)GM���-a�!> ���;'{70'E�



= � � � � ���A( B�� , B�� ��� �)(*�#��D"� � �

5�'E�09I%�' )!-&1�"$%�P���-& d9;�I'w/���C&)�-; #4e)G #"$�;>?�,5�'6�;5�'69;�;(=>?�=QlP&/0-& �P����,)!�
Xi

/0�&%�C0<=-���i
)��I'=�;����S�C;%G)*3#)!� � 5�'6�;5�':9I�&(=>?�B"I+8%�> 4O7��2��7#3�i memoryless process � 9I�;'=7��u)*3��m>?5�'6�9;�&)��;��-&7#�$V

c 4
 �/&-���M!(H-; #7���P#)2'03
X
/0�I>?%2����'�)2'670M�4j�0/0PmM!�2��(H1#��-���-

A = {a1, a2, ..., aM}7��d/;' ���&��P#)*3#)2��4
pi = p(X = ai)

Q
i = 1, 2...M

V �,'6� /0�;%��0)*��%23�($3 <�'6� )*3���6/0-;' -#)�':9;� �w7�M�)G%23�($3�)*3�4B/0�#3�%2-;L�-;%�>E�;4�Qx��> ���I'xP#)�'_�& �)*�a/0%�MU/&�!'w����7���':R8���U)!�I'_P&(H-
�& #S�C&����'H3F/&' ���;�2P�)*3#)��d/0�;%2�&)*��%23�($3�4O)!-& e(H #7�h&P���-; K�!S�P&5�-& IV
yw'6�o/0�;%�C&5���' <=70�=Q�3
�!>?523�($3zP#)2'x7�M!(H�a(H)�-���� -&1��0' -�M�"$-; #7���h&%2-#"I�o/&��%�'6M!"$��'�/&��%�' (H(HP#)2��%23o/��#3�%�-&LN-;%�>?�
�0/0P�)G3��e��>?5G3�(H3dP#)2'_M!"$-; #7��}3#�0' -&LNC&����'6��VJ��'E�,C0�#�#3z/&�&%��0)G��%G3�($3$Q_��> ���I'xP#)�'\7&'6�
70':9I%G�O�&�#����<H�u($)*3�/&' ���;��P#)*3#)!�=Q0M!"$��'�70'69;%2�u��/&>E/�)�+8($3�($)!-�/0-;(HPO)G3�4A/0�#3�%2-;L�-;%�>E�;4�V
����C0�#���J��P�<�'E�=Q�70'E�z7���)G%�':9;�F/��#3�%�-;L�-;%�>?�;4u���o/0%�M�/0��'{�2�o��> �2�I'N70'6�z(= #�2�!"I��4�9;�I'
7���' -;1#7��!�23K(H #��C&%2)*3�($3})*3�4O/;' ���&��P#)*3#)!�;4O)*3�4O�!S2P;5�-& �)*3�4�/�3�<H��4�V

��'E��)GM�)�-I'6� �E(= #7#/0�!%�'EL�-;%�C ��/&�&%�M!"$�U)!�I'x�&/0P�)*3���~
−log(pi)

/0-; z-���-&7�C;|��U)!�I'
self-information

V � ���2)G%�-0/;>E� 70'E�&4�/�3�<H��4��&/0-#)G������>
70'E� 9;�&�#�t7���)G%�'69&�t(H1#7�i
L=+8����7��K)2' 4J/0�&%��&/0C&�2+ /&�&%��0)G3�%G��(H��' 4e9;�I'_-;%�>?|2��)!�;'_�&/0P,)G3�(="$M�(H3 ~

H(X) =
−

∑N
i=1 pilogpi

� �!�2)G%2-&/&>?�e)*3�4m/�3�<H��4�Q�7��&4m5�> ����'�M!���J�&%29;��)GCo�&9I%�' h&M�4fP&%�' -o)�-; 
%2 ���70-&1F($)�-0�T-0/0-I> -J7#/0-;%2��>N���e(= #7#/&'6�!($)2�!>�3FM!S2-;5�-&4�)*3�4�/�3�<H��4�Q�<�'6�z'69;�;�G�F�&���#i
9;�&)��;($9I�! ���)�-; f(H��7��0)!-;4."I+8%�> 4��&/�Rl����'6�!4�V c  �)GP}�&/0-;52��':9I��1#�U)!�I'0�&/0Pm)�-m�N�UR8%23�7��
9&+85�':9I-0/&-;> 3�(H3�48/�3�<H��4 )!-& 

Shannon
Q&(H1#70L=+8���O7��8)!-f-&/0-I> -u<�'6�����OM!"$-& #70�A':9I�;�G�

�&���09I�;($9;�! ���)!-; m(H��7��0)!-;4O"I+8%�> 4u�0/0Rl���!'E�!4�Q&�N�B/0%�M�/0��'$�2�B' (H"$1#��'x~
R > H

Q$7��
R)�-J%� ���7�PK70�U)2C&5�-&(H3�4 � (H #7#/&>?�!($3 � V

J �!"$��'69;M!4l/0-; �E(HM h&-��2)!�;' �*)�-�/&�&%��0/&C&�2+J9;%�' )*��%�' -�Q#5G3#���;5G�
9;+85�':9I-0/0-I> 3�($3�"I+8%�> 4�0/�Rl����'E��4�Q � -��2-;7�C;|2-0�G)!�;' lossles coding
�o9I�;'

entropy coding � �!> ���;'N3o9;+85�'69;-�i/0-;>:3�($3
Huffman

9I�;'
Ziv-Lempel

V 4  #"$��C}P&7#+84�QI�&/0-&LN�;(=>E|�-; #7��AP�)2'0��M���-& #7��j�2�(H #7#/&'EM�(=-& #7��u)*3��fM�S�-;52-m)*3�4./�3�<H��4u/0�!%�' (H(=P#)G�!%2-�QI7���9IP&(H)�-;4j9IC&/0-;'E�T70':9I%2�m�&/�Rwi
���!'E�}/��#3�%�-&LN-&%�>?�&4 � /0�;%��&7�P;%�L=+8($3�i distortion � V 4 �j�; �)*�f)*3�/0�!%�>E/�)�+8($3$QI��M�70��P#)2'M�"$-; #7���90h&�&�2)2' (H7�P � quantization � ��9&+85�':9I-&/0-;>:3�($3f7��
�&/�Rl����'6�!4 � lossy coding � V
4 )*3�����/0P;7��!�23T/0�&%�C0<=%2�;L�-T�;���0��1#-��2)!�;'I5� #-B)GM�)!-;'E�!4O)G�!"$��'69;M!4�V

����� � �x��b
	�] �x� ]��u��bl
�	��}`d[��
v 3Y�2�m(H1#($)G3�7��m9�h&�;�G)�' (=7�-&1O�&/0��':9I-���>E|���'�70'6�m��> (H-;52-�(H��70'6�mM!S2-;52-�Q�"$%23�(='67�-&/0-I':R8�*i
)��;4f9IC&/0-;' -e9I�0)GC&�#�#3#��-J7#3�"$�;��' (H7�Pd�0/0��'69;P���' ($3�4�Vjyw'6�J/0�;%2C;5��!' <=7���Q��&/0��':9I-���>E|�-��*i
)��;4�M����T/0%��0<=7��0)�':9IPT�&%�' ��7�PF(H�j70'E�

float
7���)���h0�#3#)*�$QHM!"$-& #70����523�90h&�&�2)2> (H��';)!-��

/0%2�0<=7��&)2':9IPT�;%�' ��70PT(H��70'E�B�0/&P�)�' 4�5�'6�0��M!(='670��4j)2'670M�4 � ($)2C���70��4 � 9;�I';M!"$-& #7�����5G3�!' (H�0<=C0<=�!'l��P;%2 2h&-�V c /���C�QY��/0��'652��- �;%�' ��70P&4J5�'6�0��M!(='67#+8�a)GM�)!-;'6+8�d)2'E7#R8���!> ���;'
�&%29;��)GCo70� <=C&��-;4�QN-J�NP&%� 2h&-&4���> ���;'�/0-���1J70'69;%�P;4f9I�;'{5��!"$P&70�&($)2��P#)2'�5��!�TM!"$-& #7��
/0%2�&9;)2':9IC��&/�Rl����'6�m�;�2�&/0�;%2C;($)!�&($3�4 9I�0)2Cf)*3��u�&/0��':9IP���' ($3��& �)*�$V J -}P#)2'&7���"$%G��(H3/HV6"{V �#g 7�P���- bits

/0�#3�%2-;L�-;%�>E�;4�QY7#/0-;%�-&1#7��o��� �&���0/&�&%��&(H)*��(H-; #7��FM!��� /0%2�0<Ii



= � ��� ���0� / � ��,.B�� ��� �)(*�#����, ���

7��0)�':9IPd�;%�' ��70P=Qx(H3�7��;> ���!'�P#)2'�M!"$-; #7���(H3�7��&�2)2'69;Ca-&LNM��#3J�&/0PzC&/0- �=3o�&/0�I' )!-;1#7�� i
�G3�4A/��#3�%�-&LN-&%�>?�&4 � (H #7�/&>E�!($3 � V 4  #�2- �N>?|�-��G)!�;4�QG)!��52 #-f($3�7��;�G)2'69;Cf"$�&%��09;)*3�%�' ($)2':9IC/0-& K�!' (H�0<=C0<=�!'�-F9�h&�;�G)�' (=7�P&4�Q��!> ���;'I3F(H #7#/&>?�!($3K�&/0PK)G3K70'6�J�&�#��CK9I�I'$3K��' (H�0<H+wi
<H�F�N-&%�12h&-& e�&/0Po)*3��FC0�#�#3$V 4 )!-d(="$��5�'6�;(H7�Pa�!�2P;4f(H #(H)*��7��&)�-;4}9�h&�;�2)2' (H7�-;1IQ�)�-/0�&%��&/0C&�2+

trade-off
/&�;>?|2��'H9;�0��-;%�' ($)2'69;PF%2P���-�V

J -o�!%GRl)*3�70�F/&-& K)2> ����)!�;'{�&/0Pe)�-z/0�&%��&/0C&�2+ trade-off
��> ���I'H)!-o�!SG��4T~�/0-I'6P;4

�!> ���;'$-e����C&"H' ($)!-;4�%2 ��N7�P&4�7���)GC;5�-&($3�4u<�'E�F���K7�/0-&%�M!(H-; #7��.���K�;���0/0�;%�' (H)*��(H-; #7��
)*3��T/�3�<H�e/��#3�%�-&LN-&%�>?�&4�Q=5��!"$P&70����-I'=M!���o(H �<H9;��9I%�'E7�M!�2-J��/&>E/0�!52-o�&/�Rl����'6�;4�V � %�-#i9;��'670M���-; ��2�m�&/0�&�2)*��(H-; #7��
($)!-}/0�;%2�&/0C;�G+��!%2Rl)*3�7���Q&7#/&-&%�-&1#70�
�2�m"$%G3�(�'67�-&/0-I':��i
(H-& #70�A)G3O����+8%�>?��%� ���7�-;12i �0/0Rl���!'E�&4 � rate-distortion theory � 9I�;'�)*3��u�&�2)2> ($)!-;' "I3(H #�2C;%2)*3�($3�/0-; �/0�&%�M!"$��' � rate-distortion function � V c  �)*�O�!> ���;'��;%G9I��)GC�"$%2��(='67�3($)�-0��(H"$�!5�'6�;(H7�PB(= #($)*3�7�C&)U+8�m90h&�&�2)2' (H7�-;1}(H�j����+8%G3#)2'69;PFP&7�+84.9I #%�>6+84.�U/;>6/0�!5�-=V
���;'��; �)GP�Q{<�'6�&)2>��!S��&%2)GC&)��I'{�0/&Po)�-0�K-;%�' (H7�Pd)*3�4}�0/0Rl���!'E�&4�Q��&�#��Co9I�;'� �/0-��NM�(=�!' 4
<�'6�z)G3��T9;�&)!�&��-&7��F)*3�4m/�3�<H��4m/��#3�%�-;L�-;%�>?�;4�V.y\'E�z/0�;%�C&5���' <=70�=Q��!C&�m�N�U+8%2��(H-; #7��
70'6�o/03�<H�J70�O<H9I�&-; #(='6�;�2�B9;�&)!�&��-&7��F7#3�5��!��'69;-;1B7�M!(H-; K9I�I'{7���)���h0�#3#)GP#)*3#)!�;4

σ2 Q�0/0-;5��!'69;��1#��)��I'�P#)2'#3u(H #��C;%G)*3�(H3�%� ���7�-;12i �&/�Rl����'6�;4�Q�5�>?52��)!�;'��&/0PO)*3O(H"$M!($3 1
2 log σ2

D� 7����0/�Rl����'E� D
)G��)G%���<H+8��':9I-;1.(HLNC&��7��0)!-;4 � V 4 )*3��./0%�C&S23$Q�3� �/&P����!($3�<�'E��)*3��j9;��i)��;�2-;7#�T70'E�&4�/�3�<H��4O��> �2�I'I�;%G9I��)GCT�0/0��-0/0-I' 3�7�M!�23$QH�0�#��CB��/&> (H3�4O521#($9I-��#3T��> ���;';9I�I'

3B�U/;':��-�<H�K70'E�&4�9I�&)GC0�#�#3#�#3�4O70�U)2%�'69&��4�V
4 )�-a/0�;%2�&/0C;�G+ /0�;%2C;52��' <=7��aP0/0-; eM�"$-; #7��m�0/&�!'69;P0��' ($3o�!�2P;4m7�P���-z(H #7�h&P���-; 

��S�P;52-; IQ&70'6��C&70�
<�'6�Th&���N7#+l)GPT90h&�&�2)2' (H7�P � scalar quantization � V 4 )*3��O/&��%�>E/�)U+wi($3a/&-& d3a7�-���C;52���0/&�!'69;P0��' ($3�4e��> ���;'\M!�2��5�'6C;�2 #(=7���(H #7�h&P��#+8�z�!S�P&5�-& IQwM!"$-& #7��
5�'E�&�� #(H7��&)2':9IP�90h&�&�2)2' (H7�P � vector quantization � V kO'l5� #-,�& �)2M�4e7��U��-;52-���-�<�>?�!4M�"$-; #�o7�������)*3�����>_(H�Th&C���-;4K�!52R 9I�;'w"$%�P���'6��Qw9I�I'\M!"$-; #�e/0%2-�)��0����>_5�'EC&LN-;%2�!4T)G� i
"$��'69;M!4f<�'6�z)G3��B�0/&-#)G�����!(H7��&)2':9IP#)G�!%23e"$%2��($3J)�-; #4�V 3Y52R ���z/0�!%�' <=%2C ��-; #7��O/&-���1
(H1#�G)!-;7��T)2' 4�52 #-T�; �)GM!4u7��U��-&5�-���-�<�>?��4j9;�I'0���B5�-&1#70�
/�+84u"$%G3�(='E7�-&/0-;' -;1#�G)!�I'$($)2' 4
�&7�M!($+84O��/0P;7��!����4u/0�;%���<=%�C&LN-; #4�V

����� � ���F` ��
YXu� ] �u��b8
�	��}`dX��

4 )�- h&�0��7#+l)GP 90h&�&�2)2' (H7�P�Q
M!"$-& #7��J�&/0��':9IP���' (H3�)�-; (= #7�h&P���-& �!' (HP;5�-& �(=�o70'6�7�P���-=Q$�&/0PFM!���K(H1#��-���-F/0%2-&9I����-;%�' (=7�M!�G+8�O)�'67#R8�m/0-; T-���-&7�C;|�-��G)!�I'I($)GC0��7��!4O9I�;'
7#/0-;%2-;1#7����2� )2' 4 LN�;�G)!�&(H)�-;1#7��,(H�;� /&%2-;��/&':���U<=7�M!��� ($3�7���>?� (H)�-��tC;S2-0�2� )U+8�
/0%2�0<=7��&)2':9;R8�e�&%�' ��7#R8�&VF����+8%2-;1#7��}P#)2'xM!"$-& #7��m� /0�!%�' -#"$M!4T/0-; o"I+8%�>E|�-& #�B)�-��
C&S�-����K)�+8�}/0%���<=7��&)2'69&R8�m�&%�' ��7#R8�&V
��C0����)GM�)�-I'6�J/&��%�' -#"I�

Rk, 1 ≤ k ≤ M
�&�2)2' i

/0%2-;($+l/0�!1#��)!�;'#�&/0P�7&'6�f(H)GC��N7#3
x̂k

V c �
3.)�'67#����' (HP;52-; 
x
�;�G�#9I��'�($)*3�/0�!%�' -#"I�

Rk

Q
)GP#)G���&/0��':9I-���>?|�-& #7���)G3��f��> (H-;52-B(H)*3���(H)GC��N7#3T)*3�4�/0�!%�' -#"I��4�V c  �)*�}3B�&/0��':9IP���' ($3
� (H #�2C;%2)*3�($3�90h&�&�2)2' (H7�-;1 Q � -&%�>?|2��)!�;'�+84O~ Q(x) = x̂k ∀x ∈ Rk

V � (= #�2C;%G)G3�($3
9�h&�;�G)�' (=7�-&1T��> �2�I'$7#3�i <=%��;7�70':9;�}9;�I'H7�3�i �&���&(H)G%2M �{'67#3$Q$�;L�-;1mP����B)!�e(H3�7���>E�F($)*3��



= � ����( ��� ���#��� �A(CB���, B�� ��� �A(*� ����,��
VQ

�
�

Rk

�&/0��':9I-���>?|�-��G)!�I'{($)*3��F)2'67#�
x̂k

V 38/0��'652�o3z�0/&�!'69;P0��' ($3z��> �2�I'�7#3�i �;�2�;($)G%�M �N'E7#3$Q
9;C&/0-I'6�B/0�#3�%2-;L�-;%�>E�B"$C;���U)!�I';<�'6�F/0C;�G)!�=V

kO'N($)GC0��7��!4f�;�2�&/0�;%�> (H)��;�G)!�I'$+84�5� #�&5�':9;�B�&9;-���-; ��N>?�=V c LN-&1TM!"$-; #7���(H #��-��0' i
9;CK�Z/0�!%�' -#"$M!4O-F%2 ���70P&4u/��#3�%�-&LN-;%�>?�&4����e�!> ���;'

logM
V �u/&C&%�"$-& #� g 9;�&)*3�<=-;%�>?�!4h&����7�+l)�-;1J9�h&�;�2)2' (H7�-;1a~u-&70-;'EP&7�-;%�L�-;4�9I�;'{7�3�i -&7�-I'6P;7�-;%2LN-;4�90h&�&�2)2' (H7�P;4�V 4 )*3/0%GRl)G3o9;�&)*3�<=-;%�>?�o-;'�/0�!%�' -#"$M!4TM!"$-& #�e>E5�' -d7#�#9I-;4m�!�2R ($)*3z5���1�)2��%23oP#"H' V � 52�!12i

)G�!%G3 �U/;' )2%2M�/0��'A)*3���9I�0��1�)G�!%23���/&':��-�<H�t($)!����7�R8�0Q�7��d�0/0-�)GM�����(=7��t�2�t��> ���I'l/&' -
�0/0-�)G������(=7��0)�':9;�f(H��(H"$M!($3m7���)*3�/0%GRl)G3$Q�<�'6�B>?5�' -}�;%�' �N7�P}($)��0��7#R8�&V J �m9;%�' )*��%�'6�h&MU�#)�' (H)*3�4��0/0P;5�-&($3�4j����P;4
9�h&�;�2)2' ($)*����> �2�I'�<=�G+8($)2C�9I�I'0+84.(H #�G�=�#9;�!4

Lloyd-Max9;�I'H��> �2�I'I)!�F�!S2��4�~
• J ��P;%�'E�O)�+8��/0�!%�' -#"IR8�u��> ���I'G)!��' (H�&/0M!"$-��2)��m($3�7���>?���&/0P g <=��' )!-���':9IM!4
($)GC0�$i7��!4�V c  �)*�T3B(H #�G�=�#9;3B-��2-;7�C;|2��)!�;';9I�;�2P����;4

nearest-neighbour
V

•
kO'2($)GC0��7��!4l��> ���;'�)��

centroids (conditional expected value)
)�+8� /0�!%�' -#"IR8�&V

38/0��'652� -I'l9I�&��P�����4F�& �)!-I>85����d/0�;%2M!"$-; #�d�;�2�&�� �)2':9IM!4K��1#(=�!' 4�Q�3�5�'6�;5�'69;�;(=>?�,/0-; 
�09I-���-& ��N�!> )!�I'{�!> ���;'=)�-dS2��9$> �23�7��e7���9IC0/&-;' -o(H1#��-���-J/0�!%�' -#"IR8�T9I�I'=3J�!1#%2�!($3F)U+8�
centroids

7��
h&C;($3T)!- g -F9I%�' )*��%�' -=Vly\'E�K)!�e�2M!�K�; �)GC centroids
Q�523�70' -; #%*<=-;1#�G)!�I'

�2M!�!4�/0�!%�' -#"$M�4�7��
h&C&(H3�)!-zp*-}9I%�' )*��%�' -=V � 5�'E�&5�':9I�&(�>E�}(H #���!"H>E|���)��I' QI�!�2�&�#��C&(=(H-��*i
)��;4})��a9I%�' )*��%�'6��Qx7�M!"$%�'�3z�&/�Rl����'6�d���dL�)GC;(H��'{9IC0)�+ �0/&Pz)!�a��/&' �� #7�3#)GC��U/;>6/0�!5��=V
k��U/&�&���0�#3#/0)2':9IP&4J�; �)GP;4e�&��<=P;%�' ��70-&4�QY�&/0-;52��'69;��1#��)��I'lP#)2'Y(H �<H9;�0> ����'l(H�F9;C&/0-I' -
)�-&/&':9IPJ����C&"H' ($)!-e9;�I'H-I'H�;%2"H'69;M!4�(H #�G�=�#9I��4 � ��/&'6��-�<H�B/0�!%�' -#"IR8� � Q=��> ���I'$�& �)2M�4u/0-; 9;�0��-;%�>?|2-; #��)!-K/0-; m���e(H �<H9;�0> ����'$-F�&��<=P;%�' ��70-&4�V

����� � 	&��b8���}`d�.
�	�]�X�� ]��u��bl
�	��}`aXu���
VQ

k 5�'E�&�� #(H7��&)2'69;P;4u9�h&�;�G)�' (=7�P&4 � VQ
�&/0PF�!52R 9;�I'$/&M�%�� � �&/0-#)2�U����>=70'6�F<=�!��>E9I�� #(H3)�-; �h&�0��7#+l)!-&1 � ��9I�;'2�&�2)2> ($)2%2-;L���QG-jh&�0��7#+l)GP;48��> ���I'*��'65�':9;��/0�!%�>6/�)�+8($3.)�-; j5�'6�;�2 2i(H7��&)2':9I-&1 � V � 3�<=�I> �2-��2)!�&4O�&/0PJ)*3��T70'E�o5�'EC&(H)��;($3J($)*3e/0-��� #5�'EC&(H)��&)*3e/0�!%�>E/�)�+8($3$Q�2M!�!4B'65�M!��4�Q_M!�2��-I'6�!4m9;�I'�)2��"$��':9IM!4T�!7�L��;��>E|�-��2)��I' Q�/&-& o��/&' )G%�M�/0-& #�J)G3d5G3�7&' -; #%G<�>E�

�0/0-�)G������(=7��0)�':9;R8�d9I�;'8�U/;' )G3�52�! #7�M!�2+8�a�!LN�&%�7�-�<HR8�d(= #7#/&>?��(H3�4�Vtv 3Y��� 5�'6C;�2 #(H70�
7#/0-;%2��>w�2�a/0�!%�' <=%�C ����'\-0/0-I' -&52�#/0-#)2�}/0%2P�)G �/0- � pattern � 9;�I'x�&/0P��; �)*�z)*3��oC&/0-�i�=3,-

VQ
7#/0-;%2��>l��������+8%23�����>l(H�;�z70'6� 7�-;%2L����&����<=�2R8%�' (H3�4K/0%�-#)G1�/0+8�0QYP&/0-; 

)�-J5�'6C;�2 #(H70�K��' (HP&5�-; �6/0%2-;(H�U<$<�>?|2��)!�;' �I70�uM!���B/0%�-&9;�0��-;%�' (H7�M!��-B�&/0PKM!���K(H1#��-���-
)GM�)�-I':+8�o/&%2P#)2 �/�+8�o5�'E�&�� #(H7�C&)�+8�0V J ��/0%2P�)G �/0�,�; �)GC�5�'E�&��1#(H7��&)��,-0�2-;7�C;|2-��2)!�;'
codewords

�T9I�I'
centroids

9;�I'$)!-e(H1#�2-���-e�; �)*R8�
codebook

V
��'E�K7��0�=3�7��&)2'69&�T�;�G)2' ($)!-I' "H>?�F)U+8��/0�;%2�&/0C;�G+ �U9ILN%2C;|2��)!�;';7��.)!�K�!SG��4�~Y����+wi

%2-;1#7��JP#)2'AM!"$-& #7��J� /0�!%�' -#"$M!4z(H)�-��
N
i 5�'EC&($)!�&)�-t"IR8%�-

Rk, 1 ≤ k ≤ M
9I�;'

7�-���C&5��T�0/&�!'69;P0��' ($3�4���> ���I'I7#/���-&9
N
(H #7�h&P��#+8���!S2P;52-; � �T�&�#�0':R84�5�'6C;�2 #(H70�B7#��i9;-; #4

N � V c � x ∈ RN
9;�I'

x ∈ Rk

)GP�)G�o�& �)2P /&%2-;(H�U<$<�>E|���)��I' � 9�h&�;�G)�>E|���)��I' �



= � ����( ��� ���#��� �A(CB���, B�� ��� �A(*� ����,��
VQ

� �

(H1#7�L�+8�2�e7���)*3��
Q(x) = x̂k

Vlv 3Y"$-; #7��O523#���&52�T70'6�J�&/0��':9IP���' ($3d~
Q : RN → C

Q
7��

C = (x̂1, ..., x̂k , ...x̂M )
9;�I'

x̂k ∈ RN
V c L�-;1}M�"$-; #7��u� )GM�)�-I'6�!4O)2'E7�M!4�90h&�&�*i

)2' (H7�-;1 � codebook C � Ql�&/0�;' )G��> )!�;'Y%2 ��N7�P&4e7���)GC;52-;($3�4 R = logM
N

bits/
(H1#7�h&-���-

��S�P;52-; IV
��������� � � ��� , ��� � $ ���*������� 
 � 	 $�� � � ���)
�� ����� � �

VQ

4 1#7�L=+8���z7���)2' 4����!7����0':R85���' 4T�;%�"$M�4f)*3�4�����+8%�>?�;4 �E%� ���7�-;12i �0/0Rl���!'E�&4 � Q��&/0-;52��':90i�21#��)!�;'NP#)2'�7���"$%2��($3
VQ

QH7#/&-&%���>=���F��/&' )G�! #";����>N/0C;�2)��e9I�0��1�)G�!%23B�0/&P&5�-&(H3$Q=�0/&P
)*3T/0�!%�>E/�)�+8($3B"$%2��($3�4.h&���N7#+l)�-;1}90h&�&�2)2' (H7�-;1IV 4 )*3���/0%2�0<=7��&)2':9IP#)*3#)!��Q&<�'E�K/&-���19;�I'6%�Pz3o�N�U+8%�>?�d�; �)*�z��> "$��/&��%�' -&%�' (H7�M!�23d�0/0��"I3�($3$Qx<�'E�0)�>x�&/0Pa)*3d70'E�=Q\3J����+8%�>?�
)�-; 

Shannon
5��!�u/0�&%���> "$�
7��U��-;52-���-�<�>?�!4j(H"$�!5�'6�;(H7�-;1

VQ
(H #($)G3�7�C0)�+8��9I�I'&�&/0P

)*3��dC&�#�#3,-;'xh&�0��7#+l)!-;>89�h&�;�2)2' ($)GM!4J/0�;%2��> "$�;�o(H"$��)2':9IC ':9I�;�2-&/0-I' 3#)2':9;�,�0/0P;5�-&($3$V
4 )�-d)GM���-&4f)*3�4}52��9I�&��)2>?�&4�)!-; Tv 9 � Q�7��f)*3��T��' (=��<H+_<H�J)!-& e�0/0��-&1e��/0�&���&�#3#/�)2':9I-;1�0��<=-;%�> ��7�-; �<�'E�B(H"$�!5�'E�&(=7�P}h&�0��7#+l)*R8��9�h&�;�G)�' (H)*R8��/0-; �h&�&(=>?|��U)!�I'I($)��F9I%�' )*��%�'6�
h&�U�#)�' (H)�-&/0-I> 3�($3�4 � P&/�+84}��>E5��;7��f($)G3��B/0%�-03�<=-;1#7��!�23F/0�;%�C�<=%��&LN-Ki Lloyd � QwM <�' �2��&�2)2':�#3#/0)GP=QAP#)2'l�; �)GP;4K��> ���I'\�!1�9I-����,/0%�-&(=�&%�7�P;(='67�-;4K(H)*3��z/0�!%�>6/0)U+8($3�)!-& 

VQ
Q

L�M!%��2-��2)!�&4�M�)G(='N($)!-J/0%�-&($9;����' -e)!-J����5�'6�;L�M!%�-���<�'6�
VQ

7��U��-;52-���-�<�>?�!4�V c /0PF)GP�i
)G��7�M!"$%�'�($��7��!%��K �/0C;%2"$��'=M��2)!-��2-K��%��! #�G3#)�':9IPK�!�25�'6�;LNM�%�-���9I�;'HM�"$-; #�f�;���0/�)2 #";����>
/0-��#��M!4B�0/&-#)G�����!(H7��&)2':9IM!4�)2��"$��':9IM!4

VQ
QHh&�;(='6|�P;7��!�2�!4}(H�}5�'EC&LN-;%2�!4�/0�&%��&�#����<=M!4

)�-; ���/0�;���0�#3#/�)�':9I-&1��&��<=-;%�> �N7�-& IQ;7��j�!LN�&%�7�-�<=M!4
(H�j/0-��#��CT��>E523f/�3�<HR8��/0�#3�%2-;L�-�i
%�>?�&4�Q$P&/�+84O-;70':�0>?�&4u9I�;'=��':9IP��2�;4�V

3A>?52�;7��oP#)2'Y3 (H #��C;%G)*3�(H3 %2 ��N7�-&1 �0/�Rl����'E�&4z�!S��&%2)GC&)��I'8�&/0P )*3,<=�2R8($3 )*3�4
9;�&)��;��-&7#��4e)�+8�a(= #7�h&P��#+8�a�!S�P&5�-; d)*3�4J/03�<H��4J9;�I'_)*3�����/&':��-�<H��70'E�&4o70�U)2%�'69&��4
<�'6�a)�-��F �/0-���-�<�' (H7�P�)*3�4T�&/�Rl����'6�;4�V�38/&�!'E5G�o3J9I�0)!�;�2-;7#�o�!S2�;%G)2C0)!�;'{�&/0Pd)��a"$�#i
%2�&9&)G3�%�' ($)2'69;C�)G3�4K/�3�<H��4�Q8"$%23�(='E7�-0/&-;' -;1#7��B<�'E��)*3��z��9;)2>E7�3�($�d)*3�4�Q8M!���,7��U<=C0��-
�&%�' ��7�P 5�'E�&�� #(H7�C&)U+8�d�U9;/0�I>E5��! #($3�4 � training set � /&-& d<�'6� )*3��o/0�!%�>6/�)�+8($3�/0-; M�"$-; #7��e/�3�<H��-;70':�0>?�;4e5��!�d��> �2�I'_C0�#��� �0/&P )!� �&9I-& #($)�':9IC�5�'E�&��1#(H7��&)!� /0-; �/0��i
%2C0<=��'l)!-

front-end
V kO'8/&' -t(H #"$��M!4o�U/;':��-�<=M!4J<�'6� )*3���7���)G%�':9;���0/�Rl����'E�&4o($)G3

/0�!%�>E/�)�+8($3J/�3�<HR8�KL�+8�G��4�Q{��> ���I'=3J�&/�Rl����'6�o)G��)G%��0<H+8��'69;-;1K(HLNC&��7��0)!-;4�7��f�o"I+wi
%�> 4a"$%G��($3 h&�;%GR8��9I�;'A3 �&/�Rl����'6�

Itakura-Saito
V � )G�����! �)��I>?� �!> ���;' '65�'6�I> )G�!%2�

"$%G��(='E7#3m<�'6�B�&9I-& #($)�':9ICT5�'E�&��1#(H7��&)��B/0-& f/0�;%2C0<=-��2)��I';�0/0PB)G�!"$��'69;M!4�9;+85�':9I-0/0-I> 3�i
($3�4Jh&�;(=' (H7�M!����4d($)�- 70-��G)2MU��- /0�;%2�0<H+_<H��4oL=+8�2��4�Q /0-& ,���t52-;1#7��J(H�o��/0P;7��!�G3
/0�&%�C0<=%2�;L�-�V 4 )*3��e)G�!"$��'69&�d/0-& o�;���0/�)21#S2�;7��m"$%G3�(='E7�-&/0-;' -;1#7��T)*3��e�&/�Rl����'6��)G� i)G%2�0<H+8��':9I-&1B(=L�C&��7��&)�-;4f7��Oh&C&%23B9I�;'N(H �<H9I��9;%�'670M����F)*3��

Mahalanobis
�0/�Rl����'E�

/0-& T-;%�>E|���)��I'I+84O�!SG��4m~
d(x, x̂) = (x − x̂)T W (x− x̂) � g V p �

7���/&> ���09I�fh&�&%2R8�u)�-��f�&�2)2> ($)G%�-;L�-m/&> �2�&9I��(H #��5�'6�&9;1#7��;��($3�4
W = E[(x−x)(x−

x)T ]−1 9;�I' x = E[x]
V



= � ����( ��� ���#��� �A(CB���, B�� ��� �A(*� ����,��
VQ

� �

k ��/0�;�2�&�#3#/�)2'69;P;4��&��<=P;%�' ��70-&4}/0-; o"$%23�(='67�-&/0-I' -&1#7���Q\/0�!%�' <=%�C&LN��)��I'�($)G3o/0�#i
%2C0<=%2�;LN- g V8;IV g V 4 )GP#"$-;4z)!-; �&��<=-&%�> ��7�-; ���> �2�I'l3 �U���;"H' ($)!-0/0-I> 3�($3 )*3�4a7�M!($3�4�0/�Rl����'E�&4�Q=523#���;5G�})!-& BP;%�-& 

Ed(x, x̂)
/0-; T($)*3��m/0%�C;SG3B7#/&-&%���>H���F�;�G)�':9I�0)!�&(H)���i

����>87��F)�-0�z��/&>87��&9I%2P��J5���' <=70�0)!-��#3#/�)2'69;P 7�M!(H- � long term sample average � ~
limn→∞

∑n−1
i=0 d(xi, x̂i)

Q� �/&P )G3��a/&%2-���/0P0���!($3 P#)2'Y3 �&9;-���-; ��N>?� ��> �2�I'l�!%G<=-&5�' i
9&� � ergodic � 9I�I'8($)GC;(='E7#3 � stationary � V c 9;P;7���P;7#+84J9I�;'Y�2� 7#3���' (H"$1#��' �; �)*�
3 (H #�G�=�#9&3$Q ($)*3���/0%�C&S23,��> ���;'8�&%29;��)GP 3,/�3�<H� ��� ��> �2�I'l�;(H #7#/�)�+l)2':9IC ($)GC;(='E7#3
($)�-K7�M!(H- � mean stationary � Q$9;C&)2'&/0-; fP��2)�+84j' (H"$1#��'$($)*3m/0�!%�>E/�)�+8($3f)G3�4.L�+8�G��4
� long and short term stationary � V3A>?52�;7��
($)*3����;%2"I�f)*3�4�/0�;%���<=%�C&LN-; IQ�P�)2';-m%� ���7�P;4�7���)GC;5�-&($3�4
<�'6�

VQ
Q��!> ���;'

R = log2M
N

bits/
(H1#7�h&-���-B�!S2P;52-; IV c �u(H �<H9;%�> �2-; #7����& �)2P�)!-T%� ���7�PT7���)!-T%2 ��N7�P

($)*3�/0�!%�>E/�)�+8($3�)�-; jh&���N7#+l)�-;1.9�h&�;�G)�' (=7�-&1 � logM � h0��M�/0-; #7��YP#)�'#-�>E5�' -&4 �;%�' ��70P&4
bits

�; �)*�T)*3BLN-&%�CB7�-I'6%�C;|2��)!�;'=7���)��;S21}/&-��#�#R8��(H #7�h&P��#+8���!S�P&5�-& IV c  �)GPTh&M h&�I'6�
52�!��($3�7��I> ����'�P#)2'��0/&�;' )G��> )!�;'#>?5�'E�u/0-&(=P#)*3#)!�O/��#3�%�-&LN-&%�>?�&4_($)2' 4 g /0�!%�':/�)GR8(H��' 4�Q&�0�#��CP#)2'#($)G3�� g 3�/0�!%�>E/�)�+8($3�9;�&)!�&��M!7���)��I'�(H�A/0�!%�' (H(HP�)G�!%2��(=1#7�h&-����f�!S�P&5�-& IQ�7�� 70':9I%�P#i)G�!%G3�/&' ���;�2P#)G3#)��T($/&�0)GC&�#3�($3�4

bits
V 4 )*3���/0�!%�>6/0)U+8($3}�; �)*�$Q&M!���m(=1#7�h&-���-T�!S2P;52-; 7#/0-;%2��>N�2�J�&/0�I' )2�!>�9;���&(=7��0)�':9IP � fractional � /0-&(=PJ/��#3�%2-;LN-&%�>E�;4uP0/�+84f/HV6"{V � V � :

bits
9;�I'N�& �)2Pz52�!�T��> �2�I'H)!-d70-��2�;5�':9IPF/0����-0�2M�9;)*3�7��J)!-& 

VQ
V c /0-&5���':9I�21#��)!�;'�P#)2'

-;'{)2��"$��':9IM!4
VQ

5�> ��-& #�m9I�0��1�)2��%23J�0/0P;5�-&($3$Q{9I����R84m��9I7���)��&�#���!1#-��2)��I'N9;�&��1�)G�!%��
)*3���1�/&�&%�SG3�<=%��&7�7&':9;��4 � correlation � 9I�;'H7#3}<=%2�;7�70'69&��4O�!S�C&%2)*3�($3�4�7���)!�&S�1m)U+8�(H #7�h&P��#+8����S�P;52-; IQl�0�#��C �0/0-;5�>E5�-& #�e9I�0��1�)2��%����&9;P;7���9I�;'8($)*3,/0�!%�>6/�)�+8($3,/0-; 
�& �)*�F52�!�m �/0C&%�"$��' V J M���-&4���9I7���)��&�#���!1#-��2)��I'$9I�0��1�)2��%��F)*3��m9;�&)��;��-&7#�})*3�4f/�3�<H��49;�I'{��/&' )G%2M�/0-; #�T)!-��T(H"I3�7��&)2' (H7�Pa/0�!%�' -#"IR8�K7��f(H"I��70�z"I+8%�> 4�/0�!%�' -;%�' (=7�-&1#4m($)!-��
N
i 5�'6C;($)��&)!-F"IR8%�-=V

��������� � ��� �
VQ �

$���&���� �)�*&*� 	 � � � �
	���������� 
 ��	 � � � �
	�
�( �
kO'I)G�!"$��'69;M!4

VQ
"I+8%�>?|�-��G)!�I'&(=� g 9;�&)*3�<=-;%�>?�!4O~_9�h&�;�G)�' (H)GM!4.7��.7��2��7#3}9;�I';"I+8%�> 47��G��7�3$V_kO'�5��!1�)G�!%2-I'*�&/0-#)G����-;1#��70'6�O�!���0�#���&9&)�':9;����1#($3.(=�l/0�!%�>E/�)�+8($3u/0-& .-;'2/0%2Rwi

)�-I'HM!"$-; #��7��U<=C0���!4��&/0�;' )*��(=�!' 4�(=�j/0P;%�-& #4�QIP0/0+84O7��G��7�3m9I�I'$ �/0-���-�<�' ($)2'69&�F' (H"$1#4
� 7��U<=C0���o5�'6�;�21#(=7��0)!�o9I�;'N7��U<=C&��� codebooks � 9I�;'{��9I7���)��&�#���!1#-��G)!�I'=)!-J<=�U<=-���P&41�/0�&%�S23�4T(H #(H"$M�)2' ($3�4J7���)��;S�1z5�'E�&5�-#"H':9;R8�e5�'E�&�� #(H7�C&)U+8�&VKv k�7#+84B7��}/0%�-;(H��9&)2'69;P
(H"$�!5�'E�&(H70P�)�+8�z/0%2Rl)U+8�&QA7�/0-&%�-;1#7��K���,M!"$-& #7��e�;%G9I��)GC,�0/&-&5�-#)2'69;P�90h&�&�2)2' (H7�P�Q
9;�0�N' ($)*R8�2)��;4O)*3F"$%G��($3T)�+8�m52�!1�)G�!%2+8�f7#3B �/0-#"$%���+l)2':9;�$V

k �&%�' ��7�P;4 )G�!"$��'69&R8�
VQ

�!> ���;'��;%G9I��)GCO7��U<=C0��-;4Y<�'6�O90h&�&�2)2' ($)GM!4�"I+8%�> 4 70�G��7#3
9;�I'��&9;P;7��d70� <=�&��1�)G�!%�-&4f<�'6���& �)!-;1#4m70�m70�G��7#3$V 38/;> ($3�4B �/0C;%2"$-; #�T/0�;%�C&7���)G%�-I'
/0-& O7�/0-&%�-;1#���2����/�3�%2�!C;(H-; #�
)�-0��)G%�P0/&-f(H"$�!5�'6�;(H7�-;1u<�'6�f�; �)GM!4 )2' 4
)G�!"$��':9IM�4�Vw���
�& �)*�K)*3K/��#3���R8%2�J5�'6�;L�-;%2��)2'69&R8�f/0%�-&(H�U<$<�> (H��+8�&QH9I�&����> 4./&%2M�/0��'��2�e5�'E�0��M!S���'H/0%�-�i
(H��9&)2'69;C�)*3��
9I�0)GC&�#�#3#�#3$Q�/0%�-09I��'67�M!��-& .�2�OM!"$��'�)!��7�MU<�' ($)���+8LNMU�#3$V 4 )*3�(H #��M�"$��'E�=Q���,��/&':9I�!�G)G%2+_��-;1#7��B(H�B9;C&/0-I'6�!4T)GM�)!-;'E��4F/0�;%2�;7�M�)G%�-& #4B9;�I'\)G�!"$��'69;M!4T/0-; d��/&'6��M i



= � ����( ��� ���#��� �A(CB���, B�� ��� �A(*� ����,��
VQ

� �

";�=3#9;�;���0/&P�)G3���9&+85�':9I-0/&-;> 3�(H3�/0-; �9IC&���&70�Y<�'E�}�& �)*��)*3��O�!%*<=�;(=>?�=Q�70��52�!5�-&70M��23
)*3�����/&'6��-�<H�B90h&�&�2)2' ($)*�K"I+8%�> 4�7��2��7#3$V
� F+( � D)!+1���&
� (CBED"�

codebook
��'E�t)GM�)�-I'6�t/0�;%�C&7���)G%�-;4�Q���> �2�I'l)!- 7�MU<=�U��-;4o)!-& �&%�"H':9I-;1

codebook � 523#���&52��-�&%�' ��7�P;4
centroids

(H�u�& �)2P � /0-; ����K"$%G3�(='E7�-&/0-;'6��(H-; #7��.(H)�-��f�U/&�&���0�#3#/0)2':9IPB�&��i<=P&%�' ��7�-�Vl@T #-�/&%2-;(H�U<$<�> (H��' 4j �/0C;%2"$-; #��~w($)G3��./&%GRl)*3$Q&)�-T70M <=�U��-;4���> �2�I'�P;(H-�9;�I'
)�-e)G���0':9IP � )�-J-&/0-;> -F9I����-;%�>E|�-& #70��7���)!-����;%�' ��7�Pe)U+8� bits

/0-; TM�"$-; #7�����/&':��M!S���'
�2�a5�'E����M!(H-; #7�� � 9I�;'{)!���&%�"H':9IC centroids

��/&'6��M <=-0�G)!�;'�/HV6"{VT)G #"$�I>E�a�0/&Pz)!-�(=�U)
�U9;/0�I>E5��! #($3�4�V 4 )*3z52�!1�)G�!%23J)�-�7�MU<=�U��-&4}��> �2�I'�70'69;%�P � /HV6"{VBM!���,~�-d70M�(=-&4TP;%2-;4P��#+8�K)�+8�F �/&-&5�'6�;�2 #(=7�C0)�+8�K(H)�-�(H��)K��9&/&�;>?52�! #($3�4 � 9I�;'�5�':/0���&(='EC&|���)��I'��&/0Pa�U/&�#i�2C&�#3 �=3}(H����/0�;�2C&�#3 �=3�)�-; T�&��<=-&%�> ��7�-; IQI7�M!(H�K�&/0PB70'E�F5�'6�;5�':9I�&(=>?�T5�'6�;"I+8%�' (H7�-;1
� splitting � )U+8�m/0�;%2P0�G)�+8� centroids

QN7�M!"$%�'H)G3��m'69;�;�2-&/0-I> 3�($3T9IC0/&-;' -; }9;%�' )*3�%�> -; 
� /HV6"{Vl�U/;>6/0�!5�-O�0/0Rl���!'E�&4�Q#��/&>?52-;($3��&���0<=�GR8%�' ($3�4 � V � �&/0P;L��;($3j<�'6�O)*3���/0�&%�C;7���)G%2-
�& �)*�$Q{�!S2�;%2)GC0)!�I'=�&/0PJ)*3��}/0�;%��0�#���0<H�B)!-& F�0��<=-;%�> ��7�-; B/0-; K"$%23�(='670-0/0-I'6��> )!�;'N9I�I'
��70�!> 4O��/&'6��M!S2�;7��u)*3��m52�!1�)G�!%23$V

Product VQ��'E� C&�#�#3 ��/&'6��-�<H� /0-; �M!"$-; #7���Q���> �2�I'8���t"I+8%�> (=-& #7��J)!- �;%2"H'69;P 5�'EC&�� #(H7�� (H�
70':9I%2P�)G�!%2�a9;�I'w�2���!L��;%�7�P&(=-& #7��

VQ
<�'6��9I�0��M!�2���0/&P��; �)GC�V c  �)GP�/&%2-&9;1�/0)G��' Q

<�'6�&)2>�/&-��#��M�4KL�-;%2M!4m7#/0-;%2-;1#7��}���d5�'6�&9;%�> ��-; #7��O)GM�)!-;'E��7&':9I%2P#)2��%��J<H9I%2-; �/z7�M!(H�
($)�-t5�'6C;�2 #(=7��=Qlh&C&(H��'89;C&/0-I':+8�o9I-;' �GR8�a"$�&%��&9&)*3�%�' ($)2'69&R8�&V 4 )G3,/0�!%�>E/�)�+8($3,)*3�4L=+8�2��4�QH3K7�MU��-;5�-&4O�; �)*�K��/&'6��M <=��)!�;'=9I #%�>E+84u<�'6�J�&9;-; #($)2'69;Ce5�'E�&��1#(H7��&)!�K/0-; T/0��i
%2C0<=-��2)��I'l�&/0P

model-based
)G�!"$��'69;M!4 � h0��MU/&� g V8: � V y\'6� front-ends

P&/�+84J�& �)GC
/0-& K�!>?5��&7��u($)!-J���!L�C&���;' -ap#Q=-e)G%�P0/0-;4O�; �)GP&4O"$%23�(='E7�-0/&-;'E�!> )!�I'�(="$�U)�':9ICe(H/0C&��'6��Q
7��O/&' -J9I-;' �2Pe"$�&%��&9&)*3�%�' ($)2'69;PJ5�'6�;"I+8%�' (H7�-;1IQ=)G3��}/0-;'69I'6�0>E�e)2'E7#R8� � dynamic ran-
ge � )U+8�J($)!-;' "$��>E+8�F)!-; o�09I-& #(H)2':9I-&1J5�'6�;�21#(=7��0)!-;4�V 4 1#7�L�+8�2�a7��m)�-�)G�����! �)��I> -�Q-K/&' -o�!7�LN�&�2��4�5�'E�&"I+8%�' (H7�P;4O��> ���;'=�&��C;7��!(H�B($)*3��}�!��M�%G<=��'6�K9;�I'$)2' 4� �/&P���-;'6/0�!4Tp g
cepstral

/0�;%2�;7�M�)G%�-& #4�V
J -Fh&�&(�':9IPJ/����!-��2M�9;)*3�7��F)�-; e5�'E�&"I+8%�' (H7�-;1K(H��7&':9I%2P#)2��%��e5�'E�&��1#(H7��&)���Q���> �2�I'3F7���>E+8($3K)!-& K9;P;($)!-& #4f�0/0-0�=�#9I�! #($3�4O)�+8�

codebooks
9;�I'=)�-; K �/0-���-�<�' (H70-&1e/0-; 

�0/0�I' )G��> )��I' <�'E�t)�-��, �/&-���-�<�' (=7�P )*3�4��0/0Rl���!'E�&4�Q��;LN-&1,)GR8%2� )!- 5�'EC&�� #(H7��t��> �2�I'
70':9I%2P�)G�!%2-�V J -m7���' -��2M�9;)*3�7��m��> ���;'�P#)2'&�& �)GP;4
-m5�'E�&"I+8%�' (H7�P;4
��7�/0-&5�>?|2��'�)!-��u9�h&�;�*i)2' ($)*� ��� �U9I7���)!�0�#���! �)G��>l/=V6"{V )*3���(H #(H"$M�)2' ($3 /&-& , �/0C;%�"$�!'Y7���)��;S�1,($)�-I' "$��>6+8�&Q
/0-& f)*R8%���h&%�> ($9I-��2)��I'&(H��5�'6�;L�-;%2��)2'69;Cm5�'6�;�21#(H70�0)!� � (H1#7�L�+8�2�T7���)*3�����+8%�>E��Q0P;(H-7��U<=�0��1�)G�!%�-K)!-J5�'EC&�� #(H7���QI)GP;(H-J7��U<=�0��1�)G�!%��B)!�e+8L�M��#3B�&/0PFC&/0- �=3T(H #7�/&>E�!($3�4 � V

� �;> �2��)!�;'8P#)2'l($)G3,/0%2C;S23$Q8/0%�-03�<=-;1#7��!�2�!4F(H"$�!5�'EC&(H��' 4
VQ

�&/0M!LN�� �<=�;�J)*3�"$%2��($3
�& �)*��4m)*3�4}7��U��P;5�-& IQ{/0�;%2�;(H #%�P&70����-I'��&/0Po)!-z/&�&%��0/&C&�2+ 7���' -���M�9&)*3�70�=Q��o�&/0Po)!-



= � ����( ��� ���#��� �A(CB���, B�� ��� �A(*� ����,��
VQ

���

<=� <=-0�2P;4�P#)2'N-o5�'6�;7�-I'6%��&(H70P&4O)�+8�B5�'6�;�2 #(=7�C0)�+8��<�' ��P#)!�&�T7�����C���-;4�9I%�' )G��%�'E�=QN5�>:i
�2-��2)!�&4�7#3F'69;�;��-0/0-I' 3#)2'69;CF�0/0-�)G����M�(=7��0)!�eMU+84�)GR8%2��V

3Y7���> 4f��/&'E7���> ���;7���(H�O�& �)G�B)*3F70M �N-&5�-=Q$9I�I'H9I�0)!�;L�M!%��&7��u���K)*3��}��9I7���)��&�#���! 2i
)�-;1#7��zP;(H- /0�!%�' (H(HP�)G�!%2- <�' ��P#)!�&�&V ��C0�0' ($)!�t)!� )2�U�0'69;C �!�G)2 �/�+8(='6�&9IC �&/0-#)2�U��M i
(H7��&)��T)G3�4�9;+85�'69;-&/0-I> 3�($3�4
/0-; f"$%23�(='E7�-0/&-;'6��(H�&70�2QI5��!> "$��-; #�.P#)�'&�; �)*��3�7�MU��-;52-;4
7#/0-;%2��>#���.h&���#)2':R8(H��'�/0-���1�M����O(H"I��7��f9&+85�':9I-&/0-;>:3�($3�4�Q#7��8)!-f7���' -���M�9&)*3�70CO)*3�4��2�
�U/03�%2�!C;|2��'&�U��C;"H' ($)!�=Q$(H��(="$M�(H3m7���)��}+8LNM��#3f/0-; f7#/&-&%���>&���}5G3�7&' -; #%G<H��(H��' Q$�&%29I�!>
�2�e"$%G3�(�'67�-&/0-I' 3�����>=9I�&)GC0�#�#3#����V 4 "$�!5�'EC&|�-��2)��;4�M����B90h&�;�G)2' ($)G�$QH/0%�MU/&�!'H9;�;���!> 4����($)��0��70> (=�!'I(H+8($)GCm)��}(H #�.9I�;'�)��m/��#3��&V\yw'6�m/0�;%2C;52��' <=7���Q#3f"$%2��($3f-���P&9&�#3�%�-& u)!-& 
5�'E�&��1#(H7��&)�-;4K7�/0-&%���>\����+8%G3#)�':9IC,�2����> ���I'�3�9;�&��1�)G�!%23d��/&':��-�<H�$Ql/0%��&9&)2'69;C,P;7#+84
5G3�70' -; #%*<=��>�/0-���1�7��U<=C&����4��&/0�I' )G��(H��' 4.(H��7��2��7#3O9;�I'� �/&-���-�<�' (H)2':9;�m' (H"$1IV � %2-&9;��' i7�M!�2-; ��2��52-;1#7��8)!��+8L�M��#3O)*3�4
7��U��P;5�-& IQ�����/0%�MU/&�!'��2���U/;':���!";��-;1#��9I�0)GC&�#�#3#����)!�
70':9I%2P�)G�!%2�F5�'E�&��1#(H7��&)�� �  �/0-;5�'E�&��1#(H7��&)!� � �&�#��CB9I�I'H-I'=(H #�2)G�����!($)GM!4O/0-; })!�e�&/0-�i)G����-&1#�&V 4 )!-�/0�&%�C;52��' <=7���/&-& �52R8(H�&70�Y/0�;%��0/0C;�2+ � p g (H #�2)G�����!($)GM!4�Q0�!��M�%G<=��'6� � )!�+8L�M��#3B��> ���I';/0-���1T70':9I%�C=QH> ($+84�<�'E�0)�>$)!-K9I%�' )*��%�' -K/&-& T��/&'6��M�";��3#9;��5����f�!> ���;'I)2P&(H-
7��U<=C0�#3�4O($3�70�&(=>?�;4�V

3Y���&4 9I�0��1�)G�!%�-&4 5�'6�;"I+8%�' (H7�P;4
��> ���I'��& �)GP;4 /0-; j�N��7�-I'6%�C;(H��'�)�-m5�'6C;�2 #(H70��)�+8�
p � ($)!-I' "$��>E+8��(H��M!���}7��U<=�0��1�)G�!%�-}�&%�' ��7�PB �/&-&5�'6�;�2 #(=7�C0)�+8� � /HV6"{V 7 � 9;�0��M!�2�m�&/0P)��J-&/0-;>?�K�&/0�I' )G��>H/0�!%�>6/&-& B>?5�' -e�&%�' ��7�P

bits
V c 4O �/&-���M!(H-; #7���P#)2'�-I'=5� #-K7�MU��-;5�-;'

�0/0�I' )�-;1#�F)�-��e>E5�' -d�;%�' �N7�P
bits � �&LN-&1e�;�G)2'6/0%�-&($+l/&��1#-; #�T)!-�>?5�' -d5�'EC&�� #(H7��a7�� g5�'E�&LN-&%���)2':9IM!4.70-&%�L�M!4 � QIM!($)U+ g#� 9I�I'$P#)2'=($)*3B5���1�)2��%23m/0�!%�>E/�)�+8($3T)�� 7T5�'6�;�21#(H70�#i

)�� �&/0�I' )!-;1#� 7IQ 7IQ 5 Q 5 9;�I' g bits
�;�2)2> ($)!-;' "$��V � %G3�(�'67�-&/0-I':R8�2)��;4o)*3���/0%2Rl)*3/0%2-;(HMU<$<�' ($3}�0/0�I' )�-;1#�2)��I'

220 Q&523#���&52��/0C;�2+ �0/&PmM!������9I�0)!-;7�7�1#%�' - centroids
($)�-

7�-����&5�':9IP
codebook

Q\���2R ($)*3o52�!1�)G�!%23 7
codebooks

7��
25 + 25 + 24 + 24 + 22 Q5G3#���;5G� �#g Q �#g Q�pK6IQ
pK6�9I�;' 5 centroids

�;�2)2> ($)!-;' "$� � (=1#�2-���- p �#��� V J ��+8L�M��#3�!> ���;'{�&/&> ($)G�! �)!�=Q\�0/0PaC0/&- ��3e"$%�P���-& K9�h&�;�2)2' (H7�-;1J9;�I'��&/0-����#9;�! #($3�4�Q��&9;P;7��o9I�;'
�&�JM!"$-& #70�m7&':9I%G���0/�Rl����'E�a+84B/0%2-;4T)*3oh&MU�#)�' (H)*3�����+8%G3#)2'69&�a(H #7#/&>?�!($3 � 523#���&52�<�'6�z)G3��K>E5�'6�o(= #7#/&>?��(H3e3e/0%2Rl)*3o7�MU��-;52-;4f���o�0/&�;' )!-&1#(H�m)G���0'69;C,pK:F�J�09IP&70�J9;�I'
pK7

bits
QH9IC0)�'$/0-; T52�!���0�#��C;|2��'$P;7#+84�)*3��m��':9IP���� � V

��� � �)( B�� ,�� ���AG ��� � D�,
J MU��-;4�Q{3J)G������ �)!�I>E�o��/&'6��-�<H�o/0-& K���z�!S���)GC&(=-& #7���Q{��> ���;'{-z)G%2P&/0-;4�/0-; J��> ���;'N5�-#i7#3�7�M!�2�z)��

centroids
7�M!(H�z($)!�

codebooks
Qw-o-0/&-;> -;4�9I���N-&%�>E|���'$9I�;'�)!-��B�;%�' �N7�P

)U+8�O(H �<H9I%�> (H��+8�./&-& ��0/0�I' )�-;1#�2)��I'0<�'6�T����h&%��U����>�)!- �6/��#3�(='EM!($)G�!%2-��&(H)�-B5�'6C;�� #(H7��
�!' (HP;5�-& 

centroid � nearest-neighbour search � V k /;' - �0/0��P&4K)G%2P&/0-;4�Q8��> ���;'\���
"$%G3�(='E7�-&/0-;' 3��N�!>l/��#��%2�!4 �NC;S�'E7�-=Qw5G3#���;52�dP�����)��

centroids
V c �F9I�I'x�!S��;'E%2��)2'69;C

�0/���P;4�Q2<�'6��7��U<=C0���
codebooks

�; �)GP&4Y-.)2%2P&/0-;4l�!> ���;'*/0-���1��;%*<=P;4�V � C0�#�#3.�U/;':��-�<H�
�!> ���;'&�2�}5�-&7�3���-&1#�.)!�

centroids
7���M!���m'E�!%2�;%2"H'69;P�)G%�P0/&- � /HV6"{Vl52 #�;5�'69;Pm5�M��2)G%�- � V�����; �)GPB)!-���)G%2P&/0-�Q;<�'6�F�

centroids
�&/0�I' )!-;1#�G)!�;'�7�P��0' 4

logM
(= �<H9;%�> (H��' 4��&�2)2>



= � � � � ���A( B�� , B+/ @A( BED"F D�G �"�+�",.- / �21�, = �

<�'6��� /0-; ��0/0�I' )�-;1#�2)��I'�($)G3��j/0%�-&3�<=-&1#7��!�23./&��%�>E/�)U+8(H3$V c ��9I�;'#/0-���1.<=%G3�<=-;%2P�)G� i
%2-;4�Q$�& �)GP;4u-T)G%�P0/0-;4u�0/0�I' )G��>H�&�#����<=M!4u($)!-��f�&��<=P&%�' ��7�-F��9&/0�I>?52�! #($3�4�Q;�0�#��CB��> �2�I'
9;�I'N �/0-#h&M��#)2' ($)!-;4T(H��(H"$M!($3J7���)!-��}/0%2Rl)!-=Q��;L�-;1T)!�z5�'E�&��1#(H7��&)!�J/0-& F"$%G3�(�'67�-�i
/0-;' -;1#�G)!�I'�<�'E��)*3��J�U9;/0�I>E5��! #($3o)�+8�

centroid
(H�}9IC����}��/0�;�2C&�#3 ��3$Qx52�!�e��> ���;'�)�-

(H1#�2-���-d�& �)*R8�B)�-; J(H��)B�U9;/0�I>E5��! #($3�4�Q{�0�#��CoM!���zP���-o9I�;'{70'69;%�P#)G�!%�-e<H9;%�-; �/e�; 2i
)*R8�0Q�)��o-&/0-I>E�e(H�O/&%2-&3�<=-&1#70���23B��/0�;�2C&�#3 �=3B-;7��;52-&/0-I':���=3#9I�;��($)G3��}/0�!%�' -#"I�K)!-; 
/0�&%�P��2)�-;4

centroid
V ���F52�!5�-&70M��23d)G3��z"$%G��(H3� �/&-&5�'6�;�2 #(=7�C0)�+8�&Ql)��

codebooks�!> ���;'=�&%29;��)GCF70':9I%�C=Q=C;%��F5��!��M!"$��'H)2P&(H-J7��U<=C&�#3K($3�7��;(=>?�e3K"$%G��(H3B)*3�4�5��!1�)G�!%G3�4
7��U��P&5�-; m�;LN-&1}��/&':/0��M�-0����> �2�I'I9I�;'$7�3}h&M��#)2' ($)*3$V

����� � �x��b
	�] �x� ]��,�
	�]O[.��[��U�j�f�j� � ��b��j�
kO'H)G�!"$��':9IM!4.9;+85�':9I-0/0-I> 3�($3�4�"I+8%�>E|�-��2)��I'$(H� � 9I�0)G3�<=-&%�>E�!4�~

• Waveform

• Model-based

• Hybrid

4 �.9IC0���.7&'6�e�0/0PF)2' 4O/0�;%��0/0C;�2+ 9I�0)G3�<=-&%�>E�!4u(H #���&�2)GC;7��j)2��"$��':9IM!4u/0-& }/&�&%�M!"$-& #�5�'E�&LN-&%���)2':9I-;1#4A%� ���7�-;1#4
7���)GC;52-;($3�4�Q��&9;%�> h&��'E���&���&/0�&%�C;($)��;($3�4 )*3�4�/��#3�%�-;L�-;%�>?�;4�Q
�0/0P;5�-&($3T/&�&%�-& #(�>E�B��-&%�12h&-; �9I�I'$/0-��� �/���-&9IP#)*3#)!�e ���-&/0-I> 3�($3�4�VA��C����u9I�0)G3�<=-&%�>E�
��S� �/�3�%���)G��>$��-I':/0P���5�'E�&LN-;%2��)2'69;M!4u�&��C�<H9I�!4�V

�����
Waveform Coding


Y���mb�	�] ���
kO'{)G�!"$��'69;M!4��& �)*��4�)*3�4�9;�&)*3�<=-;%�>?�;4�Q=��> ���;'N($)G3e/0���!' - �=3�L{>?�F)!-; #4m(="$�U)�':9ICo�0/���M!4�V
4 9;-&/0P;4.��> �2�I'&3m/;' (H)*�B�&���&/0�&%��0<H+_<H��)�-; }($��7��&)�-;4u)*3�4�L=+8�2��4u($)�-F52M�9;)*3$V_�O+85�' i9;-&/0-I' 3#)GM!4 � coders � 9I #7��&)�-;7�-;%2L���4OM!"$-& #�m(H"$�!5�'6�;($)G��>H)2P&(H-J($)!-e/0�!5�> -F)!-& F"$%2P�i�2-; jP;(H-�9I�;'�($)!-O/0�!5�> -�)*3�4 (H #"$�2P�)*3#)��;4A9;�I'��!> ���;'��;%G9I��)GC.<=%G��<=-;%2-I'G��P�<H+��&9;%�' h0R84
)*3�4�(H"$��)2'69;Ce�0/0�#��4����!' )!-& #%G<�>?�&4u)!-& #4�V
����� ��� � � � �
	�
 ( � � �"� $ � ����� �"� , � & � �'��,
3A' (HC�<=-; #�u�0/0Pf�U��C;"H' ($)G�!4
M�+84 9;�0��P���-; . �/0-0��M!(H��' 4�<�'6�f)�-�($��7���/0-; .9;+85�':9I-0/0-I'6��>:i
)��I'_9I�;'w"$%23�(='67�-&/0-I' -&1#�2)��I'l(H�F ��=3#��-;1#4K(="$�U)�':9IC�%2 ��N7�-&1#4F7���)GC;52-;($3�4�V���C&��-& #�
"$%G��($3�h&�0��7#+l)!-;1,9�h&�;�2)2' (H7�-;1�(H #�2���=+84J9;�I'870��%�':9IC�)2MU)!-I'6� /0�&%��;52��> <=7��&)�� )U+8�
)G�!"$��'69&R8�m�& �)GR8�f�&9;-���-; ���-;1#���! ���1#4O�&70M�(H+84}~



= � �
Waveform Coding

� � ���A( B�� , ="�

Pulse Code Modulation (PCM)
c /0-�)G�����!>2)*3�� /&' -O�&/��#�.70M �N-&5�-=V J -u(H��7��O52��' <=7��&)�-��#3#/0)G��> )��I'�($)*3u(H #"$�2P�)*3#)�� Ny-
quist

9;�I'I9IC��N�j5��!> <=70�T9�h&�;�2)2>E|���)��I'I($)*3��f9;-0�G)2' �2P�)G�!%G3m($)GC0��7#3T9I�;'$(H)*3B(H #��M�"$��'E�
7���)��;5�>?5��U)!�I'{(H�&�T5� #�;5�'69;P;4O�&%�' ��7�P;4�V.v k�(H�J/0�!%�' (=(HP#)G�!%��

bits
5�'E���NM�(=-& #7���QN)GP;(H�!4

/0�!%�' (H(HP�)G�!%2�!4f(H)GC��N7��!4�M!"$-; #7���Q�7����&/0-#)2MU���!(H70�o�2�JM!"$-& #70��/&' -o/&' ($)*�o�;�2�&/0�;%2C�i
($)��;($3J)!-& e($��7��&)�-;4�V J -o(H��7��o)*3�4mL=+8�2��4�"$�;%2�&9;)*3�%�>?|��U)!�I'H�&/0PJ)�-o<=� <=-0�2P;4�P#)2'70':9I%2Ca/���C&)*3 � amplitudes � (H #7�h&�I> �2-; #�B/0-���1o(= #"$�2P#)2��%��d�&/0Pd)���7��U<=C&���=V}�,'6�h&�U�#)�>6+8($3���> ���;'\��/0-;7�M!�G+84�Q_-;'w($)2C���70��4F�2���&/0M!"$-& #�F�0' <=P#)G�!%�-,7���)��;S21d)�-; #4K(H)��
70':9I%2CF/���C&)*3K9I�I'$/0�!%�' (=(HP#)G�!%�-e(H)��J7��U<=C&���=V c  �)GPe-;5G3�<=��>H(H)*3F"$%2��($3K7#3F-&7�-I'6P�i
7�-&%�LN-& eh&�0��7#+l)!-;1a90h&�;�G)2' ($)G�$Q8-,-0/0-I> -;4B(H #7#/&'EM!|2��'_)!-�($��7�� "$%G3�(='E7�-&/0-;'6R8�G)!�;4
9;C&/0-I'6�e��-�<=�&%�' ��70'69&�e(H #��C&%2)*3�($3B9I�I'=($)G3F(H #��M!"$�!'E�e)�-e90h&�&�2)2>?|2��'H"$%23�(='E7�-0/&-;'6R8��i
)��;4O-&70-;'EP&7�-;%�L�-T90h&�;�G)2' ($)G�$V J M�)�-I' -;'=��-�<=�&%�' ��70'69;-I>�(H #7#/&'E��(H)GM!4�"$%G3�(�'67�-&/0-I' -;1#�*i)��I'
<�'E� )G3 7���)GC&5�-;($3 L=+8�2��4�($)�� )*3#���!L�+8��'69;C 5�>E9&)2 #� 9;�I'
��> �2�I' <=�2+8($)�-I>�(=�&�
� � law & A-law compressors

V

Differential PCM (DPCM)��'E�d/0%2Rl)*3eh&���#)2>E+8($3z($)*3��
PCM

7�MU��-;5�-d��> ���I'{-d90h&�&�2)2' (H7�P;4T���J<�> ����)��I'�(H)*3��
5�'E�&LN-&%�C�7���)!�&S�1 g 5�'6�;L�-;%��U)�':9;R8�d5��!' <=7�C&)�+8�0V c  �)*� ��> �2�I'l70'E� (H3�7��&�2)2'69&��h&����i)2>6+8(H3$Qw�;L�-;1o($)!-,($��7���)*3�4FL=+8�2��4�Q\5�'6�;52-#"H'69;C�5��!> <=70�0)!�aM!"$-; #�F70� <=C&��-dh&���N7�P
(H #(H"$M�)2' ($3�4e9;�I'w��/0-&70M��2+84T3�5�'E�&LN-&%�C�7���)��;S21 g 5�'6�;L�-;%2��)2'69&R8�e5��!' <=7�C&)�+8�z��> ���;'70':9I%G�$V �,'6��h&�&(='69&� �U/&MU9;)!�&($3 )*3�4o/0�;%2�&/0C;�G+ 'E52M!�;4o��> ���;'Y�2� 9;C;��-& #7��e9IC0/&-;'E�
/0%2P�h0��� �=3z<�'6��)!-,)G%�M�"$-0�e5���> <=7���Q\9I�;'\����9�h&�;�G)�>E|�-& #70�f)*3�5�'6�;L�-;%2C�7���)!�&S�1z)!-& 
/0%2�0<=7��&)2':9I-;1K5��!> <=70�0)!-&4�9;�I'�)*3�4�/0%�-�h0���U/&P&7��!�23�4O)2'E7#��4f)!-; IV
v 38)G(�'{/0�!%�'E7�M!�2-; #7��
�2�F7���':R8(H-; #7��O�&9;P;7��T/0�!%�' (H(HP#)G�!%�-K)!-J�0/&�;' )!-&1#7��!��-F%� ���7�PF52�!5�-&70M��2+8�&V
y\'6� )*3��a/0%�P#h0��� ��3�)!-; ���/0P&70����-; �5���> <=7��&)�-;4o"$%G3�(�'67�-&/0-I'6��> )��I' M!�2�;4F<=%2�;7�70'69;P;4
/0%2-�h0��M�/�)*3�4e)*3�4J7�-;%2L���4a~

x̂n =
∑p

i=1 aixn� i

Q6P0/&-& 
p
��> ���;'\)!��/0%�-&3�<=-&1#7��!���

52��> <=7��&)���/0-; o"$%23�(='67�-&/0-I' -&1#7��B9;�I'
ai

�!> ���;'�)�-dh&C;%2-;4m<�'6��)!-��;�2)2> ($)!-;' "$-�/0%�-03�i
<=-&1#7��!��-K5���> <=7��=V

Adaptive DPCM (ADPCM)
kO' /0�&%��&/0C&�2+ )G�!"$��':9IM!4Jh&�;(=>E|�-��2)��I'A($)*3��� �/0P0���!($3 P#)2' )!- ($��7�� ��' (HP;52-; ��> �2�I'
($)GC;(='67�- � stationary � Qf523#���&52� -I'
($)!�&)2' ($)2':9IM!4�)!-& 'E5�'EP#)*3#)G�!4 � /HV6"{V 7���)!�#h0�#3�i
)GP#)*3#)!�=Q
�; �)�-;(H #(H"$M�)2' ($3 � ��> ���;'8($)��0���!%�M�4o70�F)!- "$%2P���-�V 4 )G3��d/0�!%�>6/0)U+8($3 )�-; ($��7��&)�-;4T)*3�4BL�+8�2��4T-;'x/0�;%2�&/0C;�G+ '65�'6P�)*3#)G�!4B7���)!�#h&C&�#��-��2)��I'��;%*<=C�7��m)!-�"$%�P���-
� quasi-stationary � V�y\'6�o���e�U9I7���)!�0�#���! �)!-&1#7���9;�I'=�; �)GPF)�-o"$�;%��09;)*3�%�' (H)2':9IPe)�-; ($��7��&)�-;4K)G3�4KL�+8�G��4F-;'\9;+85�'69;-&/0-I' 3#)GM!4B/0%�M�/0��'\����7#/0-;%2-;1#�J�2��/0%�-;(H�&%�7�-;($)!-&1#�
($)2' 4d"$%�-���':9IC 7���)!�#h&�&�#��P&70�����!4J�0�#���0<=M!4F)�+8��($)!�0)2' ($)�':9;R8��7���)���h&-��#R8�a)�-; �($��i
7��0)!-;4�V v 38)G(�'AM!"$-; #�d�;�2�&/�)G #";�N�!>Y/0%�-&(=�&%�7�-;($)2':9IM!4J�U9I5�P&(H��' 4J)!-& 

DPCM
Qw/&-& 





= � � Model based
� � ���A( B�� ,��

Vocoders � = �

/0�&%��;7�M�)G%G+8��/&-& m�&�2)2' ($)!-;' "$-;1#�f($)�' 4�"$%�-���':9ICm70�U)!��h&�0�#��P;7��!�2�!4j/0�&%��;7�M�)G%2-; #4�)!-; 
L=+8�23#)2':9I-;1T($+l�#���2��V

J -J7�-��2)GM���-KLN�;> �2��)!�;'H($)�-o(="I��7�� g V p#V_v ku/�+84�LN�;> ���U)!�I' QH �/0C;%2"$-; #� g 5� #���0)GM!4/�3�<=M!4�V � /0%GRl)G3O/�3�<H���&�2)2' ($)!-;' "$��>&($)�-0�j��"$-�"I+8%�> 4�L�+8�G�u9;�I'�3O5���1�)2��%23�(H���& �)GP0�
7��AL�+8�2� � unvoiced & voiced sounds � V 4 )*3�� g 3�/�3�<H�O3OL�+8�G�u/0�;%2C0<=��)��I'#P#)!�&�j-;'L=+8�23#)2':9IM!4�"$-&%�52M!4u/0C&�#��-��2)��I'$(H�u9IC0/0-I'6�Th&�&(�':9;�}(= #"$�2P#)G3#)��

f0
Vl��'E�B/�3�<H�B9IC0���

"$%2-���':9;��($)2' <=7#� 5�'6�U<=��>?%2��'w)!- L{>6�#)G%�-,/0-; ��&���&/0�&%�' ($)GC;�2��'w)!- L�+8�23#)2':9IP ($+l�#�����
9;�I'8M�)G(='Y/0�;%2C0<=��)��I'_)!-t($��7�� )*3�4oL=+8�2��4�V � /&�&%���<H+_<H��)�+8�d/&�&%��&70MU)2%G+8�d)�-; 
L=+8�23#)2':9I-;1K($+l�#�����J<�> �2��)!�;'N7���"$%G��($3F<=%��&7�7&':9;��4�/0%�P#h0��� ��3�4 � linear predictive
coding � V J - (H1#��-���- )�+8��/0�;%2�;7�M�)G%2+8�z/0-; ,/0%�-09I1�/�)!-& #�a/0�!%�':���;7�h&C&��-; #�z)!-& #4(H #�G)2�U���!($)2M�4�/0%2P�h0��� �=3�4�Q$)!-J9IM�%�5�-&4 � gain � )�-; B($��7��&)!-&4�QH)!-o��>E5�-;4u��' (HP;52-; T/0-; M�"$-; #7��T9I�I'�)*3�(H #"$��P#)*3#)!�

f0
Q_�!LNP&(=-��K3���> (H-&5�-;4T�!> ���;'

voiced
VakO'\/0�;%��0/0C;�2+

/0�&%�C;7���)G%2-I'�7���)!�&5�>?52-��2)!�;'{($)!-��F52M�9;)*3oP0/0-; J"$%G3�(�'67�-&/0-I':R8�2)��;4})�-�>?5�' -d70-��G)2MU��-�Q
�&���09I�&)��;($9I�� #C;|��U)!�I'0)!-e�&%�"H':9IPK($��70� � <�'E�K�; �)GPK)!-F��P�<=-K-I'$)G�!"$��':9IM�4��; �)GM!4�-��2-�i7�C&|�-��2)��I'���/&> ($3�4

analysis by synthesis
)G�!"$��'69;M!4 � Vwy\'6�f9;C0��� g#� i �#� msecs

/&-& u)!-
($��7��T)*3�4.L=+8�2��4�7#/&-&%���>&���m����+8%23�����>

stationary
 �/0-���-�<�>?|2-0�G)!�;';-I';(H #�G)2�U���!($)2M�4

)�-; BL{>6�#)G%�-; �(H1#70L=+8���F70�.)G3����!S�> ($+8($3o~

Xn =
p∑

i=1

aiXn−1 + Gwn � g V g��
P0/0-; 

G
��> �2�I'$)!-e9;M!%�52-;4�Q

wn
3K�&9I-���-& ��N>?�K��' (HP;52-; IQ

ai

-I'=(H #�2)G�����!($)GM!4O)!-& KLN>E��i
)G%2-; }9I�;'

p
-F�&%�' ��7�P;4O/0P��#+8��)!-& TL{>6�#)2%2-; IV

c /&Pd�; �)GM!4f)2' 4}/0�;%��&7�M�)G%�-; #4�9I�;'�70�f9I�0)2C0�#�#3#��-; #4f7���)!�&(="I3�7��0)�' (=7�-&1#4K7#/0-�i
%2-;1#���2�}/0%�-&9;1��N-& #�u�&9;-; #($)2'69;C}5�'6�;�21#(H70�0)!�B' (H-&5�1#���&7��}7��j�& �)GC}/&-& ��!>?5��&7��
(H)�-
����LNC&���;' - p#QY)�� -0/&-;>?��h&M h&�;'E� 7#/&-&%�-&1#�d�U/;> ($3�4J�2� "$%G3�(='E7�-&/0-;' 3��N-&1#�d<�'6� �&���#i
<=�GR8%�' ($3$V\v c %��O3O7�MU��-;52-;4A�; �)*�O�&/0-#)G������>�-& #(�'6�;($)2':9ICmM����O�!�2�&�#���&9&)2'69;P

front-end7#3�"$�&��' (H7�P�V c /0-#)2�U����>=L� #(='69;CF9I�;'=7�MU��-&5�-F9&+85�':9I-0/&-;> 3�(H3�4uL�+8�2��4�QH�&LN-&1T�&/0PF)�-
�&%�"H':9IPz($��7��aL=+8�2��4mM�"$��'N��523J/0%2-&9I1�����'N70'6�a�09I-���-; ��N>E�o�&9I-& #($)�':9;R8�T5�'E�&�� #(H7�C�i
)U+8�&V

D �&(='69;Pa"$�&%��&9&)*3�%�' ($)2'69;Po)�+8�
vocoders

��> �2�I'N-;'�"$�;7#3#��-I>�%� ���7�-I>�7���)GC;52-;($3�4
�0�#��Co9I�I'N3e"$�;7#3#�#�e/0-;'EP#)*3#)!�=V �u/0C&%�"$-; #��/&-��#��M�4} ���-&/0-I':��(H��' 4

vocoders
7���/&' -

5�'E�&5��!52-;7�M!�2-; #4�P&(=-& #4�(H)*3�%�>?|�-��G)!�I'=(H��)G�!"$��'69;M!4�<=%��&7070':9;��4O/0%�P#h0��� ��3�4�Q=(H�;�}�& 2i
)*� /0-; �7�P��0' 4a/0�!%�' <=%�C&L�)*3#9I��V kO'  2h&%�'65�':9I-;>Y9&+85�':9I-&/0-;' 3#)2M�4 � �U/;> ($3�4 vocoders � Q/0%2-;($/0�0��-;1#����� "$%G3�(='E7�-&/0-;'6��(H-; #��70'6� /&' - (H1#�G����)*3 5�'6MU<=�!%2($3 �0/&P )�-; #4

LPC
vocoders

QY9I�&)��;L�M!%��2-0�G)!�&4}M�)G(='w9I�&�#�z/0-I'6P#)*3#)!��<�'E�,"$�&7#3#��-;1#4Ui 7�M!(H-; #4K%� ���7�-;1#4
7���)GC&5�-;($3�4�V �u��-0/0-I':��(=�!' 4

vocoders �  2h&%�'E5�'69&R8�O9I�I'&7�3 � ��> �2�I';-;' channel, phase,
cepstral & formant vocoders

Q89;�0�=R84}9I�;'\-I'
RELP, CELP & VSELP voco-

ders
V
��C0�0' ($)!�e3B9;+85�'69;-&/0-I> 3�($3

GSM
($)*3K9I' �G3#)*�K)*3#���!L=+8��>E�e5��� �)2M�%��;4j<=�!���!C&4�Q

h&�&(=>?|��U)!�I'�(H�
RPE-LTP

 2h&%�'65�':9IPd9;+85�':9I-0/0-I' 3#)*�$Qw���2R -I'
CELP

�0/&-#)G����-&1#�K)�-
/0%2P�)G �/0-K<�'6�F9I' �G3#)*�T)G3#����L�+8��>E�B(H)*3�� D P;%��!' - c 7��!%�':9;�$V



= � � � DI� �E1"��� B+/'@A(CBED"F"D�GH���E��, F"D � � &����0( ��D"F"D�(*1��#��� � = �

����� � [ �}� �j`d� ]�����	�]�[.�u[f� �j���j���u[u� ���8�j�B	&`a[.�u[f	��j�}� �
`a�

4 )2' 4F/&%2-&3�<=-&1#70�����!4}/0�;%2�0<=%2C;LN-& #4T��>?52�;7��}�&���&�� �)2':9IC�)G�!"$��'69;M!4T90h&�&�2)2' (H7�-;1z9I�I'9&+85�':9I-0/&-;> 3�(H3�4�)*3�4OL=+8�2��4�V 4 3�7���':R_��3#9;��P#)2'=3B"$%2��($3T)�-; Filterbank Spectrum
Analyzer

(H�;�u7#3�"$�&��' (H7�-;1
front-end

Q09I���=R84�9I�I'�3�"$%G��(H3�5�'6�;�� #(H7��&)2':9I-&1u90h&�&�*i
)2' (H7�-;1Bh&C;(H��'{70'69;%�P#)G�!%2+8�m �/&-&5�'6�;�2 #(=7�C0)�+8� � product VQ � Q$/0�I>E|�-& #�}($3�70�&�2)2':9IP%2P���- ($)*3�� �U/;' )2 #"H>E� )�-; (H"I��7��&)!-&4,9;+85�':9I-0/0-I> 3�($3�4��; �)*��4�)*3�4,�!%*<=�;(=>?�&4�Qj)*3��
-0/0-I>?�B9I�;'I/&�&%�-& #(�'6C;|2-; #7��u(H���& �)GPK)�-J5��!1�)G�!%2-B70M�%�-;4�V

k
front-end

7#3�"$�;��' (H70P&4a/0�;%2C0<=��'8)!� �&9;-; #($)2'69;Ct5�'6�;�21#(H70�0)!� 7��z)!-; #4�p �
MFCC

(H #�2)G�����!($)GM!4A<�'6�O9IC0���
frame � 523#���;5G�u5�'EC&($)G3�7��Tp � msecs � Q07��A�0/&-#)GM���� i(H7��B-B%� ���7�P;4./��#3�%2-;LN-&%�>E�;4
���T�!> ���;'=p �#�#� (H #�G)2�U���!($)2M�4u�;�G)2> (H)�-I' "$�B�&��C second

V
c LN-&1f9;C0����(= #�G)G�����!($)*��4u�;�G)2'6/0%�-&($+l/&��1#��)!�;'I�&/0PB7&'6�

float
70�U)!��h0�#3#)*�T�0/0�I' )�-;1#�*i

)��I'Ap �#�#���J�#g bits/sec
Q_523#���;5G� 5 p#Q86 kbps

�;�G)�> ($)�-I' "$�=V c  �)GP;4B-�%2 ���70P&4B��> �2�I'
70':9I%2P�)G�!%2-;4K(H�e(H"$M!($3�7��e�& �)GP�)*3�4F�;%�"H':9;��4K/�3�<H��4e/��#3�%�-;L�-;%�>?�;4 � 52��' <=7��&)�-��#3�i/�)*3�7�M!�23K9I #7��0)!-;7�-&%�L��}(=� :T�zpK6

Khz
9;�I'H70�}pK6

bits
�;�2Ce(H1#7�h&-���- � 9I�;'=($9I-0/0P;47��&4d�!> ���;'Y�2� )�-0�a7���'6R8(H-& #70�z�09IP;7���/0�!%�' (H(HP#)G�!%�-=Q
"$%23�(='670-0/0-I':R8�2)!�&4o)2��"$��':9IM!4

9�h&�;�G)�' (=7�-&1IV
�� #70>?|2-; #7��lP#)2'27��_)!-�� 9�h&�;�2)2' (H7�P�Q�-; #(='6�;($)2'69;Cu/0�!%�' -&%�>E|�-; #7��x)!-����;%�' ��70Pu(= #7�i

h&P��#+8�u�!S�P&5�-; IQ�(=� M!����7&':9I%2P�(H1#�2-���-�/0%�-#)G1�/�+8�u(H #7�h&P��#+8���!S�P&5�-& IQ#9I�&)��;L�M!%��2-0��i
)��;4z��� (H #7#/;'6M!(H-; #7��o�0/&P�)*3 7&'6� )�- ($��7�� �0�#��C 9I�;'l5� #($)G #"IR84d�2� �!' (HC0<=-; #7��
��P&%� 2h&-t�0/&Pt)*3��,C0�#�#3$V 4 )G3��,�!' (H�0<H+_<H�t�& �)!-&1 )�-; �9I�!L��&���I> -& IQ )�-0��> (H�;7��oP#)�'�U/&�!'E5G�o($)2P#"$-&4}7��;4�5��!�T��> ���;'N3JP;(H-o/&' -z/;' (H)*�d�;�2�&/0�;%2�0<H+_<H�B)!-& J($��7��&)!-&4�Q��&��i
��Cz3e9;�&��1�)G�!%G3J5� #�2�&)*�F�;����<=�2R8%�' ($3$Q{)*3��K�0/�Rl����'E�z/��#3�%�-&LN-;%�>?�&4�/0-& eM!"$-& #70�f7��
)�-���9�h&�;�G)�' (=7�P=Q;)*3T7���)G%�C&70��7���h&C;($3m)��K�0/0-�)G����M�(=7��0)!�})*3�4��;�2�0<=�GR8%�' ($3�4�V c  �)GP
7��&4Ah&-&3���C;��'�/0%��09;)2':9IC�($)!-m�2���;S�' -���-�<H��(=-& #7�� )!��5�'6C;LN-&%��O(H"I��7��&)���9;+85�'69;-&/0-I> 3�i
($3�4u/0-& ����B�;�2�&/�)G1#S�-; #7���V J �T($3�70�&�2)2':9IP#)G�!%��T�0/&-#)G����M!(H7��&)��B�&/0P})!�T/0��'6%�C;7��0)!�/0-& �5�'6�!S�C&";�=3#9I�;�F/&%2-&9;��'E7�M!�2-; d���,9I�0)!�0�#��S�-; #7��B($)!-�9I�0��1�)2��%�-,7�M!"$%�'l($)2' <=7#��4
�0/0-�)GM�����(=7��=QA7��F%� ���7�P 7���)GC;52-;($3�4e7�P��0' 4 g kbps QA/0�&%��&)2> ���!�2)��I'_($)!- )GM���-;4e)�-; 9;�!LN�0���I> -& IV 4 )�-J���!LNC0���I' - 5 QH/&�&%����NMU)!-; #7��u9;C&/0-I'6�eC0�#���J�!�25���':9;)2':9ICB/&�!'E%2C;7��&)��/0-& TMU<�' �2�;�0QI/0%�' ��9I�0)!�0�#��S�-; #7��.(H)��e�0/&-#)G����M!(H7��&)��F/0-; }/0�&%�-; #(='6C;|2-; #7��.(H�O�& �)2P
)�-e9I��LNC&���;' -�V

4 �J�& �)*�,)G3��d�!�2P�)*3#)���Q8�N�,�� #70> (=-& #7��e9IC0/&-;'E��4Kh&�;(=':9IM!4oM!�2��-;'E�!4Ui -&%�-���-�<�>E�!4�QP0/�+84.�& �)2M�4�)U+8�
codebooks, centroids

9;�I'#�N�m-;%�> (H-& #70��9;C&/0-I'6�!4�C&�#����4�V 4 )*3m(H 2i�2M!"$��'6�d������S���)GC;(H-& #70�f)2' 4B5�'6�;5�':9I�&(=>?�!4}�U9;/0�I>E5��! #($3�4 � 5G3�70' -; #%*<�>?� codebooks
70�

h&C&($3})!-�����/0�;�2�&�#3#/�)2'69;PK�0��<=P;%�' �N7�-
k-means � 9;�I';9�h&�;�2)2' (H7�-;1IQI(H)*3���/0�!%�>6/0)U+8($3)*3�4 � product VQ � )G�!"$��'69&��4�Q�3�-0/0-I>?�f�&/0-#)G������>�9I�I'#)*3�� �69I�&%�5�'EC ��)*3�4�9&+85�':9I-0/&-;> 3�i($3�4�V J �B/0�;%��0/0C;�2+ /����I' (=':R8��-��2)��I'H70�.�;%G9I��)GCB(H"I��70�0)!�=QI/0%�-&9;��'670M���-; ����}<�> �2-; #��09IP&70�T/&' -KS���9;C0���;%2�!4j-I';/0�;%2�&/0C;�G+tM!�2��-I'6�!4�9I�;'I5�'6�;5�':9I�&(=>?�!4�/0-; m/0�!%�' <=%�C&LN-��2)��I' V



= � � � DI� �E1"��� B+/'@A(CBED"F"D�GH���E��, F"D � � &����0( ��D"F"D�(*1��#��� � = �

��������� � ����	 
 ( � ( �*�'� 	 � �
3Y5GRz���.�� #70> (H-; #7��_9IC0/0-I'6�!4\h&�;(=':9IM!4lM!�2��-;'E�!4\9I�I'����u-;%�> (H-; #7��w9IC0/0-I'6�!4l��M!��4�Q2P0/�+84
�& �)GM!4J�N� "$%23�(='E7�-0/&-;' -;1#�G)!�;' ($)G3 (H #��M!"$�!'E�=Q�/0%�-;(H�&%�7�-;(H7�M!����4J($)G3���/0�!%�>E/�)�+8($3
)�-; 

VQ
70�u �/&-&5�'6�;�21#(=7��0)!��V

3A> (H-;52-;4�(H #($)*��70�0)!-&4�9�h&�;�G)�' (=7�-&1IV
� �!> (=-&5�-&4�($)!-}(H1#($)*3�70��90h&�;�G)2' (H70-&1O��> �2�I'�)!-

MFCC
5�'6C;�� #(H7���Q�P#"H'0P;7#+84

�&/0�;%2�I> )*3#)!�z7��m)*3z7�-;%2L��o7�-���C&"$�z)�-; z�!�2P;4m5�'E�&��1#(H7��&)�-;4�V}�a/&-&%�-&1#70�����
)!-f�;�2�&/0�;%2�;($)*��(=-& #7��Y7��Y/&��%�' (H(HP#)2��%�� �  �/&-#i � 5�'6�;�21#(=7��0)!��Q��;%29;��>��; �)GC�(H #�*i5� #�&|�P;7��!�2�O����7��;4
5�> ��-& #��)*3��.)!-��;%2"H'69;Pf5�'EC&�� #(H7���V�v 3Y)G(=' Q;�&�. �/0-0��M!(H-& #70�
P#)�'�)�-

MFCC
5�'6C;�2 #(=7���M!"$��'�7�MU<=� �N-&4up �m� high quality

ix"I+8%�> 4 "$%2��($3.)�+8�
/0�;%���<HR_<H+8� � Q&)2P#)G��M!"$-& #7�����/&'6��-�<=M�4OP&/�+84}~
p#V����K"$%23�(='670-0/0-I':��(=-& #7��u)!-J5�'EC&�� #(H7��K+84OM�"$��'�~�nqp gB� V�V�V�p � r
g V����K"$%23�(='670-0/0-I':��(=-& #7��mp � h&�0��7#+l)!-;1#4}~
p#Q g Q � Q�V�V�V�Q�p �
� V����K"$%23�(='670-0/0-I':��(=-& #7�� L(1 ≤ L ≤ 13)

 �/0-;5�'E�&��1#(H7��&)!�=Q$P&/�+84�/HV6"{V�~
nqp g V�V�V 9GrsQ�n :JV�V�V�p g rsQ�nqp � r\�znqp � 7 9eV�V�V�p � rAn g 5 6JV�V�V�p g rx9�V:�$V:/HV

5 V.ku/0-I'6�;52�#/0-#)G�.C0�#�#3T��/&':��-�<H�T9I%�' ����>$9I�0)GC&�#�#3#�#3$Vl���K5�-&1#7��u($)*3T(H #��M i"$��'6�K)�-e)G%�P&/0-K��/&'6��-�<H��4� �/0-;5�'E�&�� #(H7�C&)U+8�
���I'H-I' � /&�&%��0/&C&�2+ ��/&'6��-�<=M!4���> ���;'$/0�!%�'6/�)*R8(H��' 4f)!-; T5�'E�&�� #(H7��&)2':9I-;1}9�h&�;��i)2' (H70-&1 � Vector quantization � V � g 3F��> ���I'H/0�!%�>6/0)U+8($3Kh&�0��7#+l)!-&1F9�h&�;�2)2' i(H70-&1IQl�!�GR 3 � 3���> ���;'\- code product

90h&�&�2)2' (H7�P;4�V 4 )G3���p�3a/0�!%�>6/0)U+8($3"$%23�(='670-0/0-I' -&1#70�TM����d70P��2-d9�h&�;�2)2' ($)*�$Q_($)*3 g 3z5���9;�&)G%��!> 4 &
($)G3 � 3o)G%��!' 49I�;'H52 #-K9�h&�;�G)�' (H)GM!4��&�2)2> ($)!-I' "$��V

c ���&/0�&%�C;($)��;($3m)*3�4��!S�P&5�-& �)!-& T(H #(H)*��7��&)�-;4O90h&�&�2)2' (H7�-;1IV
c L�-;1u��S���)GC;(H�&70�8)2' 4
5� #�2�&)GM!4A��' (HP;52-; #4�Q��;4A9IC;�2-; #7��l)!-�>?5�' -�<�'6��)G3��jM!S2-;5�-=V
� %GRl)!�KP;7#+84O���T�� #7&> (H-& #70�OP#)2'H(H)*3K5�'6�;5�'69;�;(=>?�T9�h&�;�2)2' (H7�-;1T�0/0��'69;-���>?|2-; 2i7���M!���f5��!> <=70�f��' (HP&5�-; O(H��M����f70P��2-�52��> <=7���Q��&/0PfM!����/0��/0�!%��&(H70M���-f�;%�' ��7�P
5���' <=70C0)�+8�B�!S2P;5�-& � M!($)�+ M � Q=)!�z-&/0-I>E�J/0%�-&9;1�/�)!-; #�}9;�&)GC&�#�#3#���e�&/0Po)G3��5�'6�;5�'69;�;(=>?����9;/0�I>E5��! #($3�4
)�+8��52�!5�-&70M��2+8�u�U9;/0�I>E5��! #($3�4�V J -T<=� <=-0�2P;4�P#)2'&)!�5���> <=7��0)!�J�!S2P;52-; B��> �2�I'H/&�U/&��%��;(H7�M!�2��Q=7��;4m5�> �2��'�M!�2�J��/&':/0��M�-0�})G%2P&/0-o�&/0��' i
9IP���' (H3�4�V�v 38)2(='0M!"$-; #7�� g )G%2P&/0-; #4��0/0��'69;P���' ($3�4�Q0�;�
90h&�&�2)2> (H-; #7��A)�-m52��> <=7����' (HP;52-; }($)�-

i
i -;($)GPe�&/0PB)!�e/0��/0�!%2�;(H7�M!���B52��> <=7��&)!�d~

)!-
i
i -&($)2P 5�'6C;�2 #(H70� � codeword � ���&/���C�)!-��d�;%�' ��7�P i (index)

V J - ��>:i5�-&4m)*3�4T�&/0��':9IP���' ($3�4T��> ���;'��& �)GPa/0-; J9;�0��-;%�>?|��!'N9I�I'{)�-���>?52-;4��&9I-& #($)�':9;R8�
7�-0�G)GM��#+8�o($)!-��z�;����<=�2+8%�' ($)G�$V 4 )G3��,p�3a/&��%�>E/�)U+8(H3�P&/0-; a�&/0��':9I-���>E|�-; #7��M!���o52��> <=7���i 5�'EC&�� #(H7��o70� <=MU��-; #4

N
(H��M!���o��/&> ($3�4}5�'EC&�� #(H7��d7��U<=M �N-& #4

N



= � � � DI� �E1"��� B+/'@A(CBED"F"D�GH���E��, F"D � � &����0( ��D"F"D�(*1��#��� � = �

70'6��C&70�Y<�'E�
Centroid Coded

90h&�&�2)2' (H7�P�V 4 )*3 g 3O/0�!%�>E/�)�+8($3$Q&P&/0-; ��0/0��'69;-�i��>E|�-; #7��l)!-�5���> <=7��#i 5�'6C;�� #(H7���7��U<=MU��-; #4
N
($)!-��.�&9IM�%��I' -�/0-& �"$�;%2�&9;)*3�%�>?|��!'

)!-
i
i -;($)GPO�; �)GPO5�'6C;�2 #(H70� � 5G3#�$Vw)�- i � 70':��C;7��l<�'E� Index Coded

90h&�&�2)2' (H7�P�V
Centroid

9I�I'
Codebook

� +8%�>?|�-��G)!�;4O)�-0� N
i 5�'6C;($)!�0)!-d"IR8%�-z(H�

M
/0�!%�' -#"$M�4�Q�9IC0���f70'E�a�&/0Pz�; �)GM!4

)2' 4./0�!%�' -#"$M!4uM�"$��';M!�2�T(H3�7���> -T�&���&LN-;%2C;4�Q#)�-



= � � � DI� �E1"��� B+/'@A(CBED"F"D�GH���E��, F"D � � &����0( ��D"F"D�(*1��#��� � = �

centroid 1
area 1

���������������������
���������������������
���������������������
���������������������
���������������������
���������������������
���������������������
���������������������
���������������������
���������������������
���������������������

���������������������
���������������������
���������������������
���������������������
���������������������
���������������������
���������������������
���������������������
���������������������
���������������������
���������������������

area 17
centroid 17

2D space

4 "I��7�� g V g ~ Codebook & Centroids. � �;%2C;52��' <=7���<�'6� N=2
9;�I'

M=36P0/0-; L��I> ����)��I' - 5�'65�'6C;($)��&)!-&4,"IR8%�-&4a7�� � 6 /0�!%�' -#"$M�4�V ��C����d/0�!%�' -#"I� M!"$��' 9I'
M����

centroid
Qx)!-z-0/&-;> -oM!"$��'{)*3��K'E5�'EP#)*3#)!�d���o�&�2)2'6/0%2-;($+l/0�!1#��'N9I�0��1�)G�!%��oP����o)!�

($3�7���>E��)*3�4�/0�!%�' -#"I��4�V J -�(H1#��-���-f)�+8� � 6O�; �)*R8� centroids
�&/0-#)2�U����>�)�-

codebook5G3#���;5G�})!� � 6T5�'E5�'EC&($)!�&)��e5�'E�&��1#(H7��&)!�

Codebook i 

Centroid 3

N=2,M=4

Trainer i

SubVector 1

SubVector i

SubVector L

4 "I��7�� g V � ~ ��( ��@A( BE���0G � � B�F"��G @ � � �+�", � � +8%�>?|2-; #7��u9;C0��� MFCC
5�'6C;�� #(H7��

(H�
L
 �/0-;5�'E�&��1#(H7��&)!��7��Y70M <=�U��-;4

Ni

)�-O9I�0��M!�2��V�y\'E�O9;C0���8 �/&-&5�'6C;�2 #(=7��=Q#�&/0-;L���i
(=>E|�-; #7��8/0P;(H-; #4Y9I�I'�/0-;' -; #4
(H #�2)G������(H)GM!48���f/0�!%�'EM!"$�!' Q#9;�0�=R84A9;�I'�/0P;(H�

centroids($)�-
codebook � ($)G3K(H �<H9I�U9I%�'67�M!�23m/&��%�>E/�)U+8(H3 5&� V



= � � � DI� �E1"��� B+/'@A(CBED"F"D�GH���E��, F"D � � &����0( ��D"F"D�(*1��#��� � = �

nearest neighbour search

nearest neighbour search

nearest neighbour search

nearest neighbour search

nearest neighbour search

nearest neighbour search

average of all samples
in train set



= � � � DI� �E1"��� B+/'@A(CBED"F"D�GH���E��, F"D � � &����0( ��D"F"D�(*1��#��� � = �

7�P&4�)�+8�
bits

/0-; ���M���-& #70�u���K"$%23�(='E7�-0/&-;'6��(H-& #70�2V c �f/HV6"{V8M!"$-& #7��
B=5

Q=�; �)GP
($3�7��I> ����'=P#)�'=)2�U�0'69;CF���JM!"$-; #7�� �#g centroids

($)!-
codebook

Vuk �&��<=P&%�' ��7�-;4���9�i
/0�;>?5��� #(H3�4
/0-; f"$%23�(='67�-&/0-I' -&1#7��.��> ���;'0-

k-means � (H��9;C&/0-I'6�!4
/0�;%2�&�#���0<=M�4j�!> ���;'<=�G+8($)2P&4j9;�I'&+84
generalized Lloyd, LBG

�f9I�;'
ISODATA

�&��<=P&%�' ��7�-;4 � QI��LN�;%�i7�P&|���)��I'8<�'6� 9;C0���JM!�2� �&/0P )!�t �/0-;5�'E�&��1#(H7��&)�� /0-; �M!"$-& #70�e-;%�> (H��'89I�;'Y5�> ���U)!�I'
/0�&%��&9;C&)U+ ~
� &
� (CBED"F"D�GH���E� �

Initialization � ���M�(=�o�&%�"H':9IP�7�-����;5�'69;P
centroid

Q
)!-  �/&-&5�'6C;�2 #(=7�� /&-& ,�;�G)�' (H)�-I' "$�!> ($)G3 7�M!($3
)2'67#�eP��#+8�f)�+8�m)2'67�R8��)!-; B �/0-;5�'E�&��1#(H7��&)�-;4O($)!-

train set � (H��)f��9;/0�;>?5��� #(H3�4 � V ��U/;':��-�<H�F�; �)*�K��> �2�I'$�;%G9I��)GCe�&�2)2':/&%2-;($+l/0�! �)2'69&�T9I�;'���>E70�&($)2�.)GR8%2�JM�)�-I'670-;'��2�F/0� i
%2C;(H-; #7��.(H)�-��}��/0�;�2�&�#3#/�)2'69;PF�0��<=P;%�' ��7�-�V
� � B ��� � �)1"���

i : (0 ≤ i < B)
��1���� � � � R8%�' (H�u9;C0���uM!�2�F�0/0PK)�� n centroids (1 ≤ n ≤ 2i)

(H� g �2M!��QI�!LN�&%*i7�P&|�-��2)��;4�52 #�;5�':9IPB"I+8%�' (H70P � binary splitting � Vc  �)GPe($3�7��I> �2��'HP�)2'=�&/0PK9;C0���
centroid yn

/0�I>E%���-& #7�� g ��M���QI)���~ � y+
n = yn + e �

& � y−n = yn − e � )��K-0/0-I>?�TP&7#+84u5����O��> �2�I'&�&%29;��)GCT�;�2)2':/0%�-;($+l/0�! �)2':9IC}9I�;'I"$%���'6C�i|2-��2)!�;'=�U9;/0�I>E5��! #($3�<�'6�e�2�B<�> ��-& #�&V � )2'E7#�B)!-& 
e
��> ���;'$)*3�4�)GC;SG3�4�)!-& 

0.05
��1���� = � y\'6�m9IC�������/0�;�2C&�#3 ��3

j � k �&%�' ��7�P;4
)�+8�u��/0�;���0�#� �N��+8�j�; #S2C;�2��'�<=%��;7�i
70':9ICF70�.)!-Kh0��7��a~l/HV6"{V

j=i+5 �p#V�y\'E�J9;C0���O �/0-;5�'6C;�2 #(H70�F)!-; K(H��)}�U9;/0�I>E5��! #($3�4 � Clustering - Nearest Nei-
ghbour search � ~�u/0-���P�<�' (H�u)*3����0/&P&($)!�;($�})�-; }�0/0PFP����T)!�K �/0C;%2"$-0�G)!�

centroids
9;�I'$-;7��#i

5�-0/&-;> 3�(=MY)!-}($)�-
centroid

70�A)!-}-0/&-;> -f)�-}7�M�)G%�-f)G3�4�7���)��;S�1�)�-; #4��&/0P&(H)���i
($3�4j�!> ���;'0�U��C;"H' ($)!-=V J -}7�M�)G%�-m)*3�4j�&/0P;($)��;($3�4
/&-& �"$%G3�(='E7�-&/0-;'E��> )��I'&/0�;>?|��!'7��U<=C&��-K%�P���-=V 4  #�2���=+84O"$%23�(='67�-&/0-I'6��> )!�;'=3 Mahalanobis

�&/0P;($)��;($3$V
g V��u/0-���P�<�' (H�B)2' 4B�2M!�!4})2'E7�M!4T)U+8� centroids (Reestimation - Centroid Up-

date � ~� ��M��m)2'E7#��<�'6�}9IC����
centroid

QH��> ���I'#3�70M�(H3�)2'E7#�}P��#+8�.)�+8�� �/0-;5�'6�;�2 #(H70C#i
)�+8�f/&-& TM!"$-; #�f-;7��&5�-&/0-;' 3��N�!>=($)*3���/0%�-03�<=-;1#7��!�G3})2'E7#�B)!-& 

centroidk �0��<=P;%�' �N7�-&4OLN�I> ����)��I'I9I�0��1�)G�!%��B($)!-J(H"I��7�� g V 5
��������� � 	 ����	 
 ��� � � 
������ ��	 � �����
� 5�'6�;5�'69;�;(=>?�O9�h&�;�2)2' (H7�-;1u��> �2�I'�/&' -m�0/��#�$V � 'E52M!��($)*3��j-&/0-I>E��h&�&(=>?|��U)!�I' Q���> ���I'�P#)2'
9;C0���u �/0-&5�'6C;�� #(H7��T�N�B/0%�M�/0��'H���B90h&�&�2)2' ($)G��>H(H)�-

centroid
��9;��> �2-})!-& 

codebook
Q

7�� )�-m-0/&-;> -�7�-;'EC&|���'#/0�!%�' (H(HP#)G�!%�-����&�#�0':R84
7�� )!-
centroid

70�A)!-m-0/0-I> -�3�70�U)!�;S21
)�-; #4j�&/0P;($)��;($3f��> �2�I'�7&':9I%2P#)2��%23$V � �!%�' (=(HP#)G�!%���(H"$P��0'E�}($)��T(="I��7��0)!� g V87O9I�;' g V86IV



= � � � DI� �E1"��� B+/'@A(CBED"F"D�GH���E��, F"D � � &����0( ��D"F"D�(*1��#��� � � �

Get minimun

Quantizer i

distance e.g 3

SubVector 1

SubVector i

SubVector L
Codebook i 

3

Centroid 3

4 "I��7�� g V87I~ ��( ��@A( BE���0G �
B�� ��� �)(*�#��D"� � y\'E�z9IC����f �/0-&5�'6C;�� #(H7��
i
Q�-J9�h&�;�2)2' i

($)*��4�h&%�> ($9I��'�)!-
centroid

/0-; O)!-T�&�2)2'6/0%2-;($+l/0�!1#��'09;�&��1�)G�!%2��Q0523#���&52�O)!-
centroid7��f)!-d-&/0-I> -J3o�0/0P;($)!�&(H3J��> �2�I'N70':9I%�P#)G�!%G3$Vuv k�(=-J<�'6�d)*3��BM!S2-;5�-J)�-; e9�h&�;�G)�' (H)*�$Q

�& �)*�F7#/0-;%2��>H���K��> �2�I'I�B)!-o>E5�' -B)!-
centroid

�T)�-
index

)�-; IV 4 )*3F(H �<H9;��9I%�'E7�M!�G3/0�!%�>E/�)�+8($3$QH)!-F �/0-;5�'6C;�2 #(H70�
i
��M!7���P#)2'H9�h&�;�G)�> ($)*3#9I�.($)!- � - centroid

V

Quantizer L

18

3

15

3 L

SubVector 1

SubVector i

SubVector L

Quantizer i

Quantizer 1

Recognizer withRecognizer with

continuous HMMs discrete mixture

HMMs

Centroid or

quantization
Index coded

4 "I��7�� g V86I~ � � � D�@ D�, � � ����1"��� ��D�, B��"���2�A(*��� $'� BE��(���� �"! �%$'&A(*�E� � c �
M�"$-; #7��

centroid coded
9�h&�;�G)�' (=7�P=Q;�0/&P�)!-}(H1#($)*3�70�T)U+8�u90h&�&�2)2' ($)*R8��/&%2-&9;1�/0)G��'

M������&���09I�&)��;($9I�� #�;(H7�M!��-
MFCC

5�'6C;�� #(H7���Q\�;L�-;1J)��
elements

9IC0���
centroid/0�;>?%��2-; #�z)*3��d��M!($3�)!-; #4d($)!-t�&%�"H':9IP 5�'6C;�2 #(=7��=V � �;����<=�2R8%�' ($3�<�'E�
centroid

coded
90h&�&�2)2' (H7�P�QH<�> ���U)!�I'=�&/0PoM!�2�

Recognizer
7���(H #���!"I�

HMM
7�-��2)GM�����V c �

M�"$-; #7��
index coded

90h&�;�G)2' (H70P=QN3eM!S�-&5�-;4�)U+8�T90h&�;�G)2' ($)GR8�T�!> ���;'NM!�2�J5�'6C;�2 #(=7��
�0/0Pm)!�}�&�2)2> ($)!-;' "$�m)�+8�

centroid indices
V � %2-&9;1�/0)G��'�M�)G(=';M!�2�m5�'6C;�2 #(H70��7#�#9I-; #4

L
Q\P;(H-�9I�;'w-��&%�' ��7�P;4F)U+8�o �/0-;5�'6�;�2 #(H70C0)�+8�0V � �&����<=�2R8%�' (H3o<�'6�

index coded9�h&�;�G)�' (=7�PB<�> ���U)!�I'H�&/0PKM!���
Recognizer

7���7���> <=7��&)!�F5�'6�&9;%�' )*R8�
HMMs

V



= � � � � �A(*D � �)!+�"�+� B+/'@A( BED"F D�GH���+�", �E�

���

�� W ��	�[��jX �f�j���^]��,�
	�]�[j��[f� �j���j�
4 )2' 4B52 #-z/0%2-&3�<=-;1#7��!�2�!4�/&�&%���<=%�C;L�-; #4f70'6�#��(H�;7���<�'E�z)*3��F5�'E�&5�':9I�;(=>E�o��9;/0�I>E5��! 2i($3�4m9;�I'N9�h&�;�2)2' (H7�-;1IV 38/&' ($3�7�C;�G�=3#9;�}��/&> ($3�4m/0%�-&3�<=-&1#7��!���JP#)2'{3J9;+85�'69;-&/0-I> 3�($3
/0-& �"$%23�(='670-0/0-I' -&1#70�F5��!�oM�"$��'l(H)GP#"$-�)*3��d�09I%�' h0���;���09I�0)!�;($9;�! ��z)!-; �(H��7��0)!-;4
)*3�4dL�+8�G��4 � �&9I-& #($)�':9;R8�a5�'6�;�2 #(=7�C0)�+8� � Q��&�#��C )*3���9;�&��1�)G�!%G3�5� #���0)*���;����<=�2Rwi%�' ($3 � 9&+85�':9I-&/0-;>:3�($3 L�+8�G��4J<�'E�t�&����<=�2R8%�' (H3 � V 3A1���-�<=�t��-;'6/0P���3 �;S�' -���P�<H3�($3
����P;4�(H"I��70�0)!-&4}9;+85�':9I-0/0-I> 3�($3�4�<�> �2��)!�;'�7��f)G3��K�;�2�0<=�GR8%�' ($3J)U+8�F90h&�&�2)2' (H7�M!�2+8�
�09I-& #(H)2':9;R8�f5�'6�;�2 #(=7�C0)�+8�&V

���

 
 � ��`o�����Y���}`d�.
\�
•
kO'\)G�!"$��'69;M!4T9;+85�':9I-0/0-I> 3�($3�4K"I+8%�>?|2-0�G)!�;'\(H�B5� #-�9;�&)*3�<=-;%�>?�!4}�&��C0��-�<=��7��
)!-��;�J)*3�%2-;1#�J)!-,����R8%23�7���9&+85�':9I-&/0-;>:3�($3�4B/�3�<H��4e)!-& 

Shannon
V c  �)GM!4

/0-; })!-F)G3�%2-;1#���!S��&(=L��&�0>E|�-; #��9&+85�':9I-0/&-;> 3�(H3B"I+8%�> 4O�&/�Rl����'6�e/��#3�%�-&LN-;%�>?�&4
� lossles � Q��!�2R -;' lossy )2��"$��':9IM!4��K�&�#�0':R84O)G�!"$��':9IM!4�9�h&�;�G)�' (=7�-&1IQ$/&%2-;($/0��i
��-;1#�f���e(H #7#/&'EM�(=-& #�}�&9;P;7��T/0�!%�' (H(HP#)G�!%�-K)!�J(H1#7�h&-����J�!S2P;5�-& �)*3�4O/�3�<H��4�Q
7��u)2>?7#3�7��F)*3��m�0/0Rl���!'E�B9IC0/&-;' -; }/0-&(=-&1}/��#3�%�-;L�-;%�>?�;4�V

• � ' -z<=�G+8(H)GM!4})G�!"$��'69;M!4m9�h&�;�2)2' (H7�-;1o�!> ���;'{-zh&���N7#+l)GP;4 � -;7�-I'6P;7�-;%2LN-&4�9I�;'7#3 � 9I�;'I-F5�'E�&�� #(H7��&)2'69;P;4.-F-0/&-;> -;4j �/0�!%�M!"$�!'$)�-; m/0%GRl)!-; IV J ��"$��':9IM!4u9&+85�' i9I-0/&-;> 3�(H3�4�L=+8�2��4�9;+85�'69;-&/0-I' -;1#���0/ �6�� ��N�!>?�;4�)*3f9I #7��&)�-;7�-;%2L��O�f/0�;%�C�<=-; #�
)2' 4O/&�&%��&70MU)2%2-; #4j)!-; BL=+8�23#)2'69;-;1}($+l�#���2��QI)�-; B7�-0�G)GM���-; m)*3�4OL=+8�2��4�V

• 4 �e�&�2)2> ���!($3,7��e)2' 4z(= #�G������' 4o)G�!"$��':9IM!4F9;+85�':9I-0/0-I> 3�($3�4�QY/0-& �(H�;�d(H9;-&/0PM!"$-; #�K)*3��e/&' ($)G���;�2�&/0�;%2�0<H+_<H�J)�-; d(H��7��0)!-;4B)*3�4BL�+8�2��4�Qx3d9;+85�':9I-0/0-I> 3�i
($3 /0-& ��LN�;%27�P;|�-& #7��e �/�3�%���)G��>AM!��� 5�'6�;LN-&%���)2':9IP ($9I-&/0P ~ J 3���7�MU<�' ($)*3(H #7�/&>E�!($3B70�u(H9;-&/0PF)*3��f9I�&��1�)G�!%G3}52 #���&)*�T�&����<=�2R8%�' (H3eV

• J -e(H"I��7��J9;+85�'69;-&/0-I> 3�($3�4�/0-; T"$%G3�(�'67�-&/0-I':��(H�;7���Q=/�3�<=�I> �2-��2)!�&4OM!���}h0��7��/0�;%��0/0M!%��=Q&9�h&�;�2)2>E|���';)��e�&9;-; #($)2'69;CB5�'6�;��1#(H7��&)��K)�-; 
front-end

QH/0%�-09I��'67�M i
��-& m���B7���':+_����>=�09IP&70�T/0�!%�' (H(=P#)G�!%2-K)�-

bandwidth
/0-& }�&/0�I' )2�!> )!�I'$<�'E�B)*3��

7���)GC;5�-&($�})!-& #4�V
•
y\'E�,)*3,(H #7#/&>?�!($3$Q8"$%23�(='67�-&/0-I'6��> )!�;'Y(H1#($)*3�7�� 5�'E�&�� #(H7��&)2'69;-;1z90h&�&�2)2' (H7�-;1
h&�;(=' (H7�M!��- ($)*3���"$%2��($3, �/0-&5�'6�;�� #(H7�C&)U+8� � product VQ

)2��"$��':9;� � V 4 )*3��5�'6C;%G9I��'6��)*3�4J��9;/0�;>?5��� #(H3�4K9I�0)!�;($9;�! #C;|2-0�G)!�;'\/0%�P#)G �/&��5�'E�&��1#(H7��&)!� 7��F)*3
h&-&������'6�e)!-& 

k-means
�0��<=-;%�> ��7�-; IV
���0)2CF)G3F5�'6�;5�'69;�;(=>?�K)!-& K9�h&�;�2)2' (H7�-;1

)!�� �/0-&5�'6�;��1#(H7��&)��a9�h&�;�2)2>E|�-��2)��I'{($)!-�9;�&)��&�#�#3#��P#)G�!%�-z/0%�P#)G �/&-� �/&-&5�'6C;�2 2i
(H70�=V 4 )!-T���!L�C&���;' - � ���T5�-&1#7���/�+84� ���-0/0-I':����3#9;�
3m9;+85�'69;-&/0-I> 3�($3�70�
)�-



= � � = � ��& �"F D�� F � , � =

(H1#(H)*3�7��
Yarrow

9;�0�=R84T9I�;'x)*3d"$%2��($3z)!-; o<�'6��)*3��J��9;/0�;>?5��� #(H3e9I�I'�)!-��
90h&�&�2)2' (H7�P�V

•
� �;S�' -���P�<H3�($3J)*3�4m9;+85�'69;-&/0-I> 3�($3�4O<�> ���U)!�I'�70�f)*3��K�&����<=�2R8%�' (H3K)!-& F9&+85�' i
9I-0/&-;' 3�7�M!��-& d($��7��&)�-;4�V J ��/0��'6%�C;7��0)!�a<�'6��)*3��o�;S�' -���P�<H3�(H3a)*3�4K9&+85�':9I-�i/0-I> 3�($3�4O�;���0��1#-��2)!�;'$(H)�-F���!L�C&���;' - 5 V

���

 � � �u�A�.�u[�`o�����
@T #-�9;���;(=':9IM!4��!%*<=�;(=>?��4�($)G3�"$%2��($3�5�'6�;�2 #(=7��0)�':9I-&1�90h&�&�2)2' (H7�-;1O/0�;%�-& #(='EC&|�-��2)��I'
($)���n 62rx9I�;'�n89GrsV 4 )*3T/0%2Rl)*3B5�> ���U)!�I'$M!7�L��;($3T($)2' 4�5�'E�&LN-&%�M!4
h&�0��7#+l)!-;1}9;�I'$5�'6�;�2 2i(H7��&)2':9I-&1}90h&�;�G)2' (H70-&1m9I�;'I/&�&%�-& #(�'6C;|2��)!�;';3T�&/0-#)G�����!(H7��&)2':9IP#)*3#)!�F)�-; }52�!1�)G�!%�-& IQ
9;�0�=R84Kh&���#)2' ($)�-&/0-I'6��>Y)*3��z/0�;%�-& #(=>?��<=%��&7070':9;��4K9I�I'l7#3�<=%2�;7�70'69&��4J�!S�C&%2)*3�($3�4�Q
(H"I��7��&)�-;4�(H #�2C;%2)*3�($3�4u/0 �9I�2P#)G3#)��;4j/;' ���&��P#)*3#)!�;4 � probability density function �9;�I'8)G3�4d5�'6C;($)��;($3�4a)�-; 5�'6�;��1#(H7��&)�-;4�V 4 )*3 5��!1�)G�!%G3�/&�&%�-& #(�'6C;|2��)!�;'A70'6� (=�!'E%2C5�'E�&LN-&%���)2':9;R8��)G�!"$��':9;R8��h&�;(=' (H7�M!�G+8��(H��5�'E�&�� #(H7��&)2'69;PT90h&�;�G)2' (H70P=Vly\'E�B/&' -e-���-#i
9&�#3�%2+87�M!�G3}��':9IP����})�-an :2r���> �2�I'IM!�2��h;' h0�0> -K�;LN'E�!%G+87�M!��-T(H�.)GM�)�-I'6�!4u)G�!"$��'69;M!4�V J � i"$��'69;M!4m9&+85�':9I-&/0-;>:3�($3�4�L�+8�2��4f/0�;%�-& #(='EC&|�-��2)��I'{��/&> ($3�4}($)!-oh;' h0�0> - n ;2r�Q��!�GR ($)!-
n 72r\5�> �2��)!�;'=M!7�L��;($3T($)2' 4f)G�!"$��'69;M!4u9&+85�':9I-&/0-;>:3�($3�4u/�3�<H��4�V



� !$�������	��� �

� ��� � � � � � � ��� � � � ��� � � � ��� � � � � �
� � � � � ��� 
 �

YARROW

� �

 �t	��m���������
�  ���-0/&-;> 3�(H3d)*3�4F9&+85�':9I-&/0-;>:3�($3�4B/0-; a/0�&%�-; #(='6C;(H�;7��}/0%�-03�<=-;1#7��!�2��MU<�' ���K��/0� i
9&)G��> �2-0�G)!�&4f)�-a(H1#($)*3�70�dL�+8�G��4

Yarrow
V J - Yarrow

(H1#($)G3�7��dC;%2"H' (H�m���z�&����i
/�)G1#(H(H��)!�;'0($)!-

S.R.I
�0/0P�)!-

Leonardo Neumeyer
)!-TpK; ;�9;V 4 9;-&/0P;4Y)!-; project�!> ���;'=�2�e5G3�7&' -; #%G<H3�����>�M!���K/0���;> (=' -J�&/0PF<=����':9IM!4.h;' h0�0' -0�=�#9;�!4 � Application Pro-

gramming Interface - API � (=�B)!-&7���> 4eP0/0+84 ��3�LN'E�09;�a��/0�!S��!%*<=�;(=>?�a($��70�0)!-&4�Q�&����<=�2R8%�' (H3m/&%2-#)21�/�+8�
&
($)!�&)2' ($)2':9;�F70-��G)2�U��-&/0-I> 3�($3$QI<�'E�K"$%2��($3T)GP;(H-F(=�uM!%��! 2i

�2� P;(H- 9I�I'�(H�z<=�!��':9IP#)G�!%���4a�!L��;%270-�<=M�4�V � 5G3�70' -; #%*<�>?� )!-& h&�;(=> ($)*3#9I��($)*3��
�&��C�<H9;3B<�'E�z)*3��F1�/0�;%2S23e�!��P&4

front-end
7#3�"$�;��' (H7�-;1o��/0�!S2�!%G<=�&(�>E�;4�L�+8�G��4m/0-; 

�2�,��> �2�I'w��1�9I-����,7���)!�&LNM!%2(='E7�-;4F(H�F5�'EC&LN-;%2�!4B/0���0)GLNP;%27��!4�Ql�!1�9;-���-;4K(H)*3�"$%2��($3
9;�I'����zM!"$�!'�70':9I%2M!4m�0/&�;' )*��(H��' 4B(H��/0P;%2-; #4�9IC&)2'{/0-; J-&52��<H3�(H�f(H)*3��K��/&'6��-�<H�o)*3�4
<H�#R8(H(H�F/0%2-�<=%��;7�7��&)2' (H7�-;1

Java � www.java.sun.com � <�'6�F)*3��f ���-&/0-I> 3�($�})!-& IV
4 �
�& �)G�O)*3��.�!��P#)*3#)!�f/&��%�' <=%2C;LN�U)!�I'#3�h&�;(=':9;��5�-&7#�O)!-; �(H #($)*��70�0)!-&4�9;�I'��;�2��i��1#�U)!�I'�-t)G%2P&/0-;4z��/0M�9&)!�;($3�4z)!-& IQ.7��z($9I-0/&P )G3 523�70' -& #%G<�>E�t70'E�&4a/����&)GLNP&%�7��;4

/0-& m���T�U/;' )2%2M�/0��';)*3����!%��! #�G3#)2'69&��5�'E�&5�':9I�&(�>E�m/0C;�G+ ($)!-}��M!7��T)!-& m5�'6�;�2 #(H70�0)2'69;-;1
9�h&�;�G)�' (=7�-&1F)�+8�B/0�;%2�;7�M�)G%2+8�m)*3�4�L�+8�2��4�V c %2"H'69;CJ/&��%�' <=%2C;LN�U)!�I'���9;)G�!�GR84f3e�;%*i
"H' )2�U9;)!-���'69&�o)!-; J9&R85�':9I�J/0-; e�;���0/�)21#";�=3#9;�f<�'6�d)*3��K �/&-&($)G��%�'ESG3o5�'6�;�2 #(H70�0)2'69;-;1
9�h&�;�G)�' (=7�-&1}9I�I'I/0�;%2-; #(='6C;|��U)!�I'I3T5�'E�&(H1#��5���(H3}70�j)!-F(=1#($)*3�7��e�&���0<=�GR8%�' ($3�4�L=+wi
�G��4

Decipher
Q#)�-�-0/0-I> -O/0%�-;(H�&%�7�P;($)*3#9I�_9;�&)GC&�#�#3#����<�'6�f�& �)GP�)�-�($9;-&/0P�V+38/;> ($3�4

�&���0��1#��)!�;'$3}"$%2��($3T)!-& T��M!-& m(H #($)G��7��0)!-;4
Yarrow

<�'E�B)*3���5�'E��S��0<H+_<H�m/&�!'E%2�;7�C�i
)U+8�K9&+85�':9I-0/&-;> 3�(H3�4�L�+8�G��4�V 4 )2P#"$-&4}��> ���I'����z"$%23�(='670-0/0-I' 3�����>�)!- Yarrow

($)!-��
/0����C0)*3,9I�I'l)!-

Decipher
($)!-����!S2 �/�3�%���)*3#)*�,(H1#7�L�+8��� 7��e)!- (=����C;%�' -�/&�U��C&)*3�i

��S� �/�3�%���)*3#)*�T/0-; T�&���;L�M!%G�=3#9;�j($)�-J��' (H�0<H+_<�':9IPK9I�!L�C&���;' -�V



� � = � ( ����(*D�� 1 B � , ��D � ��&
� ( BED"� � �����21"��� ��D�, � �

� ��� � 	 � ��	�[����
]���� 
\[u� �u�A�T	�]�[�� �m���f
��j`a�.
\[��
kO'Ih;' h0�0' -0�=�#9I�!4 � packages � )!-; T�&%�"H':9I-&1}(H #(H)*��7��&)�-;4 Yarrow

��> �2�I'I-I'H�!SG��4�~
• sri.star.dspc  �)*�t�!> ���;' 3 h&�;(=':9;��h;' h0�0' -��=�#9;3 )!-& 

front-end
V k (H"$�!5�'6�;(H7�P;4oh&�;(=>:i

|���)��I' (H�d�; �)*� )!-; 
Decipher

V J - front-end
"I+8%�>E|���'8)G3 9I #7��&)�-;7�-;%2L��

(H�e($)!���N��%�-;1�7��#9;-; #4K)27#��7��&)�� � frames � Q 9I�I'_ �/0-���-�<�>E|���'l5�'6C;L�-;%2�!4F�&���#i/0�;%��&($)2C&(H��' 4�)G3�4��;%2"H'69&��4�9; #7��&)!-&7�-;%�L=��4O/&-& F-��2-;7�C;|2-0�G)!�;'
features

V J -
front-end

 ���-0/&-;'E�!> )!�I'_(H�&�o7&'6��(H ��#��-�<H�,�&/0P�)GM�)!-;'E�
feature objects

V �
(H ��#��-�<H���; �)*���&/0-#)G������> )!�;'Y�0/0P M!�2��<=%2C;L�- 7��e9;�0��-;%�' (H7�M!�23,)�-&/0-���-�<�>?�=V
4 )!-e<=%2C;LN-e�; �)GPJ9IC��N� feature

��> ���I'=M!���&4O9IP;7�h&-&4 � node � 70��M!�2�o(H1#��-���-�&/0P
arcs

(H�;�}��> (H-&5�-�Q=�0/&PoC0�#���
features

V.yw'6�J9IC����
frame

QN/0%2-&9I�!'E7�M!�2-; 
���� �/&-���-�<�' (H)G��>I9;C&/0-I' -

feature
Q;/0%2M�/0��'&�2�} �/0-���-�<�' ($)!-;1#��P����m)��TC&�#�����&/0P

)!�z-&/0-;>?�o�!S2�;%2)GC0)!�I'�(=1#7�L=+8���z7���)!-J<=%2C;LN-=V � "$%2��($3o(H"I��7��&)�-;4m9;%� #L=��4
7��2��7#3�4O��/&' )!�&"$1#����'H)*3T/&�&%��0/&C&�2+ 5�'E�&5�':9I�&(�>E��V
� /0�;%2�0<H+_<H�

features
h&�;(=>?|2��)!�;'0($)*3m"$%G��($3�70'6�;4�(H��'6%�C;4
LN>E�#)G%2+8� � bank of

filters front-end processor � 3j-&/0-I>E�u��> ���I'�/0�;%2-;1#(H�u($)2' 48/&��%�' (H(HP#)2��%��!4Y ���-�i/0-I':��(=�!' 4
(H #(H)*3�7�C&)U+8��L�+8�G��4�V 4 9;-&/0P;4A��> �2�I'�3O�U9;)2>?7#3�($3�)*3�4
�!��M�%G<=��'6�;48)!-& ($��70�0)!-&4mL�+8�G��4m($)2' 4}5�'EC&LN-;%2�!4f7�/0C&�2)G�!4f(= #"$�2P#)G3#)��;4 � (H #�G����+84 Mel freq-
yency � Vmv 38)G(='\)G���0'69;Ca(H"I3�7��&)2>E|���)��I'x)�- MFCC

5�'EC&�� #(H7��d/0-; o�!>?5��&7��m(H�
/0%�-&3�<=-&1#7��!��-K9I�!L�C&���I' -�V
y\'E�z ��=3#�#��4f/0-I'6P#)*3#)!�;4�L�+8�G�$QN"$%G3�(�'67�-&/0-I' -;1#�2)��I'
g 7
)2MU)!-I'6��LN>E�#)G%��=Vx��C����_M!���&4l�&/0P.)�-; #4�p g cepstral

(H #�2)G������(H)GM!4l/0%�-09I1�/�)G��'
�&/0PT)!-T<�' �2P;7��!�2-T�!��P&4u5�'6�;�21#(H70�0)!-&4�h&�;%GR8��<�'E�T9IC����.�0/&PT)2' 4 g 7}����M!%*<=��'E��47���)!-a5�'6C;�2 #(=7��z)�+8� g 7J�!����%G<=��':R8�&V 4 )!-a5�'6C;�� #(H7��z)�+8�ap g (H #�G)2�U���!($)GR8�/0%�-;($)2> ����)!�;'\9I�;'x)!- �EC���%�-I' (=7�C �\)�-; #4�Ql�0/&-09;)*R8�2)��;4BM�)G(='\)!-�)G���0':9IP,5�'EC&�� 2i
(H70�d7��m)!-& #4Jp � (H #�2)G�����!($)GM!4 � cepstrum feature � V �u/0C;%2"$-; #�B9I�I'�C0�#���!47�-;%�L�M!4

cepstrum
P&/�+84T)!-

rasta
9I�;'

zero mean
)�-�-&/0-;> -d9;�I'�"$%23�(='E7�-#i

/0-I':��(=�&7���Vxv c /&P��!52R,9;�I'#/0M!%��f��MU<=-��2)!�&4
cepstrum

������-&-;1#7��8)!-m)G�����! �)��I> -=V
J -BC&�#��- MFCC

5�'EC&�� #(H7��T/&-& m"$%G3�(�'67�-&/0-I' -;1#7��u��> ���;'&)!-
Single

9I�;'I�&/0-�i
)G������> )!�;'{�&/0PJ)!-

cepstrum
7��;|�>N7��f)2' 4�/&%GRl)G�!4f9;�I'{52�!1�)G�!%��!4O/0�;%2�0<HR_<=-& #4

� (H1#��-���- � ;T(= #�G)G�����!($)GM!4 � V
• sri.star.utilc  �)*�B3Bh;' h0�0' -����#9&3e/0�!%�'EM!"$�!'N�;%G9I��)GM!4.h&-03���3#)2':9IM!4�9;��C&(H��' 4fP&/�+84�($)��&)2' ($)2' i
9IM!4o7��U��P&5�-; #4e<�'6�t5�'E�&��1#(H7��&)!�

&
/;> ���09I�!4�QY9I�;'89&��C;(H��' 4J<�'6�t5�'6C�h&�&(=7�� i

<=%�C �{'670-B9I #7��0)!-;7�-&%�L�R8�0QI7��
NIST Sphere

)G1�/0-J�&%�"$��>6+8�&V
• sri.star.wavsourceyx�!��':9;�
h;' h0�0' -0�=�#9;3u70�Y($9I-0/&P�)*3��
 �/0-;($)*��%�'6S23./0�!%�' (H(HP#)G�!%2+8�
��'652R8�
�!' (HP;5�-& 
��9;)GP&4��&/0PB9I #7��&)�-;7�-;%2LNM!4

NIST
V



� � � � F � B"�����+� ��D � � � �+�21"��� ��D�, !0( � ��F D�����1�&A( �2�
VQ

� �

� ��� �,���{]�
\����� 
\[u���m����
��j`d�.
\[�� �B	&� ���u[���
��j��	&�8�
VQ

��������� � 
 � $ ���

4 9;-&/0P;4A)G3�4
�U/&MU9;)!�&($3�4�)!-; O(H #($)*��7��&)!-&4 Yarrow
��> ���;'��2��7�/0-&%���>����f�!LN�&%�7�-;($)G��>

5�'E�&�� #(H7��&)2':9IP;4T9�h&�;�2)2' (H7�P;4K($)!�,/0�;%2�0<=P;7��!�2�a�0/0P�)!-
front-end features � 9IC0)�')�-F-0/0-I> -m/0�;%2M!"$��)��I';��523m�&/0P})*3����;%�"H':9;��7�-;%2L��f)!-; 

Yarrow � Q$R8(H)G�j���T��> ���;';5� 2i�2�&)*�f3}7�MU<�' ($)*3T(H #7#/;>E�!($3})!-& m($��7��&)�-;4.)*3�4.L�+8�2��4�Q&�!S2�;(HLN�0�0>?|�-��G)!�;4�/0�&%�C&�#�#3#���
 ��=3#�#�K�&9I-& #($)�':9;�K�&��C&�� #($3$VAyw'6�J)*3��}5�'6�!S2�0<H+_<H�T)�+8�}/0��'6%��&7�C&)�+8�0Q=���e/0%2M�/0��'��2�
�!> ���;';5� #�2�&)*�f3}��/&':��-�<H�T5�'6�;L�P;%2+8�u(="I3�7�C0)�+8�O9;+85�'69;-&/0-I> 3�($3�4�V c /0P})*3T7��!%�'EC})�-; 
Yarrow

�N�F/&%2M�/0��'��2�F/0�;%2M!"$��)��I'$3F52 #���0)2P#)*3#)!�F��9;/0�;>?5��� #(H3�4�)U+8�
codebooks

<�'6�
)�-

training set
Q�9I�0�=R84m9;�I'{3o"$%G��(H3e)!-; #4m<�'6�z)G3��B90h&�&�2)�-&/0-I> 3�($3e)�-; 

test set
V

c /0P�)*3��oC&�#�#3d/0���� #%�C�Qx)!��9�h&�;�G)�' (=7�M!�2���;%2"$��>?�z����5�> ��-��2)��I'�(=�&�J��> (H-;52-;4B($)!-��
�&����<=�2+8%�' (H)*��)!-; 

Decipher
Q;<�'6�T)G3��f�;S�' -���P�<H3�($3m)�-; }(H"I��7��&)�-;4u9&+85�':9I-&/0-;>:3�($3�4

7��l)!-O-0/0-I> -.<�> ��-��2)��I'G9;C0���lLN-&%�Cj)!��/0��'6%�C;7��0)!��Vwk )2%2P&/0-;48��/0M�9&)!�&(H3�48)!-& 
Yarrow<�'6�e)*3��} ���-0/&-;> 3�(H3B)�-; B(H"I��70�0)!-&4�9&+85�':9I-0/&-;> 3�(H3�4O�& �)*��4�)*3�4��!%*<=�;(=>?�&4�LN�;> ���U)!�I'

($)�- 4 "I��7�� � V p#QlP&/0-& z/0�&%�-; #(='6C;|2��)!�;'x3a�;%�"H' )2�U9;)!-���'69&�a)�-; z9;R85�':9I�=Q_-�)G%2P&/0-;4"$%G��($3�4.)!-& }�&/0P})��K/0��'6%�C&70�0)!�T7�M!($+t)U+8�
scripts

/0-; ��;�2�&/�)G1#";��3#9;�;�u9;�0�=R84�9I�I'
3B5�'E�&(H1#��5���(H3B7��u)�-e�&%�"H':9IPK(=1#($)*3�7��

Yarrow
V

Yarrow scripts

sri.star.coding.base
Codebook Classifier

Base system (sri.star.dsp)
Front-end mechanism

extensions to 

 (scripts & code)
support coding

sri.star.coding.clients

sri.star.coding.apps
fp quant  trainer

initial system

   agw/agr  tc  qc  fpc 

4 "I��7�� � V p#~ � &
� ( � � B"��D��A( B 1
Yarrow

� � �+�21"��� ��D�, � ��/0M�9&)!�;($3f�;L�-;%2Cf($)*3��
/0%2-;(I�=�#9;3�)�+8�

sri.star.coding packages
9I�I'l)�+8�a)2�U�0'69&R8�

scripts
V v ku/�+84J�N�

52-;1#7��j(H)*3T(H #�2M!"$��'6�})!-
fpc package

�&/0-#)2�U����>;)!-B(H #��52��)2'69;PB9;%�>69I-m�&��C&70��(=�T($)��
g (H #($)*��7��&)!�=V

� ��� W �Y�B	G
Y�{]�
\[jb�	�]��^������
��j`a�j
w[u� ]��f	 � �j[.��[��U�j�f�
� /����&)GLNP&%�7��B)!-; 

Yarrow
"$%23�(='67�-&/0-I':���=3#9I�.<�'6�K)*3��� ���-&/0-I> 3�($3})!-& T(H"I��70�0)!-&4

9&+85�':9I-0/&-;> 3�(H3�4�V_kO' � /0�&%��&/0C&�2+�h;' h0�0' -0�=�#9I��4u�&/0-#)GM����!(H�;�.70'E�T/0%���<=70�0)2'69&�Oh&C&($3



� � � � ( ����(*D�� 1 B �
sri.star.coding.base

� �

<�'6�m)*3��./0�!%2�I' )GM!%G+���/0M�9;)��;($3$V8kO'���M!��4Ah;' h0�0' -��=�#9I�!4
/0-; �/0%�-&($)2M ��3#9;�;�jM!"$-; #�j��/0� i
9&)G��> �2��'�)!-mP��2-;7��

sri.star
7�� )!-

sri.star.coding
<�'6�m�2����> �2�I'#LN�&���!%2POP�)2'��;�G�#9I-; #�

($)*3��Yh;' h0�0' -0�=�#9&3j9&+85�':9I-0/&-;> 3�(H3�4�V � h;' h0�0' -��=�#9;3.�&/0-#)2�U����> )!�;'G�0/&Pj)2' 4lh&�&(='69;M!4 � co-
re � 9;��C&(H��' 4 � sri.star.coding.base � QN)2' 4uh&-&3��=3#)2':9IM!4 � sri.star.coding.utils � QN)�-; #4/0����C0)G�!4 � sri.star.coding.clients.* � &

)2' 4T�!LN�&%�7�-�<=M!4 � sri.star.coding.apps.* � Vc ���0�� �)�':9IP#)G�!%2�B)��
packages

/&-& T�;�2�&/�)G1#";��3#9;�;����> ���I'I)��e�&9;P���-; ����z~
• sri.star.coding.base

• sri.star.coding.clients.agw

• sri.star.coding.clients.agr

• sri.star.coding.clients.fpc

• sri.star.coding.clients.qc

• sri.star.coding.clients.net

• sri.star.coding.clients.tc

• sri.star.coding.clients.utils

• sri.star.coding.utils

• sri.star.coding.apps.fp

• sri.star.coding.apps.quant

• sri.star.coding.apps.trainer

• sri.star.coding.apps.utils

� ��� � 	 � ��	�[����
]��
sri.star.coding.base

c /0-�)G�����!>$/0%2C0<=7��&)2';)*3�h&C;($3�)!-; m(= #($)*��7��&)�-;4�V � �!%�'EM�"$��';)2' 4u9;��C&(H��' 4u/0-; ��&/0-#)G� i��-&1#�f)�-e(H #��52��)2'69;PT9I%�>69I-T�&��C;7��!(H�B($)*3��m��9&/&�;>?52�! #($3m9I�;'I)!-��f9�h&�;�G)�' (=7�P=Vwv ku/0+84
�&���&LNM!%*��3#9;�m(H�T/0%�-&3�<=-&1#7��!��-�9;�!LNC0���I' -=Qw-,(H #�25���)2':9IP;4B�& �)2P&4T9I%�>69I-&4T5��!�J�!> ���;'
C0�#��-;4z�&/0Pt)�-

codebook
V v 38)G(=' Qj�& �)G� 3,h;' h0�0' -��=�#9;3t-&%�>E|���'l9I�;'A��9&/&�;'E52�!1#��'8)!�

codebooks
V�kO';h&�;(=':9IM!4�9&��C;(H��' 4O�!> ���;'{~

TrainerInformation�O��C;($3f �/0�!1��� #�23O<�'E��)G3�(H ��#��-�<H��)�+8�O($)!�0)�' (H)2':9;R8�f'65�' -#)*�#)�+8�O)!-& � �/&-&5�'6��i
��1#(H7��&)�-;4B($)!-

training set
Qw�0/0�;%��;> )*3#)2��4T<�'6��)*3��J��9&/0�I>?52�! #($3o)�+8�

code-
books
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sri.star.coding.clients.* � � �

Codebook
J - codebook

5��!�}�!> ���;'=/0�;%2Ce70'6�o(= ��#��-�<H�e�&/0P
2B

5�'6�;�21#(=7��0)!�J7#�#9I-& #4
L

� centroids � Q0�& �)2C�/0-& .�&�2)2'6/0%2-;($+l/0�!1#-; #� 9;�&��1�)G�!%2��7�� B bits
/0�#3�%2-;L�-;%�>E�;4

)!-� �/0-;5�'EC&�� #(H7��O(H)�-
train set

Vxv 38)G(='��& �)*�u3u9&��C;($3.��9;)GP;4Y�&/0P�)�-0��-&%�' (H7�P�Q
 ���-&/0-I'6��>H7��U��P;5�-& #4�P&/�+84}~

•
)!-���5�'6�;7�-;'E%2�;(H7�P � split � �!��P&4 centroid

(=� g �2M!� � /0-; }"$%G3�(='E7�-&/0-;'E��> i)!�;'H9;�&)GCK)*3�����9;/0�I>E5��! #($3 � Q
•
)!-���90h&�&�2)2' (H7�Pe�!�2P;4� �/0-;5�'E�&��1#(H7��&)�-;4���' (=P&5�-& }($)!-e/��#3�(='EM�(H)G�!%2-e�0/&P
)!�

centroids
)!-& 

codebook
Q

•
)!-F5�'6C�h&�&(=7�� �2<=%�C �N'E7�-T)!-& 

codebook

Classifier3A> ���;'{)!-��&�2)2'69;��>?7��!�2-o/&-& o ���-&/0-I'6��>�)!-��
k-means

�&��<=P;%�' ��70-z<�'E�a)G3��F��90i
/0�I>?52�! #($3})!-& 

codebook
V

� ��� � 	 � ��	�[����
]��^�u� �j�j
 ��b �
sri.star.coding.clients.* 	

kO'�/0����C0)2��4A��> ���;'29;��C&(=�!' 4A/0-; �h&%�> ($9;-0�G)!�;'�M!���O�U/;>6/0�!5�-�/0C;�G+��0/0P�)�' 4Yh&�;(=':9IM!489;��C#i
(H��' 4j9;�I'�M!���f��/&>E/0�!52-�9IC0)�+��0/&Pf)2' 4.��LN�;%27�-�<=M!4�($)!-

abstraction layer
)!-& 

coding
package � h0��M�/0� 4 "I��7�� � V p � Vw�����0> <=�}��P�<�'6�T ���-&/0-I' -&1#�OP����!4�)�' 4��!S��!'E5�'69;�! #7�M!���!4���!' )!-& #%G<�>?��4�/&-& T"$%���'6C;|2-��2)!�;'$-I'H�!LN�&%�7�-�<=M!4�V
��������� � ��� � � � � ��& � �"��!#�

J - Yarrow
(H1#(H)*3�7���QH($)*3mh&�;(=':9;��)!-; m70-&%�L=�}5�����/0�&%�C0<=�!'I�;%�"$�!>?��Q0�0/0�#R84.9IC;�2��'

front-end
��/0�!S���%G<=�;(=>E��(H�F�&%�"$��>E�a9; #70�0)!-&70-&%�L=R8�&V � �&%*vNP����,�; �)GC�Qw9I�0��-&%�>?|2��'9;C&/0-I' -a)G1�/0-��;%2"$��>E+8�T/0-; zP;7#+84T52�!�F)�-� ���-&/0-;'E��> V J -�LN-&%�7��&)T9;�0��-;%�>?|2��' ascii�&%�"$��>E��Qx)!�,-0/&-;>?���!> ���;'\(H�B(H #7�/&'6�!(H7�M!�23�70-&%�L=�$VdkO'_5� #-���/0P&70�����!4T9I�0)*3�<=-;%�>E�!4

 ���-0/0-I' -&1#��)!-�5�'6C�h&�&(=7��
&
<=%�C �{'670-

features
�&/0P ��(H�8�; �)GP�)!-�L�-;%�7��0)0V�� MU<=-��2)!�&4

feature
Q��!���2-;-&1#70��9�h&�;�G)�' (=7�M!�2�o�JP#"H'

features
Q�P&/�+84�/HV6"{V

cepstrum, centroid
coded

�
index coded cepstrum

Vwv 3Y)G(='; �/0C;%2"$��'&M����f70-��2�;5�':9IP�9I�0��Cm-&%�' (H7�M!��-f9I�;'
�0/���Pe(H"$��)2'69;CeL�-;%�7��0)0Q&<�'E�FP����K)��

features
)!-; 

Yarrow
(H #(H)*��7��&)�-;4�V

J -�LN-&%�7��&)A9I���N-&%�>E|���'�9IC0/&-;' - header
9I�I'�)���5��!52-;7�M!���=V J - header

5�> �2��'2/��#3�i
%2-;L�-;%�>E��<�'6�O)!-���)G1�/0-�)!-; 

feature � integer/float � Q�)!-OP��2-;7�� � cepstrum/Single � Q)�-o7�MU<=�U��-;4�Q=9I�;'=)!-��T�&%�' ��7�Pe)�+8�
frames

V 4 )!-J/0%GRl)!-J/0�;%2C;5��!' <=7���Q=M!"$-; #7��}pL9 7
frames

�&/0P
cepstrum

V J - Compute Deltas
523#�#R8�2��'_P#)�'w/0%2M�/0��'_���, �/0-���-�<�' i

(I��-;1#��-;'$/0%GRl)2��4.9I�;'I5��!1�)G�!%2�!4�/&�&%�C�<H+_<=-I' Q;/0%�' ��<�> ���!';3T�;�2�0<=�2R8%�' ($3$V � �;%�C&5���' <Ii7��F�;%�"$�!> -; }7��
cepstrum

LN�;> ���U)!�I'$($)*3B(H #��M!"$��'6�a~
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VectorList

Type float

Name cepstrum

VectorSize 13

NumVectors 175

ComputeDeltas true

EndHeader

-600.9399 1.2876966 0.5145594 -2.0349026 22.101751 -5.7347784 -0.022707298

15.5569315 -26.187925 8.510943 1.3709744 -1.8681848 7.1525745

. . .

< ������� �	��

� ��������� frames>

4 )�- g -B/&�&%�C&5���' <=7��B/0-; T�&9;-���-; �����> QIM!"$-& #70� � :Ip frames
�&/0P

Single
/0-& }M!"$-; #�

9�h&�;�G)�' (H)G��> i 5�'6�&9;%�' )�-&/0-I' 3�����>=(=� ;T �/0-&5�'6�;��1#(H7��&)��d~

VectorList

Type int

Name Single

VectorSize 9

NumVectors 381

ComputeDeltas false

EndHeader

16 113 52 1 8 18 10 3 2

5 108 48 32 65 48 10 3 2

6 120 16 8 3 20 65 2 33

4 96 16 4 108 36 64 65 33

. . .

< ������� �	��

� ��������� frames >

J �F�;%2"$��>?�B�; �)GCKM!"$-; #�f-���P&70�0)!�K7��u)2' 4��!S2��4�9;�&)!�0�#��S���' 4}~

cepstrum .cep
Single .Single
Centroid Coded Cepstrum .ccc
Centroid Coded Single .ccs
Index Coded Cepstrum .icc
Index Coded Single .ics

� > ���&9;�;4 � V p#~ � �;%2�0<HR87��!�2� features
9I�;'I9I�&)��&�#��S2��' 4O�;�G)2> (H)�-I' "I+8�m�;%�"$�!>E+8�
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kO' g h;' h0�0' -����#9;�!4B/&-& a(H"$��)2>E|�-��2)��I'�70�})�-,5�'6C�h&�&(=7���9;�I'{<=%�C �{'670-d)�+8�o�&%�"$��>6+8��!> ���;'$-I'�~
• sri.star.coding.clients.agw Ascii Gziped Writer

9;��C&(=�!' 4�V �u��-0/0-I' -&1#�
)!-B<=%�C �N'E7�-B)�+8�f/&�&%���<=P;7��!�2+8���&%�"$��>6+8�f($)�-e/0�;%��0/0C;�2+ LN-&%�7��&)�V

• sri.star.coding.clients.agr Ascii Gziped Reader
9&��C;(H��' 4�V �u��-0/0-I' -&1#�

)!-F5�'6C�h&�;(H7��K�&/0Pe�&%�"$��>E�K($)�-F/0�;%2�&/0C;�G+ LN-&%�7��&)�V
��������� � ��� � � � �

front-end

� %�P09I��' )��I'I<�'E�K)!- package sri.star.coding.clients.fpc
V

feature Produce Client (fpc)
9;��C;(H��' 4�QHP&/�+84}~

CepstrumProducerClient
Q

SingleProducerClient
V

���OC&�#���e��P�<�'6�J9;��C&(H��' 4�/&-& T/&�&%�C�<=-; #��)��o7#3�is90h&�;�G)2' (H70M����
features

P&/�+84
cep-

strum
9;�I'

Single
VjkO'=9;��C;(H��' 4��& �)2M�4���> ���;'=-;'N7�P0�2�!4O/0-; B"$%23�(='670-0/0-I' -&1#�KC&7��!(H�

)�-
front-end

9I�;';�&/0-#)G����-;1#�.)!-��O�!��5�'EC&7��!(H-m9I%�>E9I-��;�2C;7��!(H�}($)!-
front-end &

)!-
coding

 �/0-&(=1#($)*3�7���V\v 38)G(='0�0/0-;7�-��2R8���U)!�I'G)!-fM!���O �/0-;(H1#($)*3�7��m�&/0PO)!-fC&�#��-=V\���
�& �)GPB)�-T)2%2P&/0-BP����!4u-;'I �/0P���-I':/&��4.9;��C&(H��' 4u)�-; 

coding package
Q$5����O"$%���'6C;|2-0�G)!�;'

�2�FS2M!%�-& #���&/0-���1�)�+84O)2>E/0-#)!�B<�'E�K)!-
front-end

V
��������� � ��� � � � � 
 �������
	�� �����

� %�P09I��' )��I'I<�'E�K)!- package sri.star.coding.clients.qc
V

Quantizer Client (qc)
9;��C&(H��' 4�Q=P&/�+84}~

QuantizerClient
Q

3A> ���;'�70'E�
abstract

9;��C;($3./&-& u��/0��9&)G��> �2��)!�;'��&/0PO)�' 4
 �/&P���-;'6/0�!4A)!-; 
package9I�;'H ���-0/0-I'6��>H)��J�&9;P���-; ����B7���)!�&S�1TC&�#�#+8�K~

•
)!-K5�'6C�h&�&(H70�B)!-& 

configuration
Q�/0-& m9I���N-&%�>E|���'&/0P&(=�B9I�;'I/&-;'E�

code-
books

���B"$%23�(='67�-&/0-I' 3���-;1#��<�'E�T)�-0��90h&�&�2)2' (H7�P � (="I��7��B90h&�&�2)2' (H7�-;1IQh0��M�/0�u/0�;%2C0<=%��&LN- g V8;IV p � V
•
)!- L�P;%G)�+87��t)�+8�

codebooks
Q�)�+8�,/0%�-#)GC;(H��+8��)�-; 

test-set
9;�I' P#)2'

C&�#�#3T�&%�"H':9I-0/&-;> 3�(H3$QI��> �2�I'$�&/0�;%2�I> )*3#)*3$V
CentroidQuantizerClient, IndexQuantizerClient

V
kO'A52 #- �& �)2M�4J9;��C;(H��' 4d ���-0/0-I' -&1#�a)!� 5� #- ��>?5G3,90h&�;�G)2' (H70-&1IQ�5G3#���;52��)G3��
�&/0��':9IP���' (H3T)�-; }9;C0���� �/0-;5�'E�&��1#(H7��&)!-&4O($)!-F/��#3�(='6M!($)2��%�-

centroid
)!-& 

co-
debook

QO7���M!S2-;5�- �!> )2�d)!- >?5�' - )�-
centroid (centroid coded)

Q���> )G��($)�-
5���>69;)*3m)�-; 

centroid (index coded)
V
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SingleProducer & CepstrumProducer

V
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frames
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• sri.star.coding.apps.trainer�O��C;(H��' 4oP0/�+84
Trainer, InitTrainer
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Trainer
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package sri.star.coding.apps.trainer;

import sri.star.coding.clients.trainer.*;

import sri.star.util.*;

/**

* Produces the desired codebooks for all subVectors

*

* @see sri.star.coding.clients.trainer.IndexTrainerClient

* @author Perakakis Manolis

* @version coding (1.0)

*/

public class Trainer {

public static void main(String args[]) {

String config

String tmp "";

int index;

if(args.length == 2) {

config = args[0];

tmp = args[1];

}

else

ErrorHandler.fatalError(null,

"USAGE: java Trainer <config_file> <index> ");

try {

index = (new Integer(tmp)).intValue();

IndexTrainerClient itc = new IndexTrainerClient(config,

index);

itc.produceCodebooks();

}catch (Exception e) {

e.printStackTrace();}
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J P&(H-e<�'E�o)!- train
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test set
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front-end
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set
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configuration
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4 )�-d����LNC&���;' - g �;���0��1#(H�;7���)!-d(H"I��70�o9&+85�':9I-&/0-;>:3�($3�4O9I�;'N)!-���> (H�&70�O/�+84m�0/0-�i)G�����!>\7�MU��-;52-a9;+85�'69;-&/0-I> 3�($3�4TL�+8�G��4}/0%�-;4T�&����<=�2R8%�' (H3$V 38/&' ($3�7�C;�G�=3#9;�T��/&> (H3�4
P#)2'\9;C;��-& #7��m(H #��52 #�;(H7�Pa)G�!"$��':9;R8�K9;+85�'69;-&/0-I> 3�($3�4TL�+8�G��4 � ��/0�!S��!%*<=�;(=>?� front-
end � 9I�;'H)G�!"$��'69&R8�f9&+85�':9I-0/&-;> 3�(H3�4./03�<H��4 � 5�'E�&�� #(H7��&)2'69;P;4u9�h&�;�G)�' (=7�P&4 � /&%2-&9;��' i7�M!�2-; F���o7���':R8(=-& #7����09IP;7��J/0�!%�' (H(=P#)G�!%2-z)�-��K%2 ���70Pz7���)GC;52-;($3�4 � �o' (H-;521#���&70��2���& #S2��(H-; #7��T($)!-�7�MU<�' (H)�-,)!-ah&�0��7�P�(H #7#/&>?�!($3�4 � Q_/0%2-;($/0�0�=R8�2)��;4T/0�;%�C0�#�#3#����2�m9I%2�&)*��(H-; #7��
 ���3#��Cm��/&>E/0�!5��m�;����<=�2R8%�' ($3�4�V c �2�&��1#(H�;7���)G�!"$��'69;M!4
90h&�;�G)2' (H70-&1
7��TM!7�L��;($3z($)G3��F)2��"$��':9;�

product VQ
9I�I'���>E5��;7��f)�' 4F��/&':��-�<=M!4B/&-& o7#/&-&%���>x���

<�> ��-& #�B9;�&)GCz)!-��e(H"$�!5�'E�&(=7�Pd�!��P&4}(H #($)G��7��0)!-;4B5�'E�&�� #(H7��&)2'69;-;1e9�h&�;�G)�' (=7�-&1e9I�;'
)GM���-&4f/0�&%�-; #(='6C;(H�;7���)2' 4�5�'6�;5�':9I�&(=>?�!4���9&/&�;>?52�! #($3�4�9I�I'H90h&�&�2)2' (H7�-;1K<�'6�J)*3��m9;+wi
5�'69;-&/0-I> 3�($3T/0-; }/0%�-#)G��> ��-; #7���V

4 )�-J���!LNC0���I' - � 7�������)*��(H�;7���)*3��T ���-&/0-I> 3�($3B)*3�4f9&+85�':9I-&/0-;>:3�($3�4O/0-; BMU<�' ���<�'6�,)!-�(H1#($)G3�7��
Yarrow

9I�;'w��>?52�;7��}/�+84e7#/0-;%2-;1#7��B����)!-�"$%G3�(�'67�-&/0-I':��(H-; #7��
<�'6�,)*3��o��9;/0�I>E5��! #($3z9I�;'\)!-��J9�h&�;�2)2' (H7�P�V 3A>?52�;7��B��/&> (H3�4K/�+84F7#/0-;%2-;1#7��B����)!-
"$%G3�(='E7�-&/0-;'6��(H-; #7���7���)!-K(H1#(H)*3�7��e�&����<=�2R8%�' (H3�4jL�+8�G��4

Decipher
/&%2-&9;��'E7�M!�2-; 

�2�F�&S�' -���-�<H��(H-& #70�OM����K(="I��7��K9;+85�':9I-0/0-I> 3�($3�4�V
4 �.�; �)GPT)!-F����LNC&���;' -}���K52-;1#7��j�;���0�� �)2'69;CB)*3��f5�'6�;5�'69;�;(=>?�m)U+8��/0��'6%��&70C0)�+8�9;�I'I���F/0�;%2-; #(='EC&(H-; #7��.)��e/0��'E%2C;7��&)��K/0-& TMU<�' �2�;�0QI)!�J-0/0-I>?�B�&LN-;%2-;1#�O/0��'6%�C;7��0)!�

)GP&(=-}h&�0��7#+l)!-&1TP;(H-B9I�I'$5�'E�&�� #(H7��&)2'69;-;1f90h&�;�G)2' (H70-&1IVY���K/0�&%��0��M!(H-& #70��)!-��
bit

allocation
�0��<=P;%�' ��7�-�/&-& ,7��;4Fh&-&3���C ($)G3��a�!1#%���(H3�)!-; ���/&' )G%2��/0P;7��!��-& �-;%�> -; 

(H #7#/&>?�!($3�4j"I+8%�> 4
�0/0Rl���!'E�!4�($)*3����&/0P&5�-;($3O�&����<=�2R8%�' (H3�4�9;�I'#)GM���-;4����m�!S2��)GC;(H-; 2i
7�� )*3��.��/&>?5�%2�;($3u)�-; u��-;%212h&-; �($)*3��.9&+85�':9I-0/&-;> 3�(H3$V c S�>?|2��'����f($3�70�!'6+_����>0P�)2'�($)!-
����LNC&���;' -o�; �)GPJ/0�;%2-; #(='6C;|�-��G)!�I'=)!�ev )G���0'69;C�vI�&/0-#)G����M!(H7��&)!�J<�'6�J)!�z-&/0-;>?�o"$%��!'EC#i
($)*3#9I�f���e<�> ��-& #�m9I�;'�/0-��#��CdC0�#���J/0��'E%2C;7��&)���V.��C&/0-I'6�o�&/0Po�; �)GCJ/0-; FMU<�' ���;�T7��
)*3o"$%G��($3e)!-& 

bit allocation
�0��<=-;%�> ��7�-; B/0�;%2-; #(='EC&|�-��2)��I'N($)�- � �;%�C&%2)*3�7��J($)!-)GM���-&4O�; �)*��4�)*3�4O�!%G<=�&(=>?�;4�V
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train set

L Trainers
training

scheme

Recognizer Error : 85%

L codebooks
Quantizer 1

Quantizer i

Quantizer L

transcriptions 

   scheme

quantization

test setquantized

  test set

training process

quantization process

recognition process

Give me all flights to Chicago on my day

Give me all flights to Chicago on Monday

co
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4 "I��7�� 5 V p#~ ��( ��@A( BE���0G � F � ( & ��� � �2/ � � kO'
trainers

/0�;%2C0<=-& #�e)!�
L code-

books � P;(H� 9;�I'l)!�  �/&-&5�'6�;�21#(=7��0)!� � V ��C0���eM!�2�;4J�0/0P )�-; #4 L
90h&�;�G)2' ($)2M�4o"$%23�i

(='67�-&/0-I'6��>_)!-,�&�2)2> ($)!-I' "$-
codebook

<�'E�,�2��90h&�&�2)2> (H��'x)�-  �/0-&5�'6C;�� #(H7���(H�B9IC0���
frame

($)�-
test set

V�yw'6�J9IC�����9�h&�;�G)�' (=7�M!�2-J�;%2"$��> -�Q=-o�&���0<=�G+8%�' ($)*��4�(H �<H9I%�> ����'
)�-

transcription � /&��%�' <=%2�;L��f/0%�P#)!�&($3�4 � 7���)�-T�&/0-#)2MU���!(H70�f)*3�4j�&����<=�2R8%�' (H3�4�9;�I' �/0-���-�<�>E|���'$)!-J(H #�2-��0'69;PF(HLNC0��7���V

� �

 � 	&����	�]����K��� �u�_	&�Y��`d�.
 ��b
4 )2' 4o/0�;%2�0<=%2C;LN-& #4 g V8;IV g 9I�;' g V8;IV � 70'6�#��(H�;7��F<�'6��)G3��z5�'E�&5�':9I�;(=>E�,��9;/0�I>E5��! #($3�49;�I'w9�h&�;�2)2' (H7�-;1IV 4 �K�& �)*��)*3�/0�;%2C0<=%2�;LN-d�N�,52-;1#7��T)*3��d(H #�2-��0'69&����':9IP����a)G3�45�'E�&5�':9I�&(�>E�;4�/0��'E%2�;7�C&)U+8�&Q{3e-&/0-I>E�o��9;)GP&4��0/&Po)2' 4T52 #-J/&%2-&3�<=-&1#70�����!4f�!7#/0�!%�'6M!"$��'
9;�I'\)*3�5�'6�;5�':9I�&(=>?���&����<=�2R8%�' (H3�4�Q_70�T)*3��o-&/0-;>?��9;�I'w�&S�' -���-�<=-&1#70�B)*3��o�&/0-#)G����� i
(H7��&)2':9IP#)*3#)!� )�-; (H"I��7��&)�-;4�9;+85�'69;-&/0-I> 3�($3�4�/0-; �!S���)GC&|�-; #7��z9IC��N�aLN-&%�C�V �
<=����':9;�d5�'6�;5�'69;�;(=>?�z)�+8�e/0��'6%��&7�C&)�+8�eLN�I> ����)��I'�($)!- 4 "I��7�� 5 V pK9I�;'�/0�!%�'6���&7�h&C&����')2' 4O5�'E�&5�':9I�&(�>E�!4j��9;/0�I>E5��! #($3�4�Q090h&�&�2)2' (H7�-;1m9;�I'I�;�2�0<=�GR8%�' ($3�4j(=�j9IC��N�jM!�2�T�&/0PT)!�
� �U/;>6/0�!5��B/0-; })*3��m�0/&-#)G����-&1#�&Vy\'6�a)*3��F�U9;/0�I>E5��! #($3K9I�I'{)�-0�B90h&�&�2)2' (H7�Pa"$%G3�(='E7�-&/0-;'6��(H�;7��f)!-

Yarrow
Q\�!�2R

<�'6� )*3��d�;�2�0<=�2R8%�' ($3,"$%23�(='67�-&/0-I' -&1#7��e)!- (=1#($)*3�7�� �&���0<=�GR8%�' ($3�4JL=+8�2��4
Deci-

pher � )GP;(H-e)�- Yarrow
P;(H-F9;�I'H)!-

Decipher
/0�!%�' <=%�C&LN-��2)��I'H(H)�-J���!LNC0���I' - 5&� Vy\'6� )*3����&/0P&5�-;($3,)*3�4o9;+85�'69;-&/0-I> 3�($3�4�Q "$%G3�(='E7�-&/0-;' -;1#7��z(H�;��7�M�)G%2-�QY)!- (HLNC0��i

7�� )*3�4 �&���0<=�GR8%�' ($3�4 � Word Error Rate - WER � Qj)!- -&/0-I> - -&%�>E|���)��I'.+84 ~



� � � ��( ��@A( BE��� G � F � ( & ��� � �2/ � ���

WER = INS+DEL+SUB
TOTAL

× 100
V 3A> ���;' 523#���&52� - �;%�' ��70P&4d)U+8�,��C0��-;4z��' (H�#i

<H+_<HR8�0QN�&�2)2':9I�&)��;($)GC;(H��+8�f9I�I'H/0�;%��0����> ����+8����M!S���+8�0Q=(=�O(H"$M!($3F7���)�-o(H #��-��0':9IP
�&%�' ��7�PF��M!S2��+8�f(H)*3��m/0%2P�)��;($3$V

J � /0��'6%�C;7��0)!� MU<�' ���&��($)!- ATIS corpus
Q.)�- -0/0-I> - M!"$��'AM!���t���!S�'69;P pK7 �#���M�S���+8�z9I�;'8�!> ���;'l70MU)2%�'E�&4J5� #($9;-��0>?�;4�V J - training set

)!-; �9�h&�;�G)�' (H)*� �&/0-#)G� i
���!> )!�I'\�&/0P 9 �#� /0%�-#)GC;(H��' 4B9;�I'�)!- test set

�&/0P 50�#� /0%2-�)GC&(=�!' 4�V 4 )���/0��'6%�C;7��0)!�/0-& F/0�;%2-; #(='EC&|�-& #70�u<�> ����)��I'N"$%G��($3
Centroid Coded

9�h&�;�2)2' (H7�-;1K7��f)��z(= #�2�!"I�
<H9;�;-& #(�'6�;�2CO�&9;-; #($)2'69;Cf7�-��2)GM�����)�-; 

ATIS
V2v ku/�+84�M�"$-; #7��Y)�-���> (H��'�9I�;'�/&%2-&3�<=-&12i

7��!�2��Q0�; �)GP&4�-�)G%�P0/0-;4�52�!�j/0%2-;(HLNM!%2��'�/0%��0<=7��0)�':9;��(H #7#/&>?�!($3 � �;L�-;1u3�M�S�-;52-;4Y)!-; 9�h&�;�G)�' (=7�-&1O�;���0/0�;%�> ($)��&)!�;'07�� )�-m5�'EC&�� #(H7���9I�;'#P#"H'0)!-�5���>69;)*3 � Q��&�#��Cf��> ���I'#�&���0<Ii9;�I>E��<�'E��)*3,5�'6�;5�'69;�;(=>?��)U+8�a/0��'6%��;7�C0)�+8�o9I�;'l)*3��z�!1#%2�!($3�)�+8�z/&' - �0/&-&5�-#)2'69&R8�
(H"I3�7�C&)U+8�a9&+85�':9I-&/0-;>:3�($3�4�V y\'E� )!��/;' - ��/&' )G #"I3�7�M!��� )GM�)!-;'E� (="I��7��0)!� 9&+85�':9I-#i
/0-;>:3�($3�4�QY/0%�-#"I+8%�-&1#7��e($)*3,5�'6�&9;%�' )�-&/0-I> 3�($3,)�+8�d�&9;-; #($)2'69&R8�d7�-��2)GM��#+8� � h0��M�/0�/0�&%�C0<=%2�;L�-tp#V87IV ��� QA)�� -&/0-;>?�,/0%�-;(HL�M!%�-& #�o70� <=C&�#3�(H #7#/;>E�!($3,9I�;'_<=%G3�<=-;%2P�)G�!%G3�&����<=�2R8%�' (H3K9I�;'H���o"$%23�(='67�-&/0-I' -&1#�2)��I'{($)*3e/0%�C&S23$Q�(=���!L��;%270-�<=M�4f($)*3�%�'6|�P&7��!���!4
(H���& �)*�T)G3����!%G<=�&(=>?��V

� <=�!��':9;�T5�'E�&5�':9I�&(�>E�T)�+8�m/0��'6%��&70C0)�+8����> �2�I';3K�!S2��4�~
• 4 )*3B5�'6�;5�'69;�;(=>?�T��9&/0�I>?52�! #($3�4�QI"$%G3�(�'67�-&/0-I' -;1#7��u)!- training set

9I�;'I)!-e52-�i
(H70M���-z(H"I��70�a��9;/0�;>?5��� #(H3�4 � training scheme � Qx7���)�-�-&/0-;> -z9;�0��-;%�>?|2-; #7��/0P;(H�o9I�I'N/0-;'E�z �/0-;5�'E�&��1#(H7��&)!�J��M���-& #70�2Q{9I����R84f9I�;'N/&P&(H�

bits
���z5�'6�0��M i

(H-; #7��.<�'6�F)*3��m��9&/0�I>?52�! #($�m)�-; #4u<�'6�e���B/0�;%2C0<=-; #7��j)2�U�0'69;CF)!�
codebooks

V
• 4 )!-�(H"I��7��O90h&�;�G)2' (H70-&1IQ�"$%23�(='670-0/0-I' -&1#70�Y)!- test set

9;�I'�)�-f52-;(H7�M!��-u(="I��i
7��B9�h&�;�G)�' (=7�-&1 � quantization scheme � Q$7��j)!-B-&/0-I> -B5G3#�#R8��-; #7���/0-I'6CK�0/0P�; �)GCe)��

codebooks
���o"$%23�(='67�-&/0-I':��(H-; #7���<�'6�o���J9;C;�2-; #7��u)!-o9�h&�;�2)2' (H7�P

9I�;'w-�90h&�&�2)2' ($)*��4F/0�;%2C0<=��'\)��,90h&�;�G)2' (H70M����,�;%2"$��>?�a/&-& a�&�2)2' ($)!-;' "$-;1#�d(H�
�; �)GCB)!-; 

test set
V

•
���l)*3�5�'E�&5�':9I�&(�>E�u�&���0<=�GR8%�' ($3�4�Q�)��O90h&�;�G)2' (H70M����O�; �)GCO�&%�"$��>E�./0�!%��2C;�2�l(=�&�
��> (H-;52-;4u($)�-0���;�2�0<=�2+8%�' ($)*�$V J �e�0/&-#)G����M!(H7��&)��K)*3�4��;�2�0<=�GR8%�' ($3�4u(H �<H9;%�>:i��-��2)��I'x70�})*3��J/0�!%�' <=%��&LNM!4})U+8�o�;%�"$�!>E+8�F9;�I'xM�)G(�'x/&%2-&9;1�/0)G��'�)!-�/0-;(H-&(H)GP
��C0��-; #4d)*3�4��;�2�0<=�2R8%�' ($3�4�Q�)!- -0/0-I> - 7��;4�52��> "$���!' 9I�&)GC /0P;(H- )!- (H"I��70�
9;+85�'69;-&/0-I> 3�($3�4 � coding scheme � �#)!�;����/&' )G #"$M!4�V

4 )�� /0��'6%�C&70�0)!�t/0-; �&9;-���-; ���-;1#�0Q
�;%2"H>?|�-& #7��J7��d)�-
baseline

/0��>?%2�;7���Q
)�-
-0/0-I> -e"$%G3�(='E7�-&/0-;'E��>=)!-

test-set � 7#3B90h&�;�G)2' (H70M����e�&%�"$��>E� � 9;�I'$)!-J-0/0-I> -B9I�0��-&%�>:i|2��'�)*3��u����C&"H' ($)G3��0/0P;5�-&($3��;�2�0<=�GR8%�' ($3�4A/0-& u�N�f5���"$P;7��;($)G�8<�'6��)!��/0��'6%�C&7��&)!�f7��
9�h&�;�G)�' (=7�P=V 4 )!�F/0��'6%�C&7��&)!�F�; �)GC�QI"$%23�(='E7�-0/&-;' -;1#7��u)G�!"$��'69;M!4jh&���N7#+l)�-;1 � -;7�-I'6P�i7�-&%�LN-& e9I�;'�7�3 � 9�h&�;�2)2' (H7�-;1IQ�9;�0�=R84m9I�;'�)G�!"$��'69;M!4 VQ

h&�;(=' (H7�M!���!4T($)*3d"$%2��($3
 �/0-&5�'6�;�� #(H7�C&)U+8� � productVQ � V J M���-;4m���a/0�&%�-; #(='6C;(H-; #7��f)G3��F"$%2��($3z)!-& bit-
allocation

�0��<=-;%�> ��7�-; m9;�I'I/0��'6%�C;7��0)!�e7��.��P&%� 2h&-�V



� � =
Baseline

F � G & ����� ��=

� ���
Baseline

�u�w�*�Y��`a�

J - baseline
��> �2�I'H)!-eh&�;(=':9IPJ/0��>?%2�;7��e/0-; F5���> "$�2��'�)*3��T�&/0P&5�-;($3B<�'E�o7#3F90h&�;�G)2' i

(H7�M!�2�}�;%2"$��>?�=V 4 �
P�����)!�}��/0P&70������/0��'6%�C&7��&)!��90h&�;�G)2' (H70-&1IQ;($)GP#"$-;4�7��;4����}��> ���;'�2�K/0%2-;(H�U<$<�> (H-; #7�����/&>6/&��5��K�;����<=�2R8%�' ($3�4u9I-��2)GCB(H���; �)GCK)!-; 
baseline

/0��'6%�C&7���i
)�-;4�QH9IC0)2'H/0-; m���F�&/0-;52��'69;��1#��'$P#)2'=-B��P;%� 2h&-&4u/0-; T��' (=��<=C0<=��'H-F9�h&�;�G)�' (=7�P&4O��> �2�I'
�&%29;��)GC�70'69;%�P;4T�a5��!�K�N�,�U/03�%2�!C;|2��'\�;' (I�=3#)2C,)*3��o5�'6�;5�'69;�;(=>?�d)*3�4e�;�2�0<=�GR8%�' ($3�4�V
y\'6�F)*3B5�'6�!S2�0<H+_<H�m)�-; IQH"$%G3�(�'67�-&/0-I':���=3#9I�&���&%�"H':9ICT)*3#���!L�+8��'69&��4u/0-I'6P�)*3#)��;4 � toll
quality � 52�!5�-&7�M!���=Q�)GP;(H-o(H� PCM

9&+85�':9I-0/&-;> 3�(H3$QNP;(H-o9I�;'N(H�
GSM

V � �;%2�&)*3�i%2-;1#7���P#)2'��&�f9;�I'$3B5�'6�;LN-&%�CK($)!-
bit-rate

��> �2�I'$�;%G9I��)GCB7��U<=C&�#3$QH3B5�'6�;L�-;%2CK($)*3��
�09I%�>:h&��'6�m�&���0<=�GR8%�' ($3�4���> ���I'0(H"$��)2'69;CT7&':9I%G�$V J - baseline

7��;4��!��5�'E�&LNM!%2��'#9I #%�>6+84
<�'6�� ��=3#�#��4B/0-;'EP#)*3#)!�&4 � high quality � 52�!5�-&70M����zP&/0-; o3d�&9;%�> h&��'E�z�&���0<=�GR8%�' ($3�4�#)��;� � � � � QI<�'E�F70� <=�&��1�)G�!%�-KP;7#+84

bit-rate
V

Type of Encoding Bit-rate (kbps) Word-error Rate(%)

PCM toll quality(Mlaw) 64 12.7
GSM encoding 13 14.5

PCM high quality 256 6.55

� > �2�&9I�&4 5 V p#~ Baseline
F � G & ����� V

PCM(high & toll quality) & GSM enco-
ding

� ��� � �w	&�Y��`d�.
\� �u���F` ��
\[�� ] �u��b8
�	��}`d[��
c %�"H':9ICJ9�h&�;�2)2> (H�;7��O)!-& #4}(H #�2)G�����!($)GM!4m)*3#���!L=+8��':9;��4�/0-I'6P�)*3#)��;4}L=+8�2��4�9;�I'{�!S2� i
)GC&(=�&7���)*3����0/0P;5�-&($3�<�'6�T5�'6�;L�-;%2��)2'69;-;1#4��&%�' ��7�-;1#4

bits/element
V � %G3�(�'67�-&/0-I':��i(H�&70�T)GP;(H-,-&70-;'EP&7�-;%�L�-�P;(H-�9;�I'w7#3�i -&70-;'EP&7�-;%�L�-�90h&�&�2)2' (H7�P�V 4 )*3a/0�!%�>E/�)�+8($3)�-; F7�3�i -&7�-I'6P;7�-;%2LN-; T9�h&�;�2)2' (H7�-;1IQN3e�0/&P&($)!�;($3e70�U)!�;S21F)U+8�K($)��0��7#R8�&Q{/0%�-&M�9I 2i

���T�&/0P�)*3��e9I�0)!�&��-;7#�z)�+8�o(H #�G)2�U���!($)GR8�J)�-; d5�'6�;�21#(=7��0)!-;4B($)!-
train set

V J ��0/0-�)G����M�(=7��0)!�e(H #�2- �{>E|�-��2)��I'I($)!-F/;> ���09I� 5 V g V
� �;%��0)*3�%�-;1#7���P�)2'�<�'E�?72i*:

bits/element
3d�0/&P&5�-&(H3o)*3�4B�;�2�0<=�GR8%�' ($3�4}��> ���;'

�&%29;��)GCB9;�&�#�$Q$9;�I'$($)�' 4 g /0�!%�'6/�)*R8(H��' 4�V c /0Pe�U9I��>I9I�;'H/0M!%2�K)��e�0/&-#)G����M!(H7��&)��e�0��i��C&|�-& #�T�;%29;��)GC�V 4  �<H9I��9;%�'670M�����QH<�'6�z)�-��K-&7�-I'6P;7�-;%2LN-e9�h&�;�2)2' (H7�Peh0��M�/0-; #7��fP�)2'7���':R8��-��G)!�;4
M�(H)U+ 9;�I'#9I�0)2CBp
bit/element

Q�3f�&/0P;52-;($3�/0M!L=)2�!'&�;7�M!($+84�($)!-
17.43/0-& ���523���> ���I'#7#3f�&/0-;52��9;)GP=Q#�&/0PmC0/0- ��3��;����<=�2R8%�' ($3�4�V c  �)*�O3�(H #7#/0�!%�'6LN-&%�C�)U+8�

�0/0-�)G������(=7�C0)�+8�m($3�7��I> ����'HP#)2'�~
p#Vl���&��M!�2�;4.(= #�G)G�����!($)*��4f52�!�f"$%���'6C;|2��)!�;'$/0�!%�' (H(HP�)G�!%2�e�0/&P 7

bits
V

g V 4 )!-��A-;7�-I'6P;7�-;%2LN-
90h&�&�2)2' (H7�P�Q2"$%23�(='670-0/0-I':R8�2)!�&4l�0' <=P#)2��%��j�&/0P'7 bits/element
Q



� � � ��� ( & ����� ��� �"���0� / ��D"� B�� ��� �)(*�#��D"� � �

Bits/coef. Bit-Rate
(kbps)

Uniform
(WER%)

Non-Uniform
(WER%)

8 7.2 12.55 12.82
7 6.3 12.65 12.87
6 5.4 13.08 12.65
5 4.5 13.14 13.62
4 3.6 17.43 13.19
3 2.7 45.47 14.64
2 1.8 108.9 21.07

� > �2�&9I�&4 5 V g ~ Bit-rates & WER
! ( �

scalar quantization
�2/ �I� � �2� � �

� � ��� $'� ��D �
MFCC

@A( ��� � � ��� ��D�, ! ( � ��� � � -0/'�A( B 1", F"D�( �A��� ����, -0/'�21 �
� y\'6�a)*3#���!L�+8��'69&��4}/0-I'6P�)*3#)��;4BL�+8�G�$Qx)�- MFCC

5�'6C;�2 #(H70�dM!"$��'x7�MU<=�U��-;4 ;�~�:
cepstral

(H #�2)G�����!($)GM!4�9;�I'�p�(= #�G)G�����!($)*��4u<�'E�K)G3����!��M�%G<=��'6� �
Bits/coef. Bit Rate (kbps) Uniform

(WER%)
Non-Uniform
(WER%)

8 10.4 6.65 6.53
7 9.1 6.76 6.40
6 7.8 6.65 6.43
5 6.5 6.96 6.32
4 5.2 6.96 6.32
3 3.9 12.45 6.88
2 2.6 95.43 9.04

� > �2�&9I�&4 5 V � ~ Bit rates & WER
!0( �

scalar quantization
�2/'�I� � � � � �

� � ��� $'� � D �
MFCC

@)( ��� ���#��� ��D�, ! ( � � � � �%1", F"D�( �)�2������, -0/'��1 � � y\'6� ��=3#�#��4K/0-;'EP#)*3#)!�&4FL=+8�2�$Qw)�-
MFCC

5�'EC&�� #(H7��,M!"$��'w7�MU<=� �N-&4op � ~Jp g cepstral(H #�G)2�U���!($)2M�4�9I�I'�p�(H #�2)G�����!($)*��4�<�'E�K)*3����!�2M!%G<=�!'E� �
�&LN�;'E%2-;1#7�� /��#3�%�-&LN-;%�>?���&/0Pm/0-;' -T($3�70�&�2)2':9IC

elements
QI�!�GR > ($+84j5�> ��-; #7��Y/&��%�' (;i

(HP#)G�!%��
bits

�&/0PFP#)2'H"$%���'6C;|2��)!�;'H(H��C0�#���
elements

V c  �)GPFM�"$��'$(=�&���0/0-�)GM�����(=7��
)*3���%��0<=52�I>E�T�;1#S23�($3T)�-; 

WER
V

� V c �2)2> �N�U)!��Q�($)*3��}/&��%�>E/�)U+8(H3F)!-& F7#3�i -;7�-;'EP&70-&%�L�-; }90h&�&�2)2' (H7�-;1IQ$h0��M�/0-; #7���P#)�'�09IP&70��9;�I'#($)!�
2.7 Kbps

3O�&/0P&5�-;($3u5��!��/0M!L=)2�!'�($3�7��;�G)2'69;C�Vw��C&�0' ($)���Q0��> �2�I'�(H"$� i
52P��.> ($3�7��A)*3��j�&/0P;52-;($3u)�-; 

GSM
(H #($)*��70�0)!-&4�)!-m-0/0-I> -�M!"$��'#%� ���7�Pf70�U)2C&5�-&(H3�4

)*3�4O)GC;SG3�4u)�+8�
13 Kbps

V
4 )*3.(= #�2M!"$��'6�O"$%23�(='670-0/0-I':��(=�&7��Y ��=3#�#��4l/&-;'EP#)*3#)!�&4AL=+8�2��9I�;'25�'E�!S2C0<=�&70�w�;��C#i��-�<=�d/0��'E%2C;7��&)�� � h0��MU/&� � > ���&9;� 5 V ��� V � �&%��0)G3�%2-;1#7��O/0C&�0' Q\P#)2'�(H)*3��K/&��%�>E/�)U+8(H3)�-; o7#3�i -;7�-;'EP&70-&%�L�-; B90h&�;�G)2' (H70-&1JM!"$-& #70�f9I�0��1�)2��%��o�&/0-#)G����M!(H7��&)���V � %23�(='67�-�i



� � � ��� ( & ����� ��� @A( ��� ���#��� �)( BED"��B�� ��� �)(*�#��D"� � �

/0-;'6R8�G)!�;4
5.2 & 3.9 kbps

�;�G)2> (H)�-I' "$��<�'6��-;7�-I'6P;7�-;%2LN-u9;�I'�7#3�-&7�-I'6P;7�-;%2LN-u9�h&�;�*i
)2' (H7�P�QH �/0�!%�h&�I> ��-; #7�� 9;�&)GC}�0> <=-})!-

WER
(H)�-

baseline
/0��>E%��;7�� � 6.55% � V 4  #7�i/0�!%2�;(H7��&)2':9IC�Q�h0��M�/0-; #7��TP#)2'w"$%23�(='670-0/0-I':R8�2)!�&4FM�����(H"$��)2':9IC,�0/0��P�(="I��7���/0�;>?%*i

�2-; #7��./0-���1T9I�0��CF�0/0-�)G����M�(=7��0)!��V

� ��� � �w	&�Y��`d�.
\� ��	&��bY���m`a�.
�	�]O[�� ]��u��bl
�	��}`d[��
3A>E5��;7��8($)*3���/0�&%�C0<=%2�;L�- g V87IV g Q�P#)2'�3 product VQ

)G�!"$��':9;�$Q#7#/0-;%2��>����u�&/0-;52��' ";����>
�&%29;��)GCu�&/0-#)G�����!(H7��&)2':9;�$Q���LNP;(H-�� �U/;':���U<=-&1#� 9I�0)2C0�#�#3#����-I'*/0�;%�C&7���)G%�-I'G�; �)*��48)G3�4
)G�!"$��'69&��4�Q;/0-; ���> �2�I'0-}9I�0��-&%�' (H7�P;4�)�+8�� �/0-;5�'E�&�� #(H7�C&)�+8��9;�I';-T�&%�' ��7�P;4

bits
/&-& 

���F5�'6�0��M!(H-; #7���(H�u9;C0���uM!�2�F�0/0PF�& �)2C=V
� ��� ��� � $ 	 � � � � $���&*����()�*&*!#� ��, � � ����� �"���
k �&%�' ��7�P;4
)�+8�.(H #��5� #�&(H7�R8��/0-; �/0%�-09I1�/�)G��'��&/0Pf)*3��.��/&'6��-�<H��)�+8�. �/0-;5�'6�;�2 #(H70C#i
)U+8�J($)!�,-0/&-;>?�d7#/&-&%�-&1#70�m����"I+8%�> (H-; #7��m)!-

MFCC
5�'EC&�� #(H7��a9;�I'�)!-��J�;%�' ��70P

)U+8�
centroids

�&��Ca �/&-&5�'6C;�2 #(=7��=Q_��> ���I'��&/0��<=-;%��� �)�':9ICa7��U<=C&��-&4�VFv 38)2(=' Q8M�/0%���/0�
�2�Th&%2�U����>HM!���&4�(H #(H)*3�7��&)2':9IP&4�)G%2P&/0-;4��U/;':��-�<H��4O)�+8�f/&�&%��&70MU)2%G+8�&V
� ��� ��� � $ 	 � � � � ,�$����
	�����, � � � �"!#�
y\'6�e)*3��m��/&':��-�<H�T)�+8�} �/0-&5�'6�;�� #(H7�C&)U+8�� �/���%2S��;�f5� #-B/0%�-&(=� <$<�> (=�!' 4T~

� /0%2Rl)*3 /0%�-;(HMU<$<�' (H3 �!> ���;'���� -;7��&5�-&/0-;'6��(H-; #7��z)!� (H)�-I' "$�!>?� )!-; 
MFCC5�'E�&��1#(H7��&)�-;4�7���)GM�)�-I' -})G%2P&/0-�Q�R8($)G�j�& �)GC}7���)G3�7��U<=�&��1�)G�!%G3f(H)��&)2' ($)2'69&�T(H #(H"$M i

)2' ($3$Q=���T-&7��;5�-0/0-I' 3���-;1#��($)!-F>?5�' -B �/&-&5�'6C;�2 #(=7��=V � /0%�-;(HMU<$<�' (H3B�& �)*�}5����OM!52+8(H�
)��B�;���&7��!��P&70�����f�&/0-#)2�U��M!(H70�0)!�=Q;9I���=R84.�0/&-&5���> ";�=3#9;��P#)�'I-;';(H #(H"$��)2> (=�!' 4O7���)!�&S�1
)U+8�

elements
9; #7��I> �2-��2)!�&��(H�./0-���1T70'69;%�M!4j)2'E7�M!4�V c  �)GPB��/&' h&� h&�I':R8����)��I'H�&/0PT)*3

"$%G��($3
DCT

($)!-
front-end � h0��M�/0� 4 "I��7��ap#V g�� V� 5��!1�)G�!%G3�/0%�-&(=M <$<�' ($3,h&�&(=> (H)*3#9;�e($)!-�<=�U<=-���P;4�QYP#)2'_9IC&/0-;'E� ($)!-I' "$��>?� )!-; 

5�'E�&��1#(H7��&)�-;4o��> ���I'_/&' - (H3�7��&�2)2'69;C �0/&P�9IC0/0-I'6� C0�#��� 9;�I'8��/0-;7�M!�2+84e- �;%�' ��70P&4
)U+8�

bits
/0-& }/&%2M�/0��'��2�F5�'E����M!(H-; #7��u9I #7��;> ���U)!�I'$�&%29I�U)2C=Q$�;�2C&��-�<=�B7���)*3F($3�7��;��i

)2':9IP#)*3#)!��)�-; d(H)�-I' "$�!> -; IV 4  �<H9I��9;%�'67�M!���=Qx/0%2-#"I+8%2R8�2)��;4B�&/0P�)���/0%2Rl)!�,($)���)2� i���� �)!�I>E�m($)!-;' "$��>E�m)!-& f5�'E�&��1#(H7��&)�-;4�Q0-m��P�<=-;4
bits/elements

7���':R8����)��I'05�%��&($)�':9IC=Q
9;C&)2';)!-T-0/0-I> -T-;L���>E���U)!�I'0($)G3m"$%2��($3f)G3�4

Mel-frequency
9;�0>?7��09I�;4
($)�-

front-end9;�I'�M!"$��'�(H�;�K�&/0-#)GM����!(H7��o)G3��K(H #7#/;>E�!($3o)*3�4}/0�#3�%2-;L�-;%�>E�;4�($)!�d/&%GRl)!�d($)!-I' "$��>?�
)�-; z5�'6�;�21#(H70�0)!-&4 � h0��MU/&�T�U/;> ($3�4 4 "I��7�� p#V g�� V c  �)GP�($3�7��I> ����'�P#)�'�/0%�-&9;��'670M���-; P���� )��  �/0-&5�'6�;��1#(H7��&)�� ��� �6/0�!%�'EM�"$-; #� � > (H- /&-&(HPt/0�#3�%2-;L�-;%�>E�;4�QY�N� /0%�MU/&�!' ���
-&7��;5�-0/0-I':��(=-& #7��f)��a/&' -�($3�7��;�G)2'69;Cd�0/0Pa�& �)2Cz(H�m70':9I%2Ca �/0-;5�'E�&��1#(H7��&)��z9;�I'{)!�
�0' <=P�)G�!%2-F($3�7��;�G)2'69;CK(H�j7��U<=�&��1�)G�!%2�T �/&-&5�'6�;�21#(=7��0)!��V J �F�0/&-#)G����M!(H7��&)��}<�'E�T)2' 452 #-K/0%2-;(H�U<$<�> (H��' 4�LN�;> �2-0�G)!�;'I(H)�-�� � > ���09I� 5 V 5 V



� � � ��� ( & ����� ��� @A( ��� ���#��� �)( BED"��B�� ��� �)(*�#��D"� � �

Bit Rate (bps) Correlation based Knowledge based

1400 18.77 11.71
1600 13.36 9.30
1800 10.24 8.10
1900 8.92 6.99
2000 8.38 6.63
2100 7.72 -
2200 7.01 -

� > �2�&9I�&4 5 V 5 ~ ���A! BE&A(*�+� correlation & knowledge based partitioning.
4 )*3��f/&��%�>E/�)U+8(H3B"$%G��($3�4O(= #(H"$M�)2' ($3�4O<�'E�B)*3��m��/&':��-�<H�T)�+8�� �/&-&5�'6�;�2 #(=7�C0)�+8�&Q;)!��0/0-�)G����M�(=7��0)!���!> ���;'�(=�&L�R84}7#3d':9I�&��-&/0-;' 3#)�':9IC=V J �� �/0-&5�'6�;��1#(H7��&)��d/0-& o"$%23�(=' i7�-0/&-;'6���=3#9;�;�m�!> ���;'I)!��~ � p#Q87 � Q � � Q8;IQ p g Q p ��� Q � 5 Q86 � Q � g Q<9;Q p#p � Q � :IQ p ��� V 4 )*3K5��!1�)G�!%G3/0�!%�>E/�)�+8($3f�;�G)2> ����)���Q0P&/0-& �)!-�9;%�' )*��%�' -}��> ���I'�3�($3�7��;�G)�':9IP#)*3#)!��)�+8�u($)�-I' "$��>6+8�&Q0)!�
�0/0-�)G����M�(=7��0)!�T��> ���I'�(H�;L=R84�9;�&��1�)G�!%2��V 4 �
�; �)*��)*3f/0�!%�>6/0)U+8($3$Q;)!�m �/&-&5�'6�;�21#(=7��#i)��e/0-; T"$%G3�(�'67�-&/0-I':���=3#9I�&����> ���;'$)��a~ � p#Q g�� Q � � Q 5&� Q � 7IQ86IQ<9 � Q � :IQ8;IQ p ��� Q � p#p#Q p g Q p ��� V

� ��� ��� � $ 	 � � � �%��&�	�� �����
bits

��� � ,�$�����	 ���*, � �����
bit alloca-

tion
��� � ��&
	�� �����

� 5���1�)2��%23 /&�&%�C&70�U)2%2-;4z/0-; /0%�MU/&�!'��2� 9I�0��-&%�' ($)G��>���> ���I'�- �&%�' ��7�P;4�)U+8�
cen-

troids
�;�2C  �/&-&5�'6C;�2 #(=7��=V � 5�'E�&5�':9I�;(=>E� /0-& �&9I-���-& ��=��(=�&7��zh&�;(=>E|���)��I'
($)!-��

bit-allocation
�0��<=P;%�' �N7�-K9I�I'H��> ���I'I3B�!SG��4m~

� & � ( BED"F D�GH���+� � @B'6C0���!($3��!��P&4 �&%�"H':9I-;1.�;%�' �N7�-&1
bits

($)!�� �/0-;5�'6�;�21#(H70�0)!�
9;�I'H�;S�' -���P�<H3�($3K)*3�4O�&���0<=�GR8%�' ($3�4�V c  �)GPe��> ���I';9;�I'$)!-F�;%�"H':9IPK(H"I��7���V

� 1"��� � � y\'6�J9IC��N�O �/0-&5�'6C;�� #(H7���Q=�&1#S23�($3F9;�&)GCeM����e)�-; K�;%�' ��7�-;1
bits

9;�I'
�2M!�B�;S�' -���P�<H3�($3T)G3�4u�;����<=�2R8%�' ($3�4�Q;9I%2�&)*R8�2)��;4�)!-��f�;%�' ��7�PB)�+8�

bits
/0-; �M!"$-; #7��

5�'E����M!(H��'A($)!�  �/&P���-;'6/0�t �/0-&5�'6�;��1#(H7��&)��t> (H- 7��o�& �)2P ($)!- )G%�M�"$-0�d(H"I��7���V J -�U/;':/���M!-��
bit

)!-a5�'6�0��M�)�-; #7��m)G���0':9ICd(H)�-� �/0-;5�'EC&�� #(H7��d)�-�-0/&-;> -d/0%2-;(HM!LN��%���)G3��
7��U<=�0��1�)G�!%23m�;1#S23�($3�($)G3����0/&P&5�-&(H3f)*3�4��;�2�0<=�GR8%�' ($3�4�9I�I'��NMU)!-; #7��j�; �)GP�Q;(H�;�O)!-
�2M!-K(="I��7��=V

� 1"��� = � c ��M�"$��'&��/&' )G�! #";����>I)�-T��/&' �N #7#3#)GPB�&/0-#)GM����!(H7��}�;�2�0<=�2R8%�' ($3�4
�m�&�
L=)GC;(H�;7��T)!-�7�MU<�' ($)!- 5�'6�0��M!(='67�- �&%�' ��7�P

bits
($)!�;7��0)2C&7���Q8�&�#�0':R84F(H #�2�!"H>?|2-; #7��

)*3K5�'6�;5�'69;�;(=>?�B�0/&PB)!- D ��7��dp#V
k >E5�' -&4}�; �)GP&4m�&��<=P&%�' ��7�-;4�7�/0-&%���>����o"$%G3�(='E7�-&/0-;' 3��N�!>\($)*3��K/0�!%�>E/�)�+8($3J)�-; 

7#3.-;7�-I'6P;7�-&%�LN-& Ah&�0��7#+l)!-&1j9�h&�;�2)2' (H7�-;1IQ��;L�-;1
�; �)GP&4Y�0/0-�)G�����!>���'65�':9;��/0�!%�>6/0)U+8($3
)�-; z5�'6�;�2 #(H70�0)2'69;-;1J90h&�&�2)2' (H7�-;1IQ\7��T �/&-&5�'6�;�21#(=7��0)!��7#�#9;-; #4T�!�2P;4}(H #�2)G������(H)*�$V
J �F�&/0-#)G����M!(H7��&)!�FLN�;> ��-��G)!�I'I($)�-; #4�/&> �2�&9I��4 5 V87}9I�;' 5 V86B�&�2)2> ($)!-I' "$��V



� � � ��� ( & ����� ��� @A( ��� ���#��� �)( BED"��B�� ��� �)(*�#��D"� � �

Composition of subVectors

1,2 3,4 5,6,7 8,9,10 11,12,13

Total bits subvector bits per iteration Bit Rate WER(%)

12 3 3 2 2 2 1200 16.76
14 5 3 2 2 2 1400 11.71
16 5 3 4 2 2 1600 9.30
18 5 3 4 4 2 1800 8.10
19 5 4 4 4 2 1900 6.99
20 5 5 4 4 2 2000 6.63

� > �2�&9I�&4 5 V87I~ Bit allocation
! ( � ��� � �AF"D�@A( ��� ���#��� ��� � v ku/�+84FL��I> ����)��I'

9;�0���;%2C�Q�)��� �/0-;5�'E�&��1#(H7��&)!� p
& g ��> �2�I'N)���/0-I' -a(H3�7��&�2)2'69;C��&�K9;�I'�7&':9I%2P#)2��%���Vc 9I-���-& ��N-&1#�J)!� � & 5 Q8�!�2R )!-� �/0-;5�'6C;�2 #(H70� 7aLNM!%2��'\)*3��o�0' <=P#)2��%23�/��#3�%�-&LN-#i

%�>?�=V � �;%2�&)*3�%�-&1#7��K�U/;> ($3�4JP#)2'l7��e7�P��0' 4 g kbps 5�'6�&)*3�%�-&1#70�F>?5�' -
WER

7��K)*3��
/0�!%�>E/�)�+8($3KP&/0-& T5��!��M!"$-& #70�.9I�;�O9�h&�;�2)2' (H7�P �

MFCC

1 2 3 4 5 6 7 8 9 10 11 12 13

Total
bits

element bits per iteration Bit
Rate

WER
� � �

17 2 2 2 2 1 1 1 1 1 1 1 1 1 1700 12.78
18 3 2 2 2 1 1 1 1 1 1 1 1 1 1800 10.66
20 3 3 2 3 1 1 1 1 1 1 1 1 1 2000 8.69
22 3 3 3 3 1 2 1 1 1 1 1 1 1 2200 7.67
24 3 3 3 3 2 2 1 1 1 1 1 2 1 2400 6.69
26 3 3 3 3 2 2 1 1 2 1 2 2 1 2600 6.81
28 3 3 3 3 2 2 1 2 2 2 2 2 1 2800 6.71
30 3 3 3 3 2 2 2 2 2 2 2 2 2 3000 6.55

� > �2�&9I�&4 5 V86I~ Bit allocation
! ( � �2�

scalar
F � &AG FA�2/'�+� � �;> ���U)!�I'x9I�0���&%�C

/�+84�-;' 5 /0%2Rl)�-I'H(= #�G)G�����!($)GM!4u��> ���;'I-I';/&' -e($3�7��;�G)2'69;-I> � � bits � �!�GRt-I'I �/0P���-;'6/0-I'�!> ���;'8�0' <=P�)G�!%2- ($3�7��;�G)�':9I-;>Y9;�I'8�&/0�I' )�-;1#��7�P���- g (= #�G)G�����!($)GM!4�V � �;%2�&)*3�%�-&1#70�/�+84f��523K�&/0Pe)�� g 6 �#� bits
Q{M!"$-& #70��9;�&)��;LNM�%���'H���e/0%2-;(H�U<$<�> (H-; #7��O)*3��}�&/0P;52-;($3

)�-; 
baseline

/&�!'E%2C;7��&)�-;4�V � �;%��0)*3�%�-;1#7��.��/&> (H3�4�/�+84�(H�O(H"$M!($3F70�O)�-J/&%2-&3�<=-&12i7��!�2-K/&> ���&9;��Q;"$%���'6C;|2-0�G)!�;'Np � bits
/0�;%2�&/0C;�G+ � 3kbps � <�'6�K���KL�)GC;(H-; #7��j)G3��m>?5�'E��0/0P;5�-&($3T($)G3����;�2�0<=�2R8%�' ($3$V



� � � � � � F � & ���#��� ��� � �

Test
SNR(db)

Train VQ
SNR(db)

Encoding bi-
ts/subvector

WER(%)

Clean Clean No encoding 6.55
Clean Clean 5 5 4 4 2 6.63
24 Clean No encoding 8.51
24 Clean 5 5 4 4 2 12.19
24 24 5 5 4 4 2 11.89
24 Clean 5 5 5 4 2 11.18
24 Clean 6 5 5 4 2 10.49
24 Clean 6 6 5 4 3 9.47
24 Clean 7 6 5 4 4 9.32
24 Clean 7 6 5 4 5 8.94

� > ���09I�&4 5 V<9;~ > �"���2�A(*�#����, F ��& D ���0G � �0D�& � �"D � �

� ��� ��� � � 	�&������ �"�+� � � ��&�,���� �

4 )*3��K�!LN�&%�7�-�<H�K)G3�4�7��U��P;5�-& F/0-; F�&9;-���-; ��=��(H�;7���M�+84�)*R8%��=Q�5����T �/&-���-�<�> (H�&70�)*3��}�U/;>E5�%2�;($3m)�-; }��-;%�12h&-& IVly\'E�J�2�F5�'E�0/&' ($)GR8(H-& #70�O)*3��}��/&>E5�%��&($3m)!-& }�N-&%�12h&-& IQ
9;C;�2�;7���)!-B�!SG��4j/0��>E%��;7��e~ � %�-&(H)GMU�=3#9;� �NP&%� 2h&-&4.($)!- test set

M�)G(=';R8(H)G�j-}��P�<=-;4
($��7��&)�-;4 �2��-;%212h&-; � SNR � ���BL�)GC;(H��';)*3})2'67#�})�+8� gM5 dB

V c 9;-���-; ��=R8�2)��;4.)�-
bit

allocation
(="I��7��T<�'E�KC&�#�#3m70'E�KLN-&%�C�Q0/0%�-&(H/0������(H�&70�j����h&%2-;1#7���)!-B9I�&)GC0�#�#3#��-

�&%�' ��7�P
bits

/0-; �&/0�;' )!-&1#�2)!�;'Y<�'6�t��� L�)GC;(H-; #7��J)�� ��/&>E/0�!5�� �;�2�0<=�2R8%�' ($3�4o($)G3
/0�!%�>E/�)�+8($3B)!-& T7#3K9�h&�;�G)�' (=7�-&1IV J �e�&/0-#)G����M!(H7��&)��FL��I> �2-��2)!�;'I($)!-�� � > ���09I� 5 V<9;Vc ���&�� �)2':9IP#)G�!%��=Q�($)*3Tp�3�9I�;' g 3u<=%��&7�7�����/0�;���0���;7�h&C;�2-��2)!�;'G)����0/&-#)G����M!(H7��&)��/0-& �/0��%2�;7�� /0%�' �.)*3��.��' (H�0<H+_<H��)!-& ��N-&%�12h&-& .<�'E��)!��/0��'6%�C&7��&)!��"I+8%�> 4�9�h&�;�2)2' (H7�P
� baseline � 9I�;'*<�'6��)!-O9I�0��1�)G�!%�-j/&�!>?%��&7��u7��A"$%G��($3.9�h&�;�2)2' (H7�-;1IV�v ku����)!�O�U/&P&7��!���/0��'6%�C&7��&)!�T�!> ���;'&/0�;%2-; #(=>?���N-&%�12h&-& IV 4 )*3�� � 3�9;�I' 5 3f<=%��;7�7#����/0�;���0���;7�h&C;�2-; #7��)�� g /&�&%��0/&C&�2+ /0��'6%�C&7��&)!� V J -�(HLNC0��7����;�2�0<=�2R8%�' ($3�4T"I+8%�> 4}9�h&�;�2)2' (H7�P,��> ���I'
8.51%

�!�2R 70��90h&�&�2)2' (H7�Pz�; #S�C&����'��&9IP&7��e/0�!%�' (H(HP#)G�!%�-zL�)GC&��-��2)��;4�)!-
12.19%

V
c �e/0%�-&($��M!(H-& #70� gM5 dB

($)�-
train set

M!"$-& #70�m7&':9I%G�d70�!>E+8($3z)!-; d(HLNC0��70�0)!-&4
� 11.89% � V 4 )!�d��/0P;7��!���o/0��'6%�C&70�0)!�z�!L��;%�7�P&|�-; #7���)�- bit-allocation

(H"I��7��d70�
($9;-&/0P �2�,/&%2-;(H�U<$<�> (H-; #7��K)!-

8.51%
V 4 )2' 4z �/&P���-;'6/0�!4e<=%2�;7�7�M!4eL��I> ����)��I'w/�+847���':R8���U)!�I'
)!-

WER
($)!- (H�

8.94
/0%�-;(I��M�)�-0�G)!�&4�(H #��-��0':9IC
9

bits
/0�;%��0/0C;�2+
Q

L=)GC;��-��G)!�;4uM�)G(�'=($)!� g 9 bits
Q=523#���&52�

2.7kbps
V

� ��� � ��`o�����Y���}`d�.
\�
•
� 5�'E�&5�':9I�;(=>E�d/0��'6%��&70C0)�+8�o�0/&-#)G������> )��I'w�0/0P�)2' 4e5�'E�&5�':9I�;(=>E�!4T��9;/0�;>?5��� #(H3�4�Q
90h&�&�2)2' (H7�-;1�9I�I'G�;�2�0<=�2R8%�' ($3�4�V J �u�&/0-#)2�U��M!(H70�0)!��)*3�4 �&����<=�2R8%�' (H3�4 � M!"$-& 2i



� � � � � � F � & ���#��� ��� � �

7��B9&+85�':9I-0/&-;> 3�(H3dL=+8�2��4T/0%�-;4K�;�2�0<=�GR8%�' ($3 � ��> �2�I'��; �)GC�/0-; z9I%�> ��-& #�K)*3��/0-I'6P�)*3#)��F)*3�4O9;+85�':9I-0/0-I> 3�($3�4�V
• J - baseline

/0��>E%��;7��o7��;4�5�> ����'N�0/0-�)G����M�(=7��0)!�d�;����<=�2R8%�' ($3�4�"I+8%�> 4�90h&�&�*i
)2' (H70P=Q{)!�z-0/&-;>?�e9;�I'����J/0%�-&(H/0������(H-& #70�f���F/&%2-;(H�U<$<�> (H-; #7��O9I�;'N($)!�z/0��' i
%�C&70�0)!�B)*3�4�9;+85�':9I-0/0-I> 3�($3�4�V

•
k h&���N7#+l)GP;4A90h&�;�G)2' (H70P&4��;��9I�;'��&/���P;4 (H)*3��j ���-&/0-I> 3�($3O5�> ���!'��;%29;��)GCO9I�&��C
�&/0-#)G����M!(H7��&)!�=V\k 7#3�i -;7�-;'EP&70-&%�L�-;4_ �/0�!%2M!"$��'G)�-; j-;7�-I'6P;7�-&%�LN-& Yh&�0��7#+l)!-&1
90h&�&�2)2' (H7�-;1IV

•
y\'E�f)!-���5�'E�&�� #(H7��&)2'69;Pf9�h&�;�G)�' (=7�Pm/0%2M�/0��'0�2��9;C;��-& #7��A��/&':��-�<=M!4�(H"$��)2'69;C}7��
)!-T/�+84j���B"I+8%�> (H-; #7��
)!-

MFCC
5�'6C;�� #(H7��T(H�.70':9I%2P�)G�!%2�} �/0-;5�'E�&��1#(H7��&)!�

9I�;'\7��T)!-�/0P;(H�
bits

���,5�'6�0��M!(H-& #70�m<�'6��)*3��o��9;/0�;>?5��� #(H�o)�-; #4�Vzy\'E��)*3��
/0%2Rl)*3}��/&':��-�<H�B"$%23�(='670-0/0-I':��(=�&7��.)*3���<=�2R8($3}7��;4u(="$�U)�':9ICB7��.)*3���($3�7��;�*i
)2'69;P�)*3#)���)�+8�.(H #�2)G�����!($)*R8�j)�-; 

MFCC
5�'E�&��1#(H7��&)�-;4��!�GR�<�'6��)*3��.52�!1�)G�!%23

)!-��
bit-allocation

�0��<=P;%�' �N7�-=V
• J �f�&/0-#)2�U��M!(H70�0)!��)�+8�j/&�!'E%2�;7�C&)U+8�u5�'6�;�2 #(H70�0)2'69;-;1.9�h&�;�G)�' (=7�-&1O��> �2�I'��!S2�I' i%���)2':9ICKV_���

bit-rate
70P��0' 4

2Kbps
/0�I>E%��2-; #7�� �09I%�> h&��'6���&���0<=�GR8%�' ($3�4�> ($3$Q

7�� )*3��./0�!%�>6/�)�+8($3�)�-; O7#3�90h&�&�2)2' (H7�-;1 � baseline
/0��>?%2�;7�� � Q����2R,9I�;'0($)*3�/0� i%�>6/0)U+8($3���-;%212h&-; IQ0)!-B(H1#(H)*3�7��B�&/0-;52��> ";�=3#9I�
�&%29I�U)2Cm�!1#%2+8($)!-B�0/&�;' )*R8�2)��;4

��/&'6/0%2P;(I����)!�T7�P��0' 4 � V<9 Kbps
V J �T�0/0-�)G����M�(=7��0)!�T�; �)GC}5G3�7�-;(='E��1�)G3#9;�;�O($)!�nqp � rsQ�nqp#p�rsQ$9I�;'xnqp g rsV
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4 )�- 3A' (H�0<H+_<�':9IP ���!LNC0���I' - �;�2�;LN��%G�=�#9I�&70�z($)2' 4 %��0<=52�I>E�!4a��S����0>ES���' 4�(H)�- "IRwi
%2-J)�+8�B5�':9;)G1�+8�}9;�I'�)�-0�T�&(H1#%�7��&)U+8�K�U/;':9I-;' �G+8��':R8�m9I�;'�/0%�-#)G��> �2�;7���)*3J"$%G3�(�'67�-�i
/0-;>:3�($3m�; �)*R8�O)�+8����M�+8��)G�!"$�2-���-�<�'6R8�u<�'6�T)*3���/0�!%2�I' )GM!%G+ ��S�C&/��#+8($3}��LN�;%27�-�<HR8�
�&����<=�2R8%�' (H3�4TL=+8�2��4�V 4 )�-�/0%2Rl)�-�7�M!%�-&4}�; �)�-;1J)!-& o9I�!L��&���I> -& K������S���)GC;(H-& #70�5�'E��S�-;5�'69;C�)2' 4J�!S2���0>?S2��' 4B($)!-��o)!-&70M���)U+8�z5�':9;)G1�+8� � 7��FM!7�L��;($3�($)2' 4J�&(H1#%�7��&)G�!4�U/;':9I-;' �G+8��>E�!4 � 9;�I'\����5�-&1#70�T/�+84J7#/0-;%2-;1#7��F�2�,"$%23�(='670-0/0-I':��(=-& #7��e�!L��;%�7�-�<=M!4�&����<=�2R8%�' (H3�4TL=+8�2��4}(H�T�& �)2Pd)!-d/&��%�' h&C&�#��-��&Q{h&�;(='6|�P&70����-I'�($)*3��e9;+85�'69;-&/0-I> 3�($3
/0-& e�;�2�&/�)G1#S��&70�O(H���; �)*�F)G3��T��%G<=�;(=>E��V � 9;+85�'69;-&/0-I> 3�($3F/0-& F�&���&/�)G1#S��&7���/&�;>:i
|2��'�9;�&)!�0�� �)2'69;PF/0�;%2C0<=-��2)���Q=7���'6R8�2-��2)!�&4�(H)�-o����C;"H' (H)�-J)2' 4m�0/&�;' )*��(H��' 4m(H��%� ���7�P
7���)GC&5�-;($3�4�5��!52-;7�M!�2+8�f9I���{' (H)*R8�G)!�;4mM�)G(�'{52 #���0)G�K)*3��B�;��C0/�)2 #SG3K�!LN�&%�7�-�<HR8�}(H�
5�>E9&)2 #�K5���5�-;7�M!�G+8�O7���70'69;%�PF9;P;($)!-&4�V

c ���;L�M!%��&7��T��/&> (H3�4F($)!- 3 ' (=��<H+_<�'69;P ����LNC&���;' -�Q8P#)2'w)GM�)!-;'E��4J�!LN�&%�7�-�<=M!4K��9
)U+8�}/0%��0<=7�C0)�+8�f���J"$%G3�(='E7�-&/0-;' -;1#�m)�-J7�-��2)GM���-F/0����C0)*3mi���S� �/�3�%���)*3#)*�T<�'E�F�;�2��i
<=�GR8%�' ($3�L�+8�2��4�V 4 )�-,5��!1�)G�!%2-�7�M!%�-&4B)�-; d9I�!L��&���I> -& IQ�/&��%�' <=%2C;LN�U)!�I'\M!����/0�&%�C�i52��' <=7���70'E�&4F)GM�)!-;'E�&4e ���-0/&-;> 3�(H3�4T<�'6� �&����<=�2R8%�' (H3aL�+8�G��4B(=�K5�>69;)G #-�7�M!(H���&/0P
M����,5�>E�; ���-

2kbps
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2.Feature Extraction
3.Compression
4.Send data
5.Get recognition result

1.Audio Capture

Client−Recognizer InterfaceClient (using YARROW):

Recognizer
(Decipher)

2kbps data rate
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(Client Recognizer Interface - CRI)
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 )D���
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&�$'
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web server J *1�7)0$(���� %#�7���1� �	
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Daemon

Recognizer Access Server

Thread 1 Thread 2 Thread k

Recognizer(s)

Client 1 Client 2 Client k

web server

applet’s host
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Recognizer Access Server (RAS)
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Network PluginAudio Plugin

Compression Plugin
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3�"$-�<=%�C&L�3�($3�)*3�4�L�+8�G��4�V�38/0��'652�O3

Ja-
va

��> �2�I'{70'6�z<H�#R8(H(H�d/0%2-�<=%��;7�7��&)2' (H7�-;1e�;����S�C;%G)*3#)G3K/����&)GLNP&%�7��;4�QN5��!�T/0�;%2M!"$��'
/0%2P;(;h&�;($3d(H�B���!' )!-& #%G<�>?��4K��S��;%G)*R870�����!4}�0/0P�9IC0/&-;'E�a(H �<H9I��9;%�'670M��23o/����&)GLNP&%�7��
� platform independed language � V�y\'6���2�o<�> ����'N9;C&)2'{)GM�)!-;' -d���z/&%2M�/0��'����J<�> �2��'-�/0%�-�<=%2�;7�7��&)2' (H7�P;4F<�'6���; �)GM!4e)2' 4J����' )!-; #%*<�>?�!4F(H�F9IC0/0-I'6� C0�#�#3a<H�#R8(H(H� /0%2-�i
<=%2�;7�7��&)2' (H7�-;1z9I�;'\($)*3�(H #��M�"$��'E�d3�(H1#�25��!($3o)!-& d9&R85�':9I�a�; �)!-&1z70�})*3��o'65����&)*�
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7#3�"$�&�2� � virtual machine � )*3�4 Java
7�M!($+ �!��P&4�/0%2+l)!-09IP��#��-& }/&-& T-���-;7�C&|���)��I'

Java Native Interface - (JNI)
V

k
platform dependent

9&R85�':9I�&4m<=%�C;L=)*3#9I�}(H�
C
9I�;'\7���)��0<H�#+l)*)2> (H)*3#9;�F(H�

h;' h0�0' -����#9&3$Q&3�-0/0-I>?��L�-;%2)*R8�2��)!�;'��&/0Pf)�-��
java

9;R85�':9I�O)�-; 
audio plugin

(H�
run-

time
<�'6���2�a�U/;' )2�U��M!(H��'\)2' 4B|23#)�-;1#7��!����4}����' )!-& #%G<�>E�!4

(recording/rendering)
V �

/����0)2L�P;%270��($)*3��.-0/0-I>?��MU<�' ���Y3O ���-&/0-;>:3�($3O�!> ���;'�)!-�����' )�-; #%G<�':9IP�(H1#(H)*3�7��
Linux

V
� �;%2P����d�& �)GC�Qx- audio driver

� /0-; o"$%G3�(�'67�-&/0-I':���=3#9I��Qx �/0C;%2"$��'�5�'6�0��M!(='E7�-&4T(=�
P�����4�)�' 4f/����&)GL�P;%�7��!4

UNIX
V

Compression Plugin

J - plugin
�& �)GPO"$%23�(='E7�-0/&-;'E�!> � clients

)!-; j9I�!L��&���;> -; �f� h0��M�/0� package sri.star
.coding.clients � <�'6�t��� ��/&' )G����M!(H��' )*3�9;+85�'69;-&/0-I> 3�($3$V�3A> ���;'8)�- /���M!-��zh&�&(�':9IP
plugin

Q_/0-; z"$%23�(='67�-&/0-I'6��>_P��#3d)G3d)G�!"$��-���-�<�>E�a/0-; d�;�2�&/�)G1#";�=3#9I�m<�'6���; �)*�d)G3��
��%G<=�;(=>E��V

•
k

feature producer client (fpc)
�!> ���;'; �/0�!1��� #��-&4�<�'6�T���T�!L��;%270P&(H��'

front-
end

�&��C0�� #(H3j($)!-u(H��7���)*3�4l9I #7��&)�-;7�-;%2L���4_/0-; 
/0�I>E%��2��'G�0/0P.)!-
AudioPlu-

gin
V J -F�0/0-�)GM�����(=7��K��> �2�I'IM!�2�;4j/;> ���09I�;4 MxN

P&/0-; 
N
�!> ���;';)!-K7�MU<=�U��-;4

)!-& 
feature

/0-& z/0�&%�C0<=-& #7�� � /HV6"{V�p � <�'E� Cepstrum � 9;�I' M -��;%�' ��7�P;4
)�+8�

frames
V

•
k

quantizer client (qc)
9�h&�;�2)2>E|���'*)!-

feature
"$%23�(='670-0/0-I':R8�2)!�&4AM�����(H"I��7��

9;+85�'69;-&/0-I> 3�($3�4�P&/�+84O�& �)2PB)�+8�
2 kbps

V
•
k

ascii gziped writer (agw)
5G3�7&' -; #%G<=�!>w70'E�,(H #7#/&'E�!(H7�M!�G3��;�2�&/0�;%2C;($)!�#i

($3F)�-; B90h&�;�G)2' (H70M���-; 
feature

)*3��T-&/0-I>E�e�&%G<=P#)G�!%��B�N�e<=%2C ����'�($)!-
socket�6/0%�-;4 ��)�-����;�2�0<=�2+8%�' ($)*� � )�-O-&/0-I> -.523�70' -& #%G<=��> )��I'��0/&Pj)!- Network Plugin � V

Network Pluginc  �)GPm)!-
plugin

��> ���;'0 �/0�!1��� #��-m<�'6�m)*3��O5�':9;)G #�09;����/&':9I-I' �2+8��>?��70��)�-��O�;����<=�2+8%�' i
($)*�$V � �I>E%����!'�(H�;�}�!> (=-&5�-e)�-z(= #7#/&'6�!(H70M���- feature

Q{)�-z70�U)!�;5�>?52��'N($)!-��T�;�2�0<=�G+wi
%�' ($)*�F9;�I'$�;�2�&9;)GCT)!-F�&/0-#)GM����!(H7��F)*3�4O�;�2�0<=�2R8%�' ($3�4�V
���������

Batch recognition applet

4 �.�; �)*�m)*3}/0�&%�C0<=%2�;L�-m/0�!%�' <=%2C;L���)!�;';3T"$%2��($3m)U+8� plugins
�&/0PT70'E�K�&/��#�T�!L��;%�i

7�-�<H� � applet � <�'E� batch
�&����<=�2R8%�' (H3$V�v ku/�+84jL��I> ����)��I'#9I�I'�($)2' 4.�U/&P&7��!���!4
�!'69;P0�2�!4

)�-; 
applet

Q= �/0C;%2"$-; #� 5 panels � /0C&������4 � V J � � /&%GRl)!�F"$%23�(='E7�-0/&-;' -;1#�f)!� � plu-
gins

)*3�4m/0%�-&3�<=-&1#7��!�23�4f/&�&%���<=%�C;L�-; B�;�G)2> (H)�-I' "$�=Q��!�2R )!- 5 -a�!> ���;'N)!-d(H1#(H)*3�7��
� �  	G-*1
 *1�	$'� � ���
�

Open Sound System (www.4front-tech.com
3
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h&-0������'E�&4J)!-& �"$%2��($)*3$V 4 �F9;C0���eM������&/0P�)!� � /0%GRl)!��/&C&������4�QY �/0C;%2"$-; #�z5�'6��i��M!(='67��!4 g /0�!%�' -#"$M�4�V � /0%GRl)G3 � /0�!%�' -#"I����/&':��-�<HR8�zi settings area � Q���/&' )G%2M�/0��'($)�-}"$%2��($)*3f����9;�0��-;%�> (H��'�)�' 4j/0�;%2�;7�M�)G%�-& #4 ����' )�-; #%*<�>?�;4�Q0�!�GR,3�5��!1�)G�!%G3 � /0�!%�' -#"I������!%*<=��'6R8�Oi
action area � QN���e�U/;' )2�U��M!(H��'N)*3��}�;�G)�> ($)�-I' "I3K����' )�-; #%G<�>E�e)!-& K/0�&%�P��*i)�-;4f/&C&����� � /HV6"{V.(= #7#/&>?��(H3B<�'6�J)!- Compress Panel � V J M���-&4�Q�9;-I' �2�T<�'E�oP����J)��

panels
��> �2�I'&3�/&��%�' -#"I�T7#3��2 #70C0)�+8� � Message Console � Q$3}-&/0-;>?�}5�> ���!'&/��#3�%�-;L�-�i%�>?�!4.9I�&)GCK)G3B5�'EC&%29;��'E�B)*3�4O����' )!-& #%G<�>E�;4�)!-& T/&�U��C&)*3$V 4 )G3B(H #�2M!"$��'6�e�!S2��)GC;|��U)!�I'$3���!' )!-& #%G<�>?�K)!-& }9IC0���u/0C&�����T"I+8%�' ($)GC�V

4 "I��7�� 7IV87I~
AudioPanel

Audio Panel

J - Audio Panel � h0��M�/0� 4 "I��7��.7IV87 � /0�!%�'6���&7�h&C;���!'N��/&'6��-�<=M�4�/0-; F�;LN-&%�-&1#��)*3��/&' ($)GP#)*3#)!��)*3�4Y3�"$-�<=%�C;L=3�($3�4�Q�9I����R84Y�; �)*�.9I�0��-&%�>?|2��'�)!-
front-end

/0-; ����f"$%G3�(=' i
7�-0/&-;' 3�����> V c  �)2P&7��&)!�m����MU<="$��)��I'&)�-T��>?52-;4

codebooks
/0-; f �/0C;%�"$-& #�.9;�I'&�&���; �)GC

M�"$-; #�O/0�;%��&";����>;<�'E�B/0�;%�C&5���' <=70�=QI7�P���-}<�'6�F ��=3#�#��4./&' ($)GP�)*3#)��;4O��"$-�QI)GP#)G�.3T�U/;' i
��-�<H�J<�'6��"$�&7#3#�#�o/;' (H)GP#)*3#)!�,�0/&�����!%*<=-&/0-I'6��> )!�;' V 38/;':/���M!-��e �/0C;%2"$��'{9I�;'��U/;':��-�<H�
<�'6�T)*3��f"$%G3�($3

JNI (java SDK 1)
�

java SDK 2
9&R85�':9I�m<�'6�B)*3��O3�"$-�<=%�C&L�3�($3$V

4 )*3���/0�!%�' -#"I�B�����!%*<=��'6R8�0Q;-B"$%G��(H)*3�4u9;�&����> )��I'$���T9;�0��-;%�> (=�!';70'E�B/0%�P#)!�&(H3�<�'E�K��>:i(H-&5�-O($)!-
front-end

V_�a/0-;%��!>����O��/&':��M!S��!'����u3�"$-�<=%2�;L���(H��'27&'6����M!��9; #7��&)!-&7�-;%�L=�
"$%G3�(='E7�-&/0-;'6R8�G)!�;4j)!� � audio buttons

�m���}5�'E�0��M!S��!';70'E�B�&/0P})2' 4.5�'6�0��M!(='E7��!4.�&/0P
)*3K7#/0C;%��K��/&':��-�<H��4f($)��e5���S�'6C�V
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Compress Panel

CompressPanel

4 )�- Compress Panel � h0��M�/0� 4 "I��7���7IV86 � Q�-t"$%G��(H)*3�4d��/&'6��M <=��'A)!- ��>?52-;4J)!-& 
feature

/0-; O���m/0�;%2�;";����> � Single
�

Cepstrum � 9I�;'0)!-T�!>?5�-&4�90h&�&�2)2' (H7�-;1 � Index�
Centroid Coded � V 4 )*3��,/&��%�' -#"I� �!�2�!%G<=�!'6R8�0Q� �/&C&%�"$-& #��)!- 9I-; #7#/&>
M!���&%�SG3

� Start button � 9I�;'�3O7#/0C;%��O/0%�-&P;52-; � progress bar � /0-; �52��> "$����'�)�-f/0-&(=-&($)2PO)*3�4�U9;)G����-;1#7��!�G3�4_�!%*<=�;(=>?�&4w/0-; 
M!"$��'!<�> �2��'*M�+84_)*R8%���V 4 �_�& �)GP.)!-j/0C;���U����/&' )G����-;1#�G)!�I'52 #-T�!%G<=�&(=>?�!4�~_3f/0�;%2�0<H+_<H��)!-& 
feature

�&/0Pm)�-
front-end

9I�;'&-}90h&�&�2)2' (H7�P;4j7��
h&C&($3T)!-J��/&':���U<=7�M!��-K(H"I��7��e9;+85�'69;-&/0-I> 3�($3�4�V

RecognizePanel

4 )�- Recognize Panel
Q&-�"$%G��(H)*3�4
�0/0��Cf��/&':��MU<=��'0)�-�9;-; #7#/&>

start
<�'6�m�2��($)��&������>

3m9;+85�':9I-0/0-I' 3�7�M!�23�L�+8�G�}($)!-����!S2 �/03�%2��)*3#)*��<�'6�K�&����<=�2R8%�' (H3$Vw���I'I�!5GRtP&/�+84j9I�I'
($)*3B/0�!%�' -#"I�B�����!%*<=��'6R8�O)�-; T/0%�-&3�<=-&1#7��!��-& �/0C;�2���$Q$ �/0C;%2"$��'$7�/0C&%��B/&%2-;P&5�-; f/0-; 
���23�7��!%2R8�2��'2)�-f"$%G��($)G3j<�'E��)*3./&%2P;-&5�-u)*3�4 �&����<=�2R8%�' (H3�4�V 4 )*3./&��%�' -#"I�u��/&'6��-�<HR8�0Q-o"$%G��($)G3�4f7#/0-;%��!>N���K9I�0��-&%�> (H��'=)*3��T5�'E�!1��� #�2(H3

IP
9I�;'�)!-

port
)�-; K7�3�"$�&�2��7���i

)�-;4d($)!- -&/0-I> - )G%�M!"$��'A-
daemon � ($)*3 /0�!%�>E/�)�+8($3 /&-& ,3 �!L��;%270-�<H��52�!����> ���;'

applet � V 4 )*3��d��'69;P�����7IV<9zh0��M�/0-& #70�KP#)2'8-
daemon

)G%2M!"$��'_($)!-�)!-0/;':9IP 7#3�"$C�i
�G3�7���Q$�0�#��CFL� #(�':9ICK-&/0-;'E�&52�#/0-#)2�jMU<H9; #%23}5�'E��1��N #�2($3T7#/&-&%���>H���T9;�0��-;%�' ($)2�!> � /HV6"{Vp 5 9;V g 9;V8:IV p g 6 � V J - Network plugin

�����;�2�&��C#h&��'{)G3��F��/&'69;-I' �2+8��>?�z7��})!-��e�&����i
<=�G+8%�' ($)*�m9;�I'070P��0' 4u�;�2�&9&)G3�����>#)!-T�0/0-�)GM�����(=7��m)*3�4j�;�2�0<=�2R8%�' ($3�4�Q0���}��70L��;��' ($)2�!>
($)*3�7#/0C;%���9;��'670M���-; d/0-; zh&%�> ($9I��)��I'l($)!-�/&C&�2+ 70M�%�-;4K)!-& a/0C;�2��� � Recognition
Result � V
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4 "I��7�� 7IV<9;~
Recognize Panel

4 "I��7�� 7IV8:I~
Help Panel

HelpPanel

J -o)GM�)��;%2)�-o9I�I'N)G������ �)!�I> -o/0�;�2���F��> �2�I'=3Kh&-&������'6�e<�'E�o)*3J����' )�-; #%*<�>?�J)!-& applet/0-& }/&��%�':���;7�h&C;�2��'�~
•
c �2�&�� �)2':9IPB-;5G3�<=PB<�'6�eP����!4�)2' 4O����' )!-; #%*<�>?�!4�)�-; 

applet

• J �!"$��'69&� �&��C&�� #($3�/0-; �/0�!%�':���;7�h&C;�2��'A)*3��,)G�!"$��-���-�<�>E�t(H #7�/&>E�!($3�4�L�+8�G��4/0-; T"$%23�(='67�-&/0-I'6��>$)!-
applet



� � ��� � � F � & ���#��� ��� � �

����� � ��`o�����Y���}`d�.
\�
•
c %2"H'69;C�Q�)�-���> (H�;7��dP�)2' 3 /;' - ($3�7��;�G)2'69&�t�!L��;%�7�-�<H� �;�2�0<=�2R8%�' ($3�4aL=+8�2��4
($)!-J"IR8%2-K)U+8�m)*3#����/&'69;-I' �2+8��':R8�&Q=��> ���;'$3T/0%2P;(;h&�;($3B(H��/��#3�%�-;L�-;%�>?�!4.70M�(H+
5�':9;)G1#-; mL�+8�2��4 � PSTN

�
GSM � �&/0PF($)��0���!%�CK�T9$' �23#)GCB)G3#��M�L�+8���=V

• 4 )*3 (H #��M!"$�!'E� �;�2�&��1#(H�;7��o)2' 4,%���<=5��;>?�!4z�!S2���0>?S2��' 4�($)�- "IR8%2- )U+8� �&(H1#%*i
7��&)�+8�o�U/;':9I-;' �G+8��':R8�o7��B)*3��z�!7�LNC&��' ($3a(H #(H9;�! �R8�oP&/�+84

pdas
9I�;'\9$' �23#)GC

��M!�&4�<=�����!C&4m7��m52 #���&)GP#)*3#)!�o/0%�P&(Ih&�&($3�4m(H�m�&(=1#%27��&)!�d5�>69;)G #�o5���5�-;7�M!�G+8�
� 802.11, GPRS � V � "$%2��($3�)*3�4Y9&+85�':9I-0/&-;> 3�(H3�48L=+8�2��4l�; �)*��48)*3�4Y��%G<=�;(=>E�;4(H�m)GM�)!-;'E�!4B(H #($9I�! #M�4�Qx9;�0�N' ($)GC�5� #�2�&)*�o)*3��F/0%�P&(;h&�;($3z(H�} �/�3�%��!(=>?��4T�;���#i
<=�2R8%�' ($3�4FL=+8�2��4T7��mh&C;($3a)�-�7�-��2)GM���-�/0����C0)G3�i ��S� �/�3�%���)*3#)*�d7��K�U��C;"H' ($)!-
9IP&(H)�-;4�QI��P�<H+ )�-; }/0-���1B7&':9I%2-;1}%2 ���70-&1T5��!52-;7�M!�G+8� � 2kbps � V

• J ����-&4�Q�52R8(H�;7���M!�2�f/0�&%�C;52��' <=7��m��LN�;%27�-�<H��4 9I�0)!�;�2�!7#3�7�M!�23�4��&����<=�2R8%�' (H3�4L�+8�G��4�QN($)!-z-0/&-;> -J"$%23�(='67�-&/0-I':��(H�;7��f)��z(= #($)*��7��&)��
Yarrow & Decipher($)!-��e/0����C&)*3o9;�I'\��S� �/�3�%���)*3#)*�z�;�G)2> (H)�-I' "$�=V 3YS��U)2C&(H�;7��m)*3��e����' )�-; #%*<�'69;P�i

)*3#)!�,)!-& a/0����C&)*3d9I�;'w)!-��J)G%�P&/0-,��/&':9I-;' �G+8��>?�&4B70�T)�-0�z�&���0<=�G+8%�' ($)*�$Ql52��>:i
"$��-��2)��;4
M�)G(=';/�+84.7#/0-;%2��>;�2�m"I)2' ($)G��>$7&'6�}/0%���<=70�0)2'69&�m�!L��;%270-�<H���� �/�3�%2�!(=>?�
/0C;�2+t(=�u�; �)GPF)�-e7�-��2)GM���-�V
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pda

� �

� ����	 
 ����� � � �	��� ���

� �

 �t	��m���������
4 )�-o9I�!L�C&���I' -e�; �)GPF���o�!S2��)GC;(H-; #7���)�-o(=����C;%�' -e/0����C0)G3�i ��S� �/�3�%���)*3#)*�K)!-; B/0%�-03�i<=-&1#7��!��-& �9I�!L��&���I> -& IQYP&/0-; �<�'6� /0����C&)*3 "$%23�(='670-0/0-I' -&1#70�zM!�2�

pda
9;�I'Y3 �&����i

<=�GR8%�' ($3K<�> ���U)!�I'
live

Q{P&/�+84O���o�&/0�I' )�-;1#(H�m-0/0-I'6�;52�#/0-#)G��/0%��0<=7��0)�':9;�F�!L��;%�7�-�<H�$V
� MU<=-��2)��;4

live
�;�2�0<=�GR8%�' ($3$Q$�!�2��-&-;1#7��uP#)2'H3B9&+85�':9I-&/0-;>:3�($3}9;�I'H�;�2�0<=�2R8%�' ($3T)*3�4

L=+8�2��4.���}<�> �2��)!�;'$�&/0PT)G3B($)2' <=7#�B/0-; }�&%�"H>?|2��'&3}3�"$-�<=%2C;L=3�(H3m)!-; �/&%2-;4��&����<=�2Rwi
%�' ($3�7#3��21#70�0)!-&4}9I�I'�P#"H'w7���)GCa)�-�)GM���-;4T�& �)*��4KP0/�+84T(= #7�h&�;> ���!'x($)*3z/&��%�>E/�)U+8(H3
)*3�4

batch � �;�2�0<=�2R8%�' ($3�4�V �  #(=':9ICe<�'6�J���F��> �2�I'H��/&' )G #"I��4�3K�!L��;%�7�-�<H�}���e/0%�MU/&�!'
3

live
9&+85�':9I-0/&-;> 3�(H3}���T<�> ���U)!�I'H(H�u/0%���<=70�0)2'69;PF"$%2P0�2- � Real Time � V

� ��� � ���Y�.]�
l�j��	���
�	�]��Z
\[u�
Zaurus pda

J - pda
/&-& ��/&':��M!";�=3#9I�d��> �2�I'A)�-

Zaurus SL5000D
� )*3�4

Sharp
Q�M!�2�

linux
based pda

)G3�4O9;�&)*3�<=-;%�>?�;4
pocket pc

V 3A> �2�I'I)!-K/&%GRl)!-
pda

($)�-e-&/0-;> -FM!"$�!'$<�> ����'
5�'E����M!(='E7#3B3

J2ME CDC
9;�I'H5�'6�0��M�)G��'$)!�F/0�&%��&9;C&)U+ "$�;%2�&9;)*3�%�' ($)�':9ICz~

• 206 Mhz StrongArm processor, 16 MB ROM, 32 MB storage + RAM

• Linux kernel 2.4.6-rmk1-np2-embedix, J2ME CDC personal profile
� �I$1&0 ��P������� � E ������G-�����	$ %-�7E , batch & live

3 "-�0�7%($<���7���1$ ��Q�� *1�1$1&�$<���(�1��
 )0$<*1�
features

G($<�)��7� ������G-�����	$ %-��� )2�
zero-mean cepstrum & rasta cepstrum

���D)�� %#)2�1$ "-�
�
Developer

� *1&���%-�F)��� 
pda

� ��
2��&DB0���!*#
P%�
 &	$<
 ���0B &�$<��G#@��!$ %���/ �����!G�����������)�$ %�����Q )D�7E
Trolltech

G�$'�
Zaurus
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Floating & fixed point

��&A( � � ���)( B 1 � �

@T #($)G #"IR84BP&/�+84}P����z)!�
pdas

Q_M�)G(='�9;�I'{)!-
Zaurus

52�m5�'6�0��M�)G��'�7�-���C&5��J9$' i
�G3#)*��4m �/0-;5�'E�&(H)�-��#��4

Floating Point Unit (fpu)
V c �T($9I�!L=)G��>N9I�&����> 4�P#)2'N3e9;+wi

5�'69;-&/0-I> 3�($3fh&�&(=>?|��U)!�I'&(=�
floating-point

�&%�' ��7#3#)2'69&�$QI)GP�)G�.> ($+84��;�2�;%2+l)*3�����>&/�+84
���o<�> �2��)!�;'{���J)G%�M!"$�!'�)�-

Yarrow
�o-0/0-I'6�;52�#/0-#)G��C&�#�#3o�!L��;%270-�<H�K/0-; J"$%G3�(='E7�-�i

/0-;'E��>
floating-point

�&%�' ��7#3#)2'69&�$Q�($)!-
Zaurus

V � �&/0C&�2)*3�($3���> ���I'_P#)2'8 �/&C&%�"$��'
M����

module
($)!-

kernel
/0-; a/0%2-;(H-;7�-I':R8���!'_P����!4F)2' 4

floating-point
����' )�-; #%G<�> i

��4�V J -J9;P;($)!-&4�P&7#+84�)*3�4f/&%2-;(H-;7�-;>E+8($3�4���> �2�I'��&%29;��)GCe�&9;%�' h&PJ(H�O)!�;"$1�)*3#)���Q{7���0/0-�)GM�����(=7��m3f/0�;%2�0<H+_<H��9I�;'&7�P���-�)�-; 
cepstrum

�����&/0�I' )2�!>I"$%�P���-�70� <=�&��1�)G�!%�-
�0/0-

Real Time � p#V g L�-;%2M!4 � Vfv 38)G(='w�&/0-;L��;(=> ($)*3#9I�f���d523�70' -; #%*<H3�����>\70'6� fixed-
point

M�9I52-;($3})!-& 
Yarrow

QN7���)*3��m���#/&>E5��KP�)2'I���F)G%�M!"$�!'=(H��/0%���<=70�0)2'69;PF"$%2P0�2-�Q
�&LN-&1F52�!�����z"$%23�(='E7�-0/&-;'E�!>{�;%�' ��7#3#)2'69&�J9$' �23#)*��4� �/&-&5�'6�;($)!-��#��4f9I�;'NM�)G(='{���o��> ���;'
/&' -T<=%2��<=-&%23$V J �K��%2+l)*��7��&)!�}/0-& �/0%�-&M�9I ����;�uP&(H-T�;LN-&%�Cm)*3m"$%2��($3}�&%�' ��7#3#)�':9;��4($)��0���!%2��4� �/0-;5�'E�&($)!-��#��4O��> ���I'{~
p#V.���F�!> ���;'$�!L{':9;)*�T3T9;+85�'69;-&/0-I> 3�($3T(H�u/0%���<=7��&)2'69;PF"$%2P���-��
g V.���}��/�3�%���C;(H��'#)G3��O�09I%�>:h&��'6�f)*3�4
9;+85�'69;-&/0-I> 3�($3�4
R8($)2���2�m7���':R8(=�!'&)*3��O�&/0P�i5�-&(H3m)G3�4��&���0<=�GR8%�' ($3�4 �

� ���
Floating & fixed point

���
	 �F`z�

�	�]��
� �&%�' ��7#3#)�':9;�,9I' �G3#)*��4e �/0-;5�'E�&(H)�-��#��4J"$%23�(='67�-&/0-I'6��> )!�;'l(=�FP���-; #4K)!-; #4e(=1�<="$%2-�i
�2-; #4F �/&-���-�<�' (H)GM!4J<�'6��P����!4e)2' 4o�!L��;%�7�-�<=M!4B/0-; a"$%23�(='E7�-0/&-;' -;1#�z/0%���<=70�0)2'69;-;1#4
�&%�' ��7�-;1#4�VT��C&�0' ($)!�d)!�

fpus
M�"$-; #�K�!S����0' ";�N�!>x(H�m)GM�)�-I' -dh&����70Pd/0-; J-;'�/0%�C&S���' 4

7��f/&%2�0<=7��&)2':9I-&1#4��&%�' ��7�-;1#4}M!"$-& #�m<�> �2��'N)GP;(H-J<=%2��<=-;%2�!4fP;(H-J9I�;'{-I'{/0%�C;S2��' 4�70�
�09I�!%2�I> -& #4�Vmk h&�&(='69;P;4m��P�<=-&4m/0-; J52�m"$%23�(='67�-&/0-I' -&1#�2)��I'\(H��(= #($9;�! #M!4TP&/�+84m)��
pdas

��> ���;'\P#)2'_-I'w/0�!%�' (=(HP#)G�!%���4F)GM�)!-;'E��4J(H #(H9;�! #M!4KL�)2'6C;"I)*3#9I�&�e<�'E������)G%2M!"$-; #�
integer based

�!LN�&%�7�-�<=M!4�V 38/&'6/���M!-��B��P�<=-I'{�0/&-#)G����-&1#�})!-d��/&'6/0%�P&(I�N�U)!-z9IP;($)�-;4
����P;4

fpu
P;(H-O�&LN-;%2Cu)*3u)2'67��$Q#)*3���9;�&)!�&��C0�#+8(H3.�!�2M!%G<=��'6�;4l9;�I'2)�-0�
�U/;':/���M!-���"IR8%�-�V

� �;%�' ��7#3#)2'69&�K(H)��0���!%G��4f �/0-&5�'6�;($)!-��#��4� �/���%�S2��'65�'6�I> )G�!%��K5�'6�;52�!5�-&7�M!�23�/&-��#��C
"$%2P���'6�e/0%�' �&QH/0-; B/&-��#��-;>N �/0-���-�<�' ($)GM!4m52�!�}5�'6MU����)��;�m9;�;�

fpus
�FP�)��;�}�& �)GCe�#)!�&�

�09IP&70� 'E5�'E�;> )G�!%�� �;%*<=C�V 4 ��70��%���h&%�> ($9I��'8�!LN�&%�7�-�<H��(H�J/0�!%�':/�)GR8(H��' 4 embedded(H #($9I�� �R8�mP&/�+84O�& �)2M�4�)�+8�
pdas

9I�;'
smartphones

V
��������� � �'� $���& ��� �"��� �

floating-point
��&�	�� � �#�

v 3Y�2�;4�)2%2P&/0-;4j�;�2�&/0�;%2C;($)!�&($3�4�)�+8�O/0%��0<=7��0)�':9;R8�O�&%�' ��7#R8�O��> �2�I'�3m���U<=P&70���23f��/&' i
($)*3�7�-���':9;�a�;���0/0�;%�C&($)!�;($3 � scientific notation � Q8($)G3��z-0/&-;>?�aM!���&4K�&%�' ��7�P;4K7��M����f7�3�52��9I�&5�':9IP �=3�L{> - � mantissa � /0-��#���&/����;(='6C;|2��)!�;'&7��A)�-}5�M�9;��(=�A9IC&/0-;'E��5�12i�2�;7#3 � exponent � /HV6"{V 2.657 × 10−23 V � floating-point

�&%�' ��7#3#)�':9;�e�&9;-���-; �����>



� � �
Floating & fixed point

��&A( � � ���)( B 1 � �

)�-
ANSI-IEEE 754

/0%�P#)G �/0-e)!-e-&/0-I> -F"$%23�(='E7�-0/&-;'E�!>�)*3��}��/&' ($)*3�70-���'69&�e�&���&/0�#i
%2C;($)!�&($3e7���)*3e5�'E�&LN-&%�CeP#)2'�(H�&�fh&C;($3F"$%23�(='E7�-0/&-;'E�!> )!�I'=)!- g �;�2)2>$<�'E�J)�-�p � 9;�I'M�"$��'H)*3K7�-;%2L��J~

N = (−1)S × M × 2E−127 � float number format � V
J � bits � i g#g "$%23�(='E7�-0/&-;' -;1#�G)!�;'j<�'E� )*3

mantissa M � 7���LN-&%�7��&) M =
1.m22...m0 � Q )�� bits g#� i �#� <�'E� )!- exponent E

9;�I'_)!-
bit � pF<�'E� )!- /0%2P;($3�i7�-

S
V � %23�(='67�-&/0-I':R8�2)��;4m��-;'6/0P��B�; �)GPd)�-a(H"I��7���Q�-z7��U<=�0��1�)2��%�-;4��;%�' �N7�P&4�/0-; 7#/0-;%2��>_�����;���0/0�;%��&($)!�0����>x��> �2�I'x-

±(2 − 2−23) × 2128 = ±6.8 × 1038 Ql�!�GR -
70':9I%2P�)G�!%2-;4��!> ���;'

±1.0 × 2−127 = ±5.9 × 10−39 V
��������� � �'� $���& ��� �"��� �

fixed-point
��&�	�� � �#�

�a/0-;%�-&1#7��Y�U/;> ($3�4��2�O�;�2�&/0�;%2�;($)*��(=-& #7��8/0%2�0<=7��&)2':9I-;1#4Y�;%�' ��70-&1#4�7��A"$%G��($3��&9;� i
%2�I>6+8�
�;� ����+8%2��(H-& #70�YM!�2�OLN�;�G)!�&(H)2':9IP�($3�7���> -�(H)�-�-0/0-I> -u���uh&%�> ($9I��)��I'�3O �/0-&5�'6��i
($)�-��#�f9;�I'�9IC&��-��2)��;4AP����!4�)2' 4�/0%�C;S2��' 4
M!"$-��G)!�;4 �; �)GPf)�-m52�!5�-&70M���-O �/0P �=3$V � �NM�(H3
)*3�4� �/0-;5�'E�&(H)�-��#��4O9I�0��-&%�>?|2��)!�;'IM!7�7��!(H��QH�&/0PK)!-��m�&%�' ��7�P

bits
/0-& m�N�F5�'6�&)G�U��-;1#�

<�'6�m)*3����&���&/0�&%�C;($)��;($3O)!-& ��09IM!%2�I' -& u9I�;'&5��U9I�;5�'69;-;1.70M�%�-; #4�Q0/0-; O9I����-;%�>E|�-& #��)!-
��1#%�-;4�9IC&�� ��=3�4m)2'E7#R8� � dynamic range � 9;�I'{)*3��e�09I%�> h&��'6�d�&���0/&�&%�C&(H)��;($3�4m)�-; 52��9I�&5�':9I-&1m7�M!%�-& #4 � precision � �;�2)2> ($)!-;' "$��Vy\'6� /0�;%�C&5���' <=70�=QY�;�d5�'6�&)G�U��-;1#��pK6

bits
)GP;(H-�<�'E� )!- �09IM!%2�I' - P;(H-�9I�;'l<�'6�

)�- 5���9;�;5�':9IP 7�M!%�-&4�Q ��� 7#/&-&%�-&1#70�o�2�t�;�2�&/0�;%2�;($)*��(H-; #7��e/0%���<=70�0)2'69;-;1#4z�;%�' �Hi
7�-&1#4�7���)��;S�1

−32768.0
9;�I'

+32767.99998 � )�-z5�'6C;($)*3�70�o7���)��;S21 g 5�'6�;5�-#"H':9;R8��&%�' ��7#R8�����K��> �2�I'
2−16 � � V �#�#�#� pK7 g 7 ; � V c ����/&' �� #70-&1#7���7��U<=�&��1�)G�!%2-K5�'EC&($)G3�7��9;C&�� ��=3�4})�'67#R8�&Q\7#/&-&%�-&1#70�m����5�'E����M!(H-; #7��m/HV6"{V gM5 bits

<�'E��)�-��&9;M!%��;' -d70M�%�-;4
�0�#��C�)GP#)2�B7�M!�2-; #�J7�P���- :

bits
<�'6��)!-,52��9I�&5�':9IPd70M�%�-;4�V 4 �B�& �)G�d)*3a/0�!%�>E/�)�+wi($3$Q0�N�T7#/0-;%2-;1#7��
���m�;���0/0�;%��&($)G��(H-& #70�A)�'67�M!4u�0/0Pfi*: � : : 6 � :�MU+84 
 : � : : 6 � 9;V8; ; 6�0�#��Ce7��

precision
7�P��0' 4 � V �#�#� ; � 6 g 7 � 2−8 � V

J -K/0+84u���K9I�&)��;�2�!7#3��N-&1#�O)2�U�0'69;CF)!� bits
��S��;%G)GC&)!�;'I)2P&(H-F�0/&PK)!-F��/&' �N #70' )GP

precision
Q�P&(H-J9I�I'{�0/0PJ)!-z5�'6C;($)*3�7��z9;C&�� ��=3�4�)2'67#R8�B9;�I'N9;�&)GCKh&C;($3e�!S��&%2)GC&)��I'

�0/0P )*3���L�1#(H3�)*3�4o�!L��;%�7�-�<H��4e/0-& ,��M���-& #7��J��� 7���)!�0)2%2M �N-& #7��e(H�
fixed-point

arithmetic
V�k �&%�' ��7�P;4B)�+8�

bits
/0-; d5�'6�&)2> ��-0�G)!�;'\<�'E��)*3��o�;�2�&/0�;%2C;($)!�&($3d)�-; 

52��9I�&5�':9I-&1�7�M!%�-& #4 � precision bits � 9I����-;%�>E|���'w9;�I'l)!- P0�2-;7���/&-& ,5�> ��-; #7��F(H)�-
fixed-point

�&%�' ��7�P � M!�2�;4 fixed-8
�&%�' ��7�P;4�/HV6"{VY"$%23�(='670-0/0-I'6��>�:

precision bits � V
��������� � � � 
 &
	����

floating & fixed point
���'� $���& ��� �"��� ���

c �u9I�;'&-;'&��M!S��!' 4
floating & fixed

�&���;L�M!%�-��G)!�I'#($)*3��O �/0-;5�'6�;($)�-��#�$Q;)!-T($+8($)GP}�N�
�#)��;�F���d�;���&LN�!%2P#)!�;�m(H)���5�'6�;($)*��7��&)���7���)!�&S�1J)U+8�e5�'6�;52-#"H'69&R8�K)2'67#R8�F/0-; o�&����i
/0�&%�' ($)!-&1#�&V c  �)GPo' (H"$1#��' Q{<�'E�0)2>{(H)*3F/&%2�0<=7��&)2':9IP#)*3#)!�o7��

floating-point
�&%�' ��7#3�i

)2':9;��3m �/0-;5�'E�&($)!-��#�}�!> ���;'&($)!�����!%2� � P#"H' floating � Q$(H�.�&�2)2> ���!($3m7��
)*3 fixed-point�&%�' ��7#3#)2'69&�$Q�P0/0-; }7#/0-;%2-;1#7��u�2�KL��;�G)!�;($)�-;1#7��.)*3��m �/0-&5�'6�;($)!-��#�B�2�B9I' �2��> )!�;' � P#"H'



� � �
Floating & fixed point

��&A( � � ���)( B 1 � �

fixed � �&��C0��-�<=�K7��u)�- precision
/0-; T��/&' �� #7�-;1#7���V

38/&'6/���M!-��d(H�
fixed-point

�&%�' ��7#3#)2'69&�,)!- 5�'6C;($)*3�70��7���)��;S�1d)�+8�d5�'6�;52-#"H'69&R8�
)2'67#R8�f/0-; f7#/0-;%�-&1#7��j�2�T�;�2�&/0�;%2�;($)*��(=-& #7�� � )!-B-&/0-I> -TP0/�+84.��>E5��&70��9;�0��-;%�>?|2��)!�;'�0/0P )!- ��/&' �� #7&' )2P

precision � ��> ���I'
($)!�����!%�P � fixed � V c �G)�> ����)���QO7��
floating-

point
�&%�' ��7#3#)�':9;�$Qj)!� 5�'E�&($)G��7��0)!� �; �)GC M!"$-& #��/&-���1 70'69;%�M!4z)2'E7�M!4d9I-��2)GCt($)!-

7#3�52M!�e-;'x-0/&-;>?�!4f<�> ��-��G)!�I'{/0-���1z7��U<=C&���!4}9;�0�=R84}/�3�<=�I> ��-; #7��f/&%2-;4m)2' 4K7�MU<�' ($)G�!4
9;�I'=����C;"H' ($)G�!4f)�'67�M!4f�;�2)2> ($)!-;' "$� � �!S2�I'6%���)2':9ICe7��U<=C0�#3K�&9I%�>:h&��'6�F9;-��2)GCe($)!-o7#3�52M!�3B-0/0-I>?�K($)!�&5�'6�&9ICK7���':R8����)��I'=9;�0�=R84u3B�0/&P��� �)*3B)2'E7#�B)!-& T�;%�' �N7�-&1K�& #S�C&����)��I' � V
���������

Fixed-point
��&�	�� � � �
	�
 �

kO'�h&�&(�':9IM�4m/0%�C;S2��' 4�70�
fixed-point

�&%�' ��7�-;1#4}��> ���;'NLN #(=':9ICo/0�;%�P&7�-I'6�!4m7��f�; �)GM!4
)U+8�}�&9;�!%��;>E+8�0Q;7���)*3B5�'6�;L�-;%�Cmh&M h&�;'E�FP#)�'$���F/0%�M�/0��'$/0C;�G)!�e�2�K/0�;>?%��2-; #7��u �/0P ��3
7��&4B)�-�/�+84B��/�3�%��!C&|���'�)!-�52��9I�&5�':9IPd7�M!%�-&4})G3��K/0%�C;SG3$VJkO'�/0%�C;S2��' 4B7���)!�0)G%�-&/���4
�0/0Pe9I�;'=/0%�-&4

fixed-8
�;%�' ��70-&1#4�Q�9;�0�=R84O9I�;'�-I'=/&%2C;S2��' 4�7���)!�&S�1

fixed-8
�;%�' ��7#R8�

�09I-���-& ��N-&1#��($)*3B(H #��M!"$�!'E�d~
itofx(x) (x << 8) // Integer to fixed point

ftofx(x) (x * 256) // Float to fixed point

fxtoi(x) (x >> 8) // Fixed point to integer

fxtof(x) ((float)(x) / 256) // Fixed point to float

Addfx(x,y) (x + y) // Add 2 fixed numbers

Subfx(x,y) (x - y) // Subtract 2 fixed numbers

Mulfx(x,y) ((y * x) >> 8) // Multiply 2 fixed numbers

Divfx(x,y) ((y << 8) / x) // Divide 2 fixed numbers

c 4K�&%�"H> (H-; #7��}7��})*3d7���)!�0)2%2-&/��d�&9;�!%��;>E+8�B(H�
fixed-8

�;%�' ��7�-;1#4�V J -�7�P���-/0-& }"$%���'6C;|2��)!�;'$���}<�> �2��' Q;��> �2�I'I�0/0��CB�2�K5G3�70' -; #%*<H��(=-& #7��.)!-K5��U9I�;5�'69;PT7�M!%�-&4.9IC#i
�2-��2)!�&4B�;%�' (H)G�!%G��-��0> (I�=3�($3 � shift � )!-; a�&9;�!%��;> -; e9;�&)GC :

bits
Q_/0-; d�;�G)2' ($)!-I' "$��>

(H�T/0-��#���&/����;(='6�;(H7�P�7�� g 7 6IV 4 )*3��e/0�!%�>6/0)U+8($3�7���)��&)G%�-0/0��4B�0/&P floats
Q8�U/;> ($3�4

�0/���Cd/0-��#���&/����&(�'6C;|2-; #7��}7�� g 7 6 � �&�K9;C;�2�;7���-��0> (I�=3�($3 :
bits

���d/&M�%����&7��f��C#i
��-&4J�&/0-#)GM����!(H7�� P&7#+84�Ql9I�0�=R84FP&/�+84J��>E5��;7��}/0�;%2�&/0C;�G+ )�- L�-;%270C0)e)U+8�

floats�!> ���;'N5�'6�;L�-;%2��)2'69;Pe�&/0Po�& �)2PJ)U+8�B�&9I��%��I>6+8� � V J -o�09I%�' h0R84f�;�G)�> ����)�-z' (H"$1#��'�P�)��;���M���-& #7��.�2�K7���)��&)G%�M �N-; #7���M!�2�
fixed-8

�;%�' �N7�PK(H�.�09IM!%2�I' -}�
float

V 4 )*3��f/0%GRl)G3/0�!%�>E/�)�+8($3o9;C;��-& #7��O-��0> ($�=3�($3z5���S�'6Cz9;�&)GC :
bits � -; #(='6�;($)2'69;Ca��S��&���!>?LN-��G)!�;4O)�-52��9I�&5�':9IPB7�M!%�-&4 � Q$�!�GR ($)G3K52�!1�)G�!%23T�0/���Ce5�'6�I'6%�-&1#7��u7�� g 7 6IVc 4o�!S���)GC&(=-& #7��K)*R8%���)2' 4o/0%�C;S2��' 4o7���)��;S�1

fixed-8
�;%�' ��7#R8�&V yw'6� )*3��d/&%2P�i

(I���!($3t9;�I' )*3����;LN�;>?%2�!($3 52�!�,"$%���'6C;|2��)!�;' ��� 9;C;��-& #7��o�&/0-���1�)�+84�)2>E/0-#)!� ~ ��>:i
�2�I'w�09I%�' h0R84T(H�;�J)*3��e/0%2P;(I���!($3a9;�I'\�&LN�;>?%���(H3z�09I�!%2�I>6+8�&V c  �)GP�/0%�-09I1�/�)G��'w�!12i
9;-���� �&�z(H9;�!L�)�-;1#7��KP�)2'8M!���&4

fixed-8
�&%�' ��7�P;4e/0%2-&9I1�/�)G��'l�&/0P M!�����09IM!%2�I' - � �



� � �
Floating & fixed point

��&A( � � ���)( B 1 � �

float � �0/0��CF/&-��#���0/����;(='EC&|�-��2)��;4�7��O)!-��T�;%�' �N7�P f = 28 V J P#)G�O�;� x
9I�;'

y
��> �2�I'

52 #-a/HV6"{VF�&9IM�%��I' -I' Qx3
fixed-8

�;�2�&/0�;%2C;($)!�&($3J)!-& d����%�-I> (H7��&)GP&4})!-; #4}�����!> ���;'_~
(x + y) × f = x × f + y × f

Q�5G3#���;5G�J�&/���Cz)!-aC0��%�-;' (H70�z)�+8�
fixed-8

�;�2�&/0��i
%2�;($)GC;(H��R8�f)!-; #4�VY���.)G3��m>?5�'E�K��-�<�'69&�$Q=3

fixed-8
�&���&/0�&%�C;($)��;($3})!-& }<�' �2-;7�M!��-& 

)�-; #4����z��> ���I'x~
(x × y) × f = (x × f) × (y × f)/f

QN523#���&52�K)!-o<�' �2P;7��!��-J)U+8�
fixed-8

�;�2�&/0�;%2�;($)GC;(H��R8�o)!-& #4a5�'E� )!-����&%�' ��7�P
f
V � 52�!S�'6C -��0> (I�=3�($3 9;�&)GC : � Vy\'6��)*3d5�'6�I>?%2�!($3J/0%�-09I1�/�)G��'x�&��C0��-�<=��Q�P#)2'x"$%2��'EC&|���)��I'����z/0-��#���&/����;(='6C;(H-; #7��T7��

f � �;%�' (H)G�!%G�B-��0> (I��3�($3B9I�0)GC : � V
��������� � ( ��� �"� $�& ����� !#� � �

fixed-point
��&
	�� ����� �

v 3Y�2��($3�70�!> -�/0-; o/0%�M�/0��'x����)�-0��' (I����>w�!5GR �!> ���;'xP#)2'\($)2' 4K/&%2C;S2��' 4B7��
fixed-point�&%�' ��7�-;1#4���> ���I'H�!1�9;-���-e���F"$�0����>H3F�09I%�>:h&��'6�K�K�2�F/0%�-09I1��N-& #�f/0-���1T���;�*���;(H7�M!���

�0/0-�)G����M�(=7��0)!��V J -�/&%GRl)!- (H #7�h&�;> �2��'lP�)��;�o)!- precision
/0-; �"$%G3�(�'67�-&/0-I' -;1#7��

�!> ���;'�/0-���1z70'69;%�Pa(=�T(H"$M!($3a7��})!-��0/&�;' )!-&1#7��!��- � /HV6",/0%�C&S���' 4B7��m/0-���1d7&':9I%2-;1#4�&%�' ��7�-;1#4 � �jP�)��;��-;'2 �/0-���-�<�' (H7�-I>#�&/0�;' )!-&1#��/&-���1�7��U<=C0��-��;%�' �N7�P�/0%�C&S���+8�0QG-&/0P#)2�($)��;5�'6�&9;CF3B�09I%�> h&��'6�K7���':R8���U)!�I' V
J -e/&' -o521#($9I-���-F/0%2P�h0�#3�7��JP;7#+84�Q=��> ���I'$3K�&/0-;L� �<H� overflows

/&-& B��> �2�I'$9I�I'
��1�9I-���-��2��(H #7�h&-;1#�J�09IP&70�d9I�;'x($)*3a/0�!%�>E/�)�+8($3d/0%�C;S2��+8�K70�U)!�;S21zP#"H'\9I�;'x)GP;(H-
7��U<=C0�#+8���;%�' ��7�R8�0Q
�;L�-;1�M���� 7�M!%2-;4J)�-; �&9I��%��I> -& � /HV6"{V pK6��&/0P )!� �#g bits �"$%2��'6C;|��U)!�I'#<�'E��)G3��.�;�2�&/0�;%2C;($)!�&(H3O)�-; �5��U9I�;5�'69;-;1�7�M!%2-; #4�V�v 3Y)G(='&/HV6"{Vl�09IP;7���9I�;'
70'6�a/0%�P&(I�N��(H3J70�U)!�;S21 g#�#�#�#� V � 9;�I' �#�#�#�#� V � 5�> ����'=i pK7 7 � 6IV � �&�B5��!�B�&/0-���3#9;�! �)G��>/0%2-&3�<=-; #7�M!�2-;4�)�-T�&/0-#)2MU���!(H70��(H�jM�����)G1�/0-T�&9;�!%��;> -; �7���/0�!%�' (H(=P#)G�!%2�

bits � long/0-& M!"$��'�:
bytes

�;�G)2>�<�'6� 5 /&-& tM!"$��'�-
integer � V J - >?5�' - /0%2P�h0�#3�7�� �!> ���;'

h&M h&�I'6���&9;P;7��./&' -OM!�G)!-���-.($)G3j/0�!%�>6/�)�+8($3�)!-; �/0-��#���&/����;(='6�;(H7�-;1IQ#P0/0-; 
��> ���I'�/0-���1
��1�9I-���-K���K(= #7�h&��>H9IC0/&-;' -

overflow
/=V6"{V8/0-��#���&/����&(�'6�;(H7�P;4 7 �#� V � 9;�I'{p �#� V � Vc �.($9I��L�)G��>�9I�&����> 4AP�)2'#)!��5� #-f�; �)GCf/0%2-�h0�#��7��&)��f/0%�-09I1�/�)!-& #���&/0Pf)*3��j)!�; �)GP#i

"$%2-��23}�&��C�<H9;3����T5�'6�&)*3�%G��(=-& #7��u7��U<=C&��-
dynamic range

�&/0PT)*3T70'E�B9I�;'I��/&> (H3�4
7��U<=C0�#3O�&9;%�> h&��'E�O�0/0P�)*3��jC&�#�#3$Q#)GP#)G�8<�> ����)��I'#LN�&���!%2P�P#)�'�/0%�MU/&�!'0�2�.h&%��U����>�3���1#($3
/0-& O���}5�> �2��'�)��m9I�0��1�)G�!%��f�&/0-#)G����M!(H7��&)!�f<�'E�m)*3�(H �<H9I��9;%�'670M��23O/0�!%�>6/�)�+8($3$Q;P0/�+84
L��I> ����)��I'$($)!-���/0�;%2�&9;C&)�+ /;> ���09I��V

4 )�-0� � > ���09I��6IV p#Q.(H �<H9I%�> ��-& #70�o)*3����&/0P;($)��;($3
fixed-point

��9;5�P&(=�U+8��<�'E�
5�'E�&LN-&%���)2':9IP

precision
Q��&/0Pu)*3

float
MU9I5�-&($3
)G3�4YLN�&(H70�0)2'69&��4Y����M!%*<=��'E�&4 � Spectral

Energy � ����P;4 (= �<H9;��9I%�'E7�M!�2-; frame
L�+8�G��4�V � �I> ����)��I'#9I���N�&%�C=Q#P#)�'#)!�

overflows($)*3���/0�!%�>E/�)�+8($3B)�+8� g#� bits
/0%2-&9I�0��-;1#�O/0-���1T7��U<=�&��1�)G�!%G3T�&/0P;($)��;($3B�&/0PeP#)2'H-

��P&%� 2h&-;4f��P�<H+ )!-& J70'69;%�P#)G�!%�-& 
precision � h0��M�/0�}��/&> ($3�4 4 "I��7�� 6IV p � V �
($)GP;(H-)�-�/0%�P#h0�#3�7��f)U+8�

overflows
7#/0-;%2��>������&/0-;L��! #";����>#($)G3�<=����':9;�u/0�!%�>E/�)�+8($3$Q&�&/���C

"$%G3�(='E7�-&/0-;'6R8�G)!�;4K�0' <=P#)G�!%�� � /HV6"{V g#g�� precision bits
���0�#��C;|2-0�G)!�&4})G3��J/0%2C;S23

)�-; T/0-��#���&/����;(='6�;(H7�-;1 � /HV6"{VY(H� (x >> 1) × (y >> 1) >> (23 − 2) � V���u�; �)GPT)!-��O)G%�P0/&-B�&���;7�M!�2��)!�;'I-B�;%�' ��7�P;4.)�+8�
overflows

���T/0�!%�' -;%�' ($)2�!>=(H�



� � �
Floating & fixed point

��&A( � � ���)( B 1 � �

4 "I��7�� 6IV p#~ ����!�BE&A(*�+� spectral energy
� �
��,

frame
-0/'��1�, � � ����� �

float
& fixed-point

� BE@
��� � /'� � J � g#� bits
�!S��&(=L��&�0>E|�-; #�O(H"$�!52P��m7#3�5��!��'69;M!4O5�'6��i

L�-;%2M!4�<�'E�})*3���/�����' -���P#)*3#)!�T)U+8�f($3�7���>6+8�&Q0/&%2-&9;�&��-;1#�.P;7#+84
overflow

V c �G)�> ����)��
7���p 5 bits

 �/0C;%2"$��'��!7�LN�&�2��485�'6�;L�-;%�Cj<�'E��P�����(H"$�!5�P�� )���($3�7���>?�=V J � g#g bits
�!S��#i

(HL��&�0>?|2-; #�})*3o70':9I%�P#)G�!%G3J�&/0P&(H)��;($3o�0/&Po)*3
float

MU9I5�-&($3K<�'6�d)�-a(H �<H9;��9I%�'E7�M!�2-
frame

V



� � �
Fixed-point

� BE@ D��E� � D �
Yarrow � �

precision bits Spectral Energy distance

12 44195
14 17775
16 6713
18 767
20 317
22 53
23 1521030

� > �2�&9I�&4 6IV p#~ � FEG @ & ���+� ��&)( �0��D"�
precision bits

����D
Spectral Energy

distance
� � ���

float
� BE@ D��E� V J � g#g bits

5�> ��-& #�T)G3��e����C;"H' ($)*3a�&/0P;($)!�&($3
7���)��;S21

fixed & floating-point
��9I52P;(H��+8�0V\����'6R8�2-��2)!�&4 )!-��.�;%�' ��7�P�)U+8�

bits
�&/0P

g#g (=�fp g 3T�0/&P&($)!�;($3B($)!�&5�'6�&9;CK�& #S�C&����'&��P�<H+ )!-; T70':9I%2-;1 precision
V c �2)2> ����)!�=Q

�0/0P})!� g#g ($)�� g#� bits
/0%�-&9;1�/�)2�!'&/0-���1m�&/0P#)!-&7#3�9;�I';7��U<=C0�#3m5�'E�&LN-;%2C�Q�/0-; f-;L���>:i

���U)!�I'I($)*3���523�70' -& #%G<�>?�
overflows

QH�&LN-;1�7�P���-epK:
bits � 6 5 i g �2g#��� 5�'6�&)2> �N���2)!�;'&<�'E�)*3����;���0/0�;%�C&($)!�;($3})�-; T�09IM!%2�I' -& }7�M!%�-& #4u9I�0)2CB)!-��f/&-��#���0/����;(='E�&(H70P=V

�U��C;"H' ($)!�d($3�7���>?�o�!�2P;4O/0-���1e70':9I%�-&1B�;%�' ��7�-;1
frames

QNM�)G(�'NR8($)G�f-; #(='E�&($)�':9ICo�2�
M�"$��'_����C;"H' (H)*3���/&>?5�%2�;($3d($)G3��o�&����<=�2R8%�' (H3 � 9;C&)2'\/0-; z�N�,52-;1#7��}9I�;'w($)*3�(H #��M i"$�!'E� � V c �2)2> ����)!�KP;7#+84�QH-T��P;%� 2h&-&4./0-; f�N�F523�70' -& #%G<=��> )��I'H�&/0PT)!-��m70':9I%�PB�&%�' ��7�P
precision bits

Q����O��> �2�I'��!7�L��;�2��4Y($)!�O/0�!%�' (=(HP#)G�!%���($3�7���>?�OP��#+8�
)U+8�
frames

9IC&)2'
/0-& B)G���0':9ICF7#/&-&%���>H���F��/�3�%��!C&(H��'=�&%29;��)GCK)*3��m�&����<=�2R8%�' (H3BP#)��;�m-B��P;%� 2h&-&4.<�> �2��'
(H"$��)2':9ICF70� <=C&��-;4 � /0-���1T70':9I%�P&4O�;%�' �N7�P&4 precision bits � V

� ���
Fixed-point

��]O�A[��f��
\[u�
Yarrow

v ku/�+84���>E5��;7���3B"$%2��($3
floats

�!S2�;(HLN�0�0>?|2��'&)*3K5� #���0)GP�)*3#)��F�&���&/0�&%�C;($)��;($3�4./0-���1
70':9I%GR8�u9I�;'0/0-���1�7��U<=C0�#+8�u�&%�' ��7#R8�&V_����)G3�"$%2��($3f�&9;�!%��;>E+8� � fixed-point � QI9;C&)2')GM�)�-I' -m5��!��7#/0-;%��!>0�2�f��S��;(HL��&�0' ($)G��> Q�<�' v2�; �)GPf��/&' h&C0����)!�;'03�/0%2-;(H��9;)2':9;�O��LN�;%27�-�<H�
)U+8�O/&%2C;S2��+8�uR8($)G�.�2�T�&/0-;L��! #";��-;1#�u)��KP0/0-I'6�}/&%2-�h0�#��7��&)��

overflows & under-
flows

�d7���>6+8(H3�4B)*3�4F�09I%�>:h&��'6�;4�Ve����+8%23#)2':9IC=Q_�; �)GP�($3�7��I> ����'xP#)�'x/&%2M�/0��'x9;�;�2��> 4
�2�m<=�2+8%�>?|��!'&)!-B�!1#%2-;4�)�'67#R8�f/0-& �/0�I>E%����!'&9IC��N��7���)���h0�#3#)*�$QI9IC0)2';)!-K-&/0-I> -m<=�!��'69;C
�!> ���;'I/&-���1B521#(H9;-���-�V

c  �)2P /0-; t7#/0-;%2��>
���t<�> �2��'
($)G3 /&%2C;SG3tP;7#+84�Qu��> �2�I'���� h&%2�U��-;1#�,)!� P&/0-I'6�
($3�7���>E��/0%�-&9;�&��-&1#�K)GM�)�-I'6��/0%�-�h0�#��7��0)!��9;�I'����d<=%2�;L=)!-;1#�K/&' -�/0%�-;(H��9&)2'69;C�VKyw'6�
/0�&%�C;52��' <=7���Qw�;4BLN�&�2)��;($)!-&1#70�BP#)2'wM!"$-& #70�})*3��oM�9;LN%2�;($3,~

x2 × y2 QlP0/0-; o)!- x�!> ���;'{M!���&4f/0C&%��J/0-���1J70'69;%�P&4m�;%�' ��70P&4�Q��!�2R )!-
y
M!���&4�(H"$��)2':9ICz7��U<=C&��-&4�V J P#)2��!> ���;'0/0-���1�9I�&��1�)G�!%2�m�2�m)!-T�&�2)2'69;�&)��;($)*��(=-& #7��j7��
)*3���M�9;LN%��&($3K~

(x× y)2
Q0<�'E�0)�>

�0/0PK)*3T70'6�F52�!���N�KM!"$-& #70��)*3T7���>E+8($3})*3�4O�09I%�> h&��'6�;4�)!-; �/&-��#���0/����;(='E�&(H70-&1}5� #-



� � �
Fixed-point

� BE@ D��E� � D �
Yarrow � �

4 "I��7�� 6IV g ~ ����!�BE&A(*�+� floating & fixed-point(20 bits) front-end fea-
tures

� J -�/0%2Rl)�- (H"I��7�� 5��!> "$����'w)*3��d��/0�!S��!%*<=�;(H7�M!�23a9I #7��&)�-;7�-;%2L����&9I%�' h0R84/0%�' ��)�-��� �/0-���-�<�' (H70Pt)�-; 
fft
V J � ��/0P;7��!�2� (H"I��7��&)��t(H �<H9I%�> ��-& #�d)*3 spectral

energy � �;7�M!($+84�7���)GCT)!-�� fft � Q;)*3��fM!S�-&5�-m)U+8� filterbanks
9I�;';)!-

cepstrum
/&-& 

/0%2-&9I1�/�)�-; #�j70�A)�' 4
floating & fixed-point

��9;5�P;(H��' 4��;�G)�> ($)�-I' "$�=V\v ku/�+84
LN�I> ����)��I' Q
3�"$%2��($3

fixed-point
7�� g#� bits precision

7#/0-;%��!>;���}� <$<= �3��N�!>&)2'E7�M!4j/&-���1�9I-��G)�' i
�2M!4�(H�O�; �)GM!4O/0-; T/0%�-&9;1�/�)!-; #��7��

floating-point
V.kO'�5�'E�&LN-&%�M!4O �/0C;%2"$-; #�0QH�&�#��C

�!> ���;'��!S2�I'6%���)2':9ICF7&':9I%2M!4�Q=)2P&(H-JR8(H)G�O/0%��09;)2'69;CJ���F7#3��T��/�3�%��!C&|�-; #�f)*3��}�&9;%�>:h&�!'E�
9�h&�;�G)�' (=7�-&1}9I�I'$9I�0)GCF(H #��MU/&�!'E�K)G3����&9;%�>:h&�!'E�T�&���0<=�GR8%�' ($3�4�V



� � �
Fixed-point live

� BE@ D��+� ��D �
Yarrow � =

/0-���1B70'69;%2R8�f�;%�' �N7#R8�f9I�I'$�0/&PB)*3��mC0�#�#3T�;�2�I'6%�-;1#7���)*3���/0�!%�>6/�)�+8($3B���B/0C;%�-& #7��
overflow

/0-��#���0/0���&(='EC&|�-��2)��;4u)�-; #4�5� #-K7��U<=C&��-& #4��;%�' �N7�-&1#4�V
����� ��� � 
 &���� �"	 �+���'� � ���#&�	������

fixed-point
( 
 �'��� ���

c LN-&1���-I':/&P���5G3�70' -; #%*<H����3#9;��3
fixed-point

M�9;5�-&(H3O)�-; 
Yarrow

(H1#7�L�+8�2�}7���)!�
/0�&%��&/0C&�2+
Q�MU/&%2��/0�8���O5�'6�&/&' ($)U+_�N�!>�/0P;(H-O9I�0�#���#)!�;�
3u�&9I%�>:h&��'6�u�&����<=�2R8%�' (H3�4�Vxy\'E�
)�-�($9;-&/0PO�; �)GP�MU<�' ���Y(=1�<H9;%�' ($3�)U+8�

features
)!-; 

front-end
7���)!�&S�1.)U+8�

floating-
point & fixed-point

��9I52P;(H��+8� � h0��M�/0� 4 "I��7�� 6IV g�� 9I�;'x/0%�-&M�9I ����m/0��'6%��;7��0)�':9IC
� h0��MU/&� � > �2�&9;� 6IV g�� P#)2'H70� g#� bits

/0�I>E%���-& #7��j)��F9I�0��1�)G�!%��K�&/0-#)G����M!(H7��&)!�=V
4 )�-0� � ' �2�&9;� 6IV g LN�;> �2-0�G)!�;'H)��J�&/0-#)G����M!(H7��&)!�F)G3�4f�;�2�0<=�GR8%�' ($3�4 g#�#� /0%�-#)GC�i(H��+8�m�&/0Pe)!-

test set
)!-& 

ATIS corpus
<�'E�o5�'E�&LN-;%2��)2'69;PF�&%�' ��7�P

precision bits)*3�4
fixed-point

M�9;5�-;($3�4�Vx��� g#� precision bits
�!S��&(HLN�&�0>E|�-& #70�l)*3��.>?5�'6�f��/&>?5�-&($3

�&����<=�2R8%�' (H3�4u70�u�; �)*�T)*3�4
floating-point

M�9I52-;($3�4 � WER
6IV<9 : � � V

precision bits 12 14 16 18 19 20 21 22 23

WER(%) 22.61 6.89 6.88 6.88 6.78 6.78 6.78 7.11 7.22

� > �2�&9I�&4'6IV g ~ � F+G @ & ���+����&)( �0��D"�
precision bits

�+�2�"� ��� �"! �%$'&A(*�+� V8y\'E�
pK;2i g p bits

)!-
WER

��> ���;'N>?5�' -z7��f)*3
float

M�9;5�-;($3$Vj��� g#g 9;�I' g#� bits
 �/&C&%�"$��'

70'6�o70'69;%2�F�;1#S23�($3K)!-& 
WER � /0%�-;L��;�GR84O �/&C&%�"$-& #���0> <=�o7�P���- overflows � Vu���pK:2i p 5 bits

5��!�j �/0C;%�"$�!'&-; #(='6�;($)2'69&�f�;1#S23�($3O)�-; 
WER

(H�
�;�2)2> ���!($3�7�� )!�ep g bits/0-& T�; #S�C&����)��I'$�&/0P#)!-&7���V

����� ��� � �	� ��� � � �
fixed-point

()
��'�������
v c %��K�;L�-;1T�&/0�&�2)*���=3#9I�.)�-e/0%2Rl)�-J�!%2Rl)*3�7��F)*3�4��&9;%�> h&��'E�&4.)*3�4

fixed-point
M�9I52-�i

($3�4�QAM�/0%���/0�K����h&� h&�;'6+_��-;1#7��K/0+84e-  �/0-���-�<�' (H7�P;4J<�> �2��)!�;'w9I�;'8(H�K/&%2�0<=7��&)2':9IP
"$%2P���-�V � %�C�<=7��&)2' Q=3K/&�&%���<H+_<H�K)�-; cepstrum

<�> �2��)!�;'�(H��"$%�P���-K/&��%�>E/0-& 
0.8 ×

RealT ime
Q����2Rt3

floating-point
MU9I5�-&($3T�&/0�I' )!-;1#(H�O(H"$�!52P0�

1.2 × RealT ime
V

� ���
Fixed-point live

�{]��Y[���� 
\[u�
Yarrow

�  #(=':9ICz70'E�o��LN�;%27�-�<H�
live

9;+85�'69;-&/0-I> 3�($3�4fL�+8�2��4�Q��&/0�;' )G��>{��/&'6/���M!-��T"$%2P0�2-F<�'6�
���!' )!-& #%G<�>?��4OP&/�+84}~

•
@B'6C�h&�;(H7��e�0/0PK)�-0�

audio buffer
)�+8��5���' <=7�C0)�+8�m)*3�4OL�+8�G��4

• J -��f9�h&�;�G)�' (=7�PK)!-; cepstrum
(H� g Kbps

• J 3��f�&/0-;($)!-��#�B)U+8�m5���5�-;7�M!�G+8��(H)�-��m�;�2�0<=�G+8%�' ($)*�$V



� � �
Fixed-point live

� BE@ D��+� ��D �
Yarrow � �

y\'6�d)*3e���!' )!-& #%G<�>?�o)*3�4m9&+85�':9I-&/0-;>:3�($3�4f(H�
live mode

�&/0�;' )G��> )!�;'��2�e<�> �2-0�G)!�;'
(H �<="$%2P0�G+84e3,3�"$-�<=%�C&L�3�($3,7��e)*3����U/&��S��!%*<=�;(=>?�,)*3�4oL�+8�G��4�V 4 �e�&�2)2> �N��(H3�7��)*3��}9&+85�':9I-&/0-;>:3�($3B(H�

batch mode
/0-; T3F��/0�!S��!%*<=�;(=>?�B)*3�4�L=+8�2��4��;%2"H>?|2��'=�&LN-&1

M�"$-; #�K<�> ����'�/���M!-��e5�'E���NM�(�'67���P����a)���5��!> <=70�0)!��)*3�4BL�+8�G��4�Qx(=�
live mode

��> ���;'
�0/0�;%��;> )*3#)!- ��� 5�'E�#h&C;|�-��G)!�I'Y�;�2� 7&':9I%2C "$%�-���':9IC 5�'E�&($)G��7��0)!� )!� 5��!> <=70�0)!� )*3�4
L=+8�2��4J)��t-&/0-I>E� ($)*3 (H #��M!"$��'6� ��� ��/0�!S��!%*<=C;|2-0�G)!�;' V �  #(=':9ICt52 #- �0/0�;%��;> )*3#)2��4
�0/0�I' )*��(H��' 4K��> �2�I'����d7#3��e"$C&����)��I'�9I�;�2M!���z52��> <=7��aL=+8�2��4m9;�&)GCd)*3��K3�"$-�<=%�C;L=3�($3
�0�#��CK9;�I'I�2�F �/0-���-�<�>?|2-��2)!�;'IP����K)��

frames
($)*3T/0�!%�>6/0)U+8($3T/&-& m3}9&+85�':9I-&/0-;>:3�($3

52�!�O<�> ���U)!�I'H(H�u/0%���<=70�0)2'69;PF"$%2P0�2-�V
y\'6� ��� ��S��;(HL��&�0' ($)G��>Y3�/0%2Rl)*3 �&/0�;> )G3�($3$Q�3���1#($3 ��> �2�I'8��� 5�'E�#h&C;|2-0�G)!�;'l)��

52��> <=7��&)�� )*3�4oL�+8�G��4e7��e)�-0�a>?5�' - %� ���7�P 7��F)�-��a-0/&-;> -,/&�&%�C�<=-0�G)!�;' V 38/&�!'E5G��-
%2 ���70P&4K/0-& d/0�;%2C0<=-��2)��I'�)!��5���> <=7��0)!�,��> ���I'{<=�2+8($)GP;4 � �;L�-;1z�!S��&%2)GC&)��I'x�&/0P�)2' 4/0�&%��;7�M�)G%2-; #4l)*3�4 5��!' <=7��&)!-��#3 �N>?�&4_i�M!($)�+

r � Q�)GP#)G�8�;%29;��>2�2�O5�'6��h&C&|�-��2)��I' n = r×t52��> <=7��&)��a9IC����m"$%�-���'69;Pa5�'EC&(H)*3�7��
t
V c  �)GPd7�/0-&%���>x���d��/&' )G�! #";����>w7��m)*3d"$%2��($3

����P;4
timer

-�-0/&-;> -;4����a�!�23�7��!%GR8����'N9;C0���
t secs

)G3��F�!LN�&%�7�-�<H�oP#)2'�/0%2M�/0��'����
5�'E�09IP �N��'�<�'6�a�2�a5�'E�#h&C;(H��'{)!�

n
52��> <=7��&)!�=V c  �)GPaP#"H'�7�P0�2-z�!S��&(=L��&�0>E|���'NP#)2'�5��!�

���}"$����-;1#�u52��> <=7��&)���Q0�&�#��C���/&> (H3�4�P#)2'0���m7���> ����'�-}7�MU<�' ($)!-&4.52 #���0)2P&4
"$%�P���-&4A<�'6�
)*3���9;+85�'69;-&/0-I> 3�($3�)*3�4�L=+8�2��4�Q;�;LN-&1�-B"$%2P0�2-;4
)!-& }5�'6��h&C&(H70�0)!-&4.)�+8�f5��!' <=7�C&)�+8�
)*3�4jL�+8�G��4 �N����> �2�I'�7#3�5��;70' ��P&4 � )!-T5�'6C�h&�&(H70���&/0P�)�- audio device

��> ���;'
blockingij<=�G+8%�>?|2-��2)!�&4�P&7#+84B9;C0����/0P#)G������5�'E�#h&C;|�-��G)!�I'{/0P;(H�a5���> <=7��&)���Qx�; �)GP&4T7�/0-&%���>

�2�B<�> ����'$/0-���1T70'69;%�P;4 � V38/0��'652�,��> ���;'x/&' ���;��P,3a9;+85�':9I-0/0-I> 3�($3a�2�,7#3a<�> �2��)!�;'w(H�K/0%2�0<=7��&)2':9IP,"$%�P��2-
� /HV6"{VK(H� pdas

7��m/0-���1z�;%*<=Pz��/0�!S��!%*<=�;($)*� � ��> ���I'��0/&�&%��;> )G3#)�-a�2���!S2�;(HLN�0�0' ($)G��>P#)2'\����/0�;%��&";��-;1#�eP�����)��
frames

V�y\'6�,����<�> �2��'\�& �)GP,�;%29;��>\P#)��;�J5�'E�#h&�;($)!-&1#�
)�� 52��> <=7��&)�� �2���&/0-0�=3#9I�� �)!-;1#�o9;�I'_������/0�!S2�!%G<=�&($)!-;1#�o7�P���-,P#)��;�o)G������':R8(=�!'83
�U/&��S��!%*<=�;(=>?�o)�+8�F/&%2-&3�<=-&1#70���2+8�B5���' <=70C0)�+8�0V 4 )*3��J�&�2)2> ����)*3J/0�!%�>6/0)U+8($3d/0-& z39&+85�':9I-0/&-;> 3�(H3}<�> ����)��I'$<=%23�<=-;%2P#)2��%��B�&/0PF/0%2�0<=7��&)2':9IPe"$%2P���-�QI���K/&%2M�/0��'=3K�!L��;%�i
7�-�<H�K�&/���CK���B/0�!%�'67�M!����'H7�M!"$%�'H���K5�'6��h&�&($)2�!>H)�-J��/0P;7��!�2-F7#/���-&9F�&/0Pe52��> <=7��&)���V
���������

Live recording
kO'
3�"$-�<=%��&L���(H��' 4d<�> ��-��G)!�I'A<�'6�  ���3#�#��4�/&' ($)GP#)G3#)��;4�L�+8�G� � 1 channel, 16000
samples/sec, 2 bytes/sample � V�k Open Sound System (OSS) audio driver/0-& e"$%23�(='67�-&/0-I'6��> )!�;'�M!"$��'{ ���-&/0-;' 3��N�!>�($)2' 4}/0�!%�' (H(=P#)G�!%2�!4�/����&)GL�P;%�7��!4

Unix
9I�;'

�!> ���;'$-
driver

/&-& B"$%23�(='E7�-0/&-;'E�!>=9I�;'H)�-
Zaurus � 52 #(H)G #"IR84�($)*3K/0�!%�>E/�)�+8($3B)!-& 

Zaurus
-d-&523�<=P&4���> ���;'{70��%�':9;R84m ���-0/0-I' 3�7�M!��-&4m9I�;'{��/&> ($3�4m/0�;%�-& #(='EC&|���'{�&%29I�U)2C

/0%2-�h0�#��7��&)�� � Vk
driver

52�!(H7��!1#��'�M����
audio buffer

P&/0-& T�&/0-0�=3#9I��1#-0�G)!�;'H)��J3�"$-�<=%��;L=3�7�M i
�2�}5��!> <=70�0)!�}9;�I';�0/&-#)G������> )��I';�0/0P}M!���m(= �<H9;��9I%�'E7�M!�2-m�&%�' ��7�PK70':9I%2P�)G�!%G+8�

buffers/0-& m-���-&70C&|�-��2)��I'
fragments

V8yw'6�T)2' 4�%� ���70> (H��' 4j/&-& f��M!(H�;7���-
driver

�& �)2P&7��&)!�



� � �
Fixed-point live

� BE@ D��+� ��D �
Yarrow 84

9;�0��-;%�>?|2��'{)!-�7�MU<=�U��-&4B)�-; 
audio buffer

/0-; J����"$%23�(='67�-&/0-I':��(H��' Qw/&-& z(H)*3z/0� i
%�>E/�)�+8($�,7��&4F�0/&-#)G������> )��I'_�0/&P g 7 6 fragments

7��U<=MU��-; #4 g 7 6 bytes
-�9I���NM����;4

� (H #�2-��0'69;P�7�MU<=�U��-;4 6 5 KB
� 6 7 7 � 6 bytes � V c  �)2P�(H3�7��;> ���!'xP#)2'\- buffer

7#/&-#i
%2��>��2�F9;%��&)*��(H��'H5���> <=7��0)!�e/0�!%�>E/0-; g 52�! �)G�!%�-���M�/�)U+8� � <�'E�F)G3����&9;%�>:h&�!'E� g V �M5 : �6 7 7 � 6
� �#g#�#�#��� 9;�I'IM�)G(='H7&'6�K�!LN�&%�7�-�<H�m/0%�MU/&�!'H�2�B5�'6��h&C;|2��';)!�K5��!> <=70�0)!�B)!-K�;%*<=P�i)G�!%2-f9;C0��� g V �M5 :O5��! �)G�!%2P�����/�)!��V c /0P�)*3��.C0�#�#3�3�70'69;%�P#)G�!%23./&��%�> -;52-;4Y/&-& �7#/0-;%��!>�2�F5�'E�#h&C;|2��'$5���> <=7��&)��F�!> ���;'$-e"$%�P��2-;4./0-& }�&/0�I' )2�!> )!�I'H<�'E�B)!-F<=%2C �N'E7�-K5���' <=7�C0)�+8�
�0/0P})!-

audio hardware
(H��M!���

fragment
)!-& 

buffer
Q&523#���&52��:

ms � g#�M5 :
� g 7 6 � V3YS��&%2)GC&)��I'
�&/0Pt)*3�� �!LN�&%�7�-�<H� 9;C0���z/&P#)G�o�N� 5�'6��h&C&|���'Y)!� 5���> <=7��&)���V y\'6�
9;C&/0-I'6�!4��!L��;%�7�-�<=M!4./&-& B�&/0�I' )�-;1#�T��/0�!S2�!%G<=�&(=>?�K(=��/0%2�0<=7��&)2':9IPe"$%2P���-�QI���J7#/0-�i
%2-;1#(H�m)�-�5�'6C;($)*3�7����; �)GPa���d��> �2�I'{)!� :

ms
V 4 )G3z/0�!%�>E/�)�+8($�d7��;4})!-�5�'6C�h&�;(H7��)U+8��5��!' <=7�C&)�+8��<�> ����)��I'l9IC��N� �#g fragments � g 7 6 ms � <�'6�&)2>Y3  ���-&/0-;>:3�($3,)�-; 

driver
($)!-

Zaurus
52�!�T��/0M�)G%��U/&��70'69;%�P#)G�!%��!4�)2'E7�M!4�V 4 )!� �#g fragments � 7�MU<=� i��-&4 :IpK; g bytes � �����&���&LN�!%2P;7��;($)G���&/0-��!5GR 9I�;'�/0M!%2�d+84

audio block
�d�&/���C

block � 7�-���C;52�F5�'E�#h&C;(H7��&)�-;4��0/&P audio buffer � Vk 9;R85�'69;�;4�/0-; TM�"$��'��2�F9IC&����'$7���)*3��m/0%�P&(Ih&�&($3B(H)�-��
driver

�!> ���;'= ���-0/0-I' 3�i
7�M!�2-;4o(H�

C
V � h;' h0�0' -0�=�#9&3 /0-& �/&%2-&9;1�/0)G��'_<�> �2��)!�;'

cross compile
(H�

Strong
ARM

�;%2"H' )G��9;)�-0��'69&�$V}k
java

9&R85�':9I�;4�"$%23�(='670-0/0-I'6��>�)*3Fh;' h0�0' -����#9&3z7�M!($+ )!-; 
Java Native Interface - jni

V 4 )�-a5�'EC#h&�;(H7��J)�+8�K5���' <=7�C0)�+8�B)!-; block
<�> ����)��I'

9;�I'{3z7���)!�0)G%�-&/��J)U+8�F)2'67�R8�F�&/0P
C short

(H�
Java short

9;�I'�($)*3z(= #�2M!"$��'6�a(H�
fixed-point long

V
��������� � � &�	 ��&'��� �

live

 !#��	 
 � $�� ���������

� �!L��;7�-�<H�J7��&4m��-I':/0P0�}���o/0%�M�/0��'{9IC���� g 7 6 ms
�2�z5�'6��h&C;|2��'{M!�2�

block
�0/0Pz)�-

buffer
9I�;'87�M!(H� (H)�� g 7 6 ms

/0-; a��� 7��!(H-����#h0��(=-& #�a7�M!"$%�'_)!- 5�'EC#h&�;(H7�� )�-; 
�U/&P&7��!��-& 

block
���FM!"$��'= �/&-���-�<�> (H��'=)!�

frames
/0-; B�;�G)�' (H)�-I' "$-&1#�T($)!�o5��!> <=70�0)!�

)�-; 
block

V ��M <=-0�G)!�&4T �/&-���-�<�> (H��'x)!�
frames

Q_�!���2-;-;1#7��f���aM!"$��'\ �/0-���-�<�> (H��'\)�-
cepstrum

�2��9IC;�2��'\)�-�9�h&�;�G)�' (=7�P (H� g Kbps
9I�I'_�2�,($)2�!>E����'w)�� �0/0-�)G����M�(=7��0)!�

($)�-0�m�;����<=�2+8%�' ($)G�$V
� �;%��09IC0)�+ /0�!%�' <=%2C;L���)!�;' 3

live
����' )!-& #%G<�>E�t)G3�4d9;+85�'69;-&/0-I> 3�($3�4 � 3 M!S�-&5�-&4�!> ���;'$�&/0PeM!�2�

Linux
 �/&-���-�<�' (H)*�

PIII − 800 � V

AUDIO SETTINGS :

number of bits : 16

number of channels : 1

rate : 16000

BUFFER PARAMETERS :

Total # of fragments allocated : 256



� � �
Fixed-point live

� BE@ D��+� ��D �
Yarrow � �

Size of fragments : 256

# of full fragments that can be read without blocking : 0

# of bytes that can be read without blocking : 0

BUFFER STATUS : available fragments 0, available bytes 0

took 254061 microsecs to read 8192 bytes

BUFFER STATUS : available fragments 0, available bytes 4

CREATING TIMER THREAD (256ms delay, 256ms period)

-->frame 0 completed in 15 ms

-->frame 1 completed in 8 ms

...

-->frame 22 completed in 1 ms

BUFFER STATUS : available fragments 31, available bytes 8140

took 9610 microsecs to read 8192 bytes

BUFFER STATUS : available fragments 1, available bytes 256

WAITED 193 ms to read audio for index 3680

-->frame 23 completed in 194 ms

-->frame 24 completed in 1 ms

...

-->frame 47 completed in 1 ms

BUFFER STATUS : available fragments 33, available bytes 8590

took 93 microsecs to read 8192 bytes

BUFFER STATUS : available fragments 1, available bytes 402

WAITED 225 ms to read audio for index 7680

-->frame 48 completed in 226 ms

...

-->frame 73 completed in 1 ms

BUFFER STATUS : available fragments 32, available bytes 8396

took 90 microsecs to read 8192 bytes

BUFFER STATUS : available fragments 0, available bytes 208

WAITED 220 ms to read audio for index 11840

-->frame 74 completed in 221 ms

-->frame 75 completed in 1 ms

...

-->frame 99 completed in 1 ms



� � �
Fixed-point live

� BE@ D��+� ��D �
Yarrow � �

c %�"H':9ICe3F�!LN�&%�7�-�<H�K�;�2-I> <=��'H)!-
audio device

9I�;'=)G �/�R8����'N)2' 4f/0�;%��&7�M�)G%�-; #4
52��' <=7��&)�-��#3 �{>E�;4 � h0��M�/0� AUDIO SETTINGS � 9I�I'�)!-& audio buffer � h0��MU/&� BUF-
FER PARAMETERS � V=y\'E�J9;C0���O5�'6C�h&�&(=7��e)�-; block

Q=)G �/�R8��-��2)��I'N-o�&%�' ��7�P;4
)U+8�J5�'6�0��M!(='67#+8�

fragments & bytes
)!-& 

audio buffer
Q��&9I%�' h0R84�/&%�' �K9I�;'�7���)GC

)�-z5�'6C�h&�;(H7���Q=9I���=R84f9;�I'N-o"$%2P0�2-;4O/0-; K"$%���'6C;($)*3#9I��<�'6�J)!-z5�'6C�h&C&(H70�F)!-; 
block

� h0��MU/&� BUFFER STATUS � V c  �)GPz7��;4���/&' )G%�M�/0��'����o��S���)GC;(H-& #70�f7��f9;C0���O��� i/�)�-;7�M!%��!'E�K)G3��f����' )�-; #%G<�>E�F)*3�4O�!L��;%�7�-�<H��4�V
���0)2Co)�-a5�'EC#h&�;(H7��J)!-; F/&%GRl)!-& 

block
Q{5��!�T �/0C;%2"$-; #�T52��> <=7��&)!�z($)!-

buffer
Q

<�'6�K�; �)GP}3T�!L��;%�7�-�<H�����B/0%2M�/0��'I���T7#/���-&9;C;%��!'&<�'E�T/0�!%�>6/0-; g 7 5 ms
<�'E�B���B7#/0-�i

%2M!(H��';�2��)!�T5�'E�#h&C;(H��' V c 7�M!($+84�7���)GCT523�70' -& #%G<=��> )��I';-
timer � h0��M�/0� CREATING

TIMER THREAD � Q#-�-&/0-I> -&4Y�����;���0���;7�h&C;�2��'G9;C0��� g 7 6 ms
�2�O�!�23�7��!%GR8����'�)*3��

��LN�;%27�-�<H�z����5�'E�#h&C;(H��'�)!-,��/0P&70����-
block

Qw�;%�"H>E|�-��2)��;4f)G3z����' )!-; #%*<�>?��)�-; z7���)GC
�0/0P g 7 6 ms

Q�($)!�z-&/0-I>E�F���J/0%�M�/0��'{�2�J��/0�!S���%G<=�;($)�-;1#�m)��d52��> <=7��&)��J)!-; K/0%2Rl)!-& 
block

V
4 )*3��}��/0�!S2�!%G<=�&(=>?�T)�+8�}52��' <=7�C&)U+8�m)!-& }/0%2Rl)!-& block

 �/0-���-�<�>?|2-0�G)!�;'H)��
fra-

mes � i g#g Q$�&�#��CT<�'6�F�2�K �/0-���-�<�' ($)G��>H9I�I';)�- g#� - frame
"$%2��'6C;|�-��G)!�I';)��F52��> <=7��&)��

� 6 : � i 5 pK; g V 3Y/0��'652�fM!�2� block
/0�!%�'6M!"$��' 50� ; 6�5���> <=7��0)!� � :IpK; g bytes � Q03���LN�;%27�-�<H����O/0%�M�/0��'2����/0�!%�'67�M!���!'2/0�!%�>6/&-& fpK; � ms � h0��M�/0� WAITED 193 � Q070M�"$%�'��2�O5�'6��h&C;(H��')�-o5��!1�)G�!%2-

block
Q�/0-& K/0�!%�'EM!"$�!'�)!�J52��> <=7��&)�� 50� ; 6FMU+84 :IpK; g V J -J52�!1�)G�!%�- block5�'E�#h&C;|2��)!�;'=(H� ; 6Ip � 7 s QI<�'E�0)�>= �/0C;%�"$-& #��5�'6�0��M!(='E7�� :Ip 50� �0/0PK)�� :IpK; g bytes

V
4 �B�; �)GM!4T)2' 4K/&��%�':/0)*R8(H��' 4F/&-& z<�'6���2�� �/0-���-�<�' (I�N�!>8M���� frame

"$%2��'EC&|�-��2)��I'
52��> <=7��&)��o�&/0PJ5� #-e5�'6�;5�-#"H':9IC

blocks
Q�-J"$%�P��2-;4O �/0-���-�<�' (H7�-;1F)�-; 

frame
���o�!7�i

/0�!%�'EM�"$��'N9I�;'N)!-z"$%�P���-F/&-& K���o"$%��!'E�&(H)G��>{7�M!"$%�'{���o5�'E�#h&�;($)G��>N)!-z5���1�)2��%�-
block

V
y\'6�z�; �)GPo-o"$%�P���-&4� �/&-���-�<�' (=7�-&1e)!-& 

frame g#� LN�I> ����)��I'N�2�J��> ���I'�pK; 5 ms � pK; �
ms

3O�&���;7�-��2�.5�'6��h&C&(H70�0)!-&4 )!-& ���/0P;7��!�2-; u7#/���-&9�(H #�Op
ms

<�'6��)!-��j/0%2�0<=7��&)2':9IP
 �/0-���-�<�' (H7�PJ)!-& � V

4 )*3T(H #��M�"$��'E�B �/0-���-�<�>?|2-��2)!�;';)!� frames g#� i 5 9f9;�I'I7�M!�2-; #� g#g 7 ms
7�M!"$%�'$�2�

5�'E�#h&�;($)G��>N)!-d��/0P;7��!�2-
block

Q{)!-d-&/0-I> -o5�'E�#h&C;|2��)!�;'N(H��7�P��0' 4 ; � 7 s Q��&LN-;1K �/0C;%�i"$-& #�': 7 ; � 5�'6�0��M!(='67�� bytes
(H)�-��

audio buffer
V 4 )*3m(H #�2M!"$��'6�m �/0-���-�<�>?|2-0�G)!�;'�)��

frames 5 :2i 9 � QH7�M!�2-; #� g#g#� ms
7�M!"$%�'=���K5�'6��h&�&(H)G��>$)!-F��/0P;7��!�2-

block
Q$9NV6-=V:9NV

���������
Live


�!#��	 
 � $����������+� � �
Zaurus

4 )*3e(= #�2M!"$��'6�J�&9;-���-; ���-;1#��-I'N7���)G%G��(=�!' 4�<�'6�J)*3F/0�!%�>E/�)�+8($3F)!-; Zaurus
V�v ku/�+84

�&���&LNM!%*��3#9;�x9;�I'*/&�&%��0/&C&�2+
QG-u-&523�<=P&4l��> �2�I'*70��%�':9;R84l ���-&/0-;' 3�70M���-;4_<�'6�u)!-
Zaurus9;�I'$��/&> ($3�4O/&�&%�-& #(�'6C;|2��'IC&�#���B/0%�-#h0�#��70�0)!�K+84u/0%�-;4.)�' 4f�0/0-;5��U9;)GM!4./0�&%��;7�M�)G%2-; #4

52��' <=7��&)�-��#3 �{>E�;4�QI)��F��/&' )G%2��/0P;7��!���B7��U<=MU�=3})�-; 
block

<�'6�K)�-F5�'EC#h&�;(H7��T)�+8�f5���' <Ii
7�C0)�+8�F9�V6��VOv 38/;> ($3�4�Q\5��!�B �/0C;%2"$��'{3o5� #�2�&)GP#)*3#)!�d���z����MU<=S2-; #7��f)*3��K9I�&)GC&(H)��;($3
)�-; 

audio buffer
/0%�' �j5�'E�#h&C;(H-; #7��89IC0/&-;' -

block � P&/�+84���>E5��;7��8($)*3�/0%�-&3�<=-&1#7��!�23M�S�-;52- � V



� � �
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v ku/�+84zLN�;> ���U)!�I'_($)2' 4z7���)G%2��(H��' 4 � P0/0-; �52�!�d)G �/�R8��-��G)!�I'l-;'Y"$%2P0�2-I'_ �/0-���-�<�' i(H7�-;1�)�+8�
frames

<�'E�T�2�m52��' ";����>;3�(= #7#/0�!%�'EL�-;%�C�)G3�4j�!L��;%�7�-�<H��4
($)!-
long run � Q)�� 5 /0%2Rl)��

blocks
Q.523#���&52��/0�!%�>6/0-; �)!-t/0%2Rl)�- 52�! �)G�!%�P����U/0)�-�Q
)��

frames
5����

 �/0-���-�<�>E|�-��2)��I'l(H�e/0%��0<=7��0)�':9IP�"$%2P0�2- � 5��!�zLN�;> �2��)!�;'_����/&��%�'670M�����'_3,�!L��;%270-�<H�7���)��;S21�)!-& m5�'E�#h&C;(H7��&)!-&4j)U+8�O/&%GRl)�+8�
blocks � V �  #(�':9IC=QI($)2' 4u/0�!%�'6/�)*R8(H��' 4�/0-; f-

 �/0-���-�<�' (H7�P;4u5�� <�> �2��)!�;';(H�
/&%2�0<=7��&)2':9IP}"$%2P���-�Q�)��T5���> <=7��&)��})!-& ��2M!-; 
block

/0-; 
5�'E�#h&C;($)*3#9I�&�&Q_������/0�!S��!%*<=�;($)!-&1#�o7�P0�2-��;LNP#)�-; a)G�����!'6R8(H��'8-� �/&-���-�<�' (=7�P&4J)�+8�
frames

)�-; T/0%�-&3�<=-&1#7��!��-& 
block

V
����)GC�)!-m5�'6C�h&�;(H7���)�-; O)GM�)!�&%2)�-; 

block
P&7#+84�Q;-� �/&-���-�<�' (=7�P&4.��/&' )G �<="$C&����)��I'

(H�f/&%2�0<=7��&)2':9IPo"$%2P0�2-e9I�;'{7�M!��-& #�}9I�I'N9;C&/0-I'6�
ms

/0-; J"$%2��'EC&|���)��I'N�2�o/&��%�'670M�����'
3K�!L��;%270-�<H�}70M�"$%�'��2�e5�'E�#h&�;($)G��>H)�-J��/0P;7��!�2-

block
V8v c %��B)G%�M!"$��'=(H�u/0%��0<=7��0)�':9IP

"$%2P���-o7���)GCd)�-d/0%GRl)!-d5��! �)G�!%2P�����/�)!-�Q�/0%2C0<=7��o/&-& F/0%��09;)2':9ICz5��!�B�0/&-#)G������>N/0%2P�i
h0�#3�7��=Q&�&LN-&1� �/0-0��M�)!-& #7���P#)�'#9I�&70'ECf/&%2P#)!�;($3O/0-; j�N����M����;7����2�f�&����<=�2+8%�> (H-& #70�
52�!�O�N�FM!"$��'H5�'6C;%G9I��'6�B7&':9I%2P#)2��%23T�0/&PFM!���K5��� �)2��%�P�����/�)!-=V
took 385653 microsecs to read 8192 bytes

CREATING TIMER THREAD (256ms delay, 256ms period)

took 564 microsecs to read 8192 bytes

took 413 microsecs to read 8192 bytes

took 411 microsecs to read 8192 bytes

took 413 microsecs to read 8192 bytes

WAITED 15 ms to read audio for index 16000

took 414 microsecs to read 8192 bytes

WAITED 36 ms to read audio for index 20000

took 412 microsecs to read 8192 bytes

WAITED 38 ms to read audio for index 24160

took 414 microsecs to read 8192 bytes

WAITED 41 ms to read audio for index 28160

took 412 microsecs to read 8192 bytes

WAITED 34 ms to read audio for index 32320

took 411 microsecs to read 8192 bytes

WAITED 38 ms to read audio for index 36480

took 412 microsecs to read 8192 bytes

WAITED 43 ms to read audio for index 40480

took 410 microsecs to read 8192 bytes

WAITED 32 ms to read audio for index 44640

took 414 microsecs to read 8192 bytes

...

4 )*3K/&�&%��09IC&)U+ M!S2-;5�-=QHLN�;> ���U)!�I'$�&���&�� �)2':9ICB3B9I�0�� #($)GM!%23�($3B/0-; B��' (H��<=C0<=��'H3�U/&��S��!%*<=�;(=>?�f)!-; f/0%2Rl)!-& 
block

Vl��P��2-Fp � frames
 �/0-���-�<�>?|2-0�G)!�;';�&/0P})!� g#� /0-; 



� � ��� � � F � & ���#��� ��� ���

����M�/0%���/0���2�� �/0-���-�<�' ($)!-&1#�&V � 9I���N #($)GM!%G3�(H3��& �)*��-;LN�!>E����)��I'�9I���N�&%�C�($)!-�<=� <=-�i
�2P;4�P#)2'I"$%���'6C;|2��)!�;'09IC0/0-I' -&4."$%2P0�2-;4 <�'6�T���}�&%�"H> (H��'�3}'65��!�0)*�m7#3�"$�;�G��)G3�4

java
���

9;C;�2��'�"$%2��($3o)!-& 
jit compiler

QxR8($)G�}���d��/&' )!�&"$1#����'�)2' 4B70� �NP&5�-& #4m/0-; e9;�&��-;1#��i
)��I'_/&' - (= #"$�2C�V�v 38)G(=' QY-�"$%�P���-&4F �/0-���-�<�' (H7�-;1�)�-; 

frame
�!> ���;' 6 ;

ms
<�'6��)�-

/0%GRl)!-
frame

QI�&�#��Cm(H)��;5�'E�09IC}7���':R8����)��I';(H� :2i*;
ms

<�'E�mP����})!�T �/0P���-I':/0�
frames9;�I'�M�)G(='x/0-���1J<=%2��<=-;%2��Q�7���)GCa)�-�/0%2Rl)�-�5��� �)2��%�P�����/�)!-=QwP0/�+84T��>?52�;7��f/0%2-&3�<=-; 2i

7�M!�G+84�QN-e �/&-���-�<�' (=7�P&4�<�> �2��)!�;'=)G���0':9ICJ�!�G)GP;4O/0%��0<=7��0)�':9I-&1B"$%�P���-& � :2i*; ms
<�'6�

)�-��m �/0-���-�<�' (H7�PJ9IC0���
frame

�&/0PB)!��p � /0-& T�;�2)2' ($)�-I' "$-&1#�}($)!-��m �/0-���-�<�' (H7�Po(H�/0%2�0<=7��&)2':9IPK"$%�P���-B)!-& }9IC0���
frame � V

took 385641 microsecs to read 8192 bytes

CREATING TIMER THREAD (256ms delay, 256ms period)

-->frame 0 completed in 69 ms

-->frame 1 completed in 47 ms

-->frame 2 completed in 15 ms

-->frame 3 completed in 22 ms

-->frame 4 completed in 10 ms

-->frame 5 completed in 19 ms

-->frame 6 completed in 11 ms

-->frame 7 completed in 12 ms

-->frame 8 completed in 9 ms

-->frame 9 completed in 9 ms

-->frame 10 completed in 9 ms

-->frame 11 completed in 8 ms

-->frame 12 completed in 9 ms

took 563 microsecs to read 8192 bytes

-->frame 13 completed in 26 ms

-->frame 14 completed in 9 ms

-->frame 15 completed in 9 ms

...

� ��� � ��`o�����Y���}`d�.
\�
4 �u�; �)GPF)�-e9I�!L�C&���;' -B�;���&LN�!%*�=�#9I�;7��j($)G3���5�'6�;5�'69;�;(=>?�T/0-; T�09I-���-; ��=��(H�;7��u/0%2-�i9;��'670M���-; a����9;�&)!�&($)G��(H-& #70�B)*3

live
9&+85�':9I-0/&-;> 3�(H3aL�+8�G��4e($)!-

Zaurus
��L{':9;)*�

(H��/0%��0<=7��0)�':9IPT"$%2P���-�Q0R8($)G�u���T7#/0-;%2��>I���T"$%G3�(='E7�-&/0-;' 3��N�!>H(H�
live

�&���0<=�GR8%�' ($3$V
y\'6�F�2�m<�> �2��';�; �)GPT"$%2��'EC&($)G3#9;�.�2�T7���)!�0)2%2�&/0��>;)�-

Yarrow
�0/&PBM!�2�

floating-point
& batch

(H1#($)G3�7��J(H��M����
fixed-point & live

(=1#($)*3�7���V
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• J - Zaurus
52�!�e5�'E���NMU)2�!'\7�-���C;52�d9I' �G3#)*��4K �/0-&5�'6�;($)!-��#��4�Qw70�T�0/0-�)GM�����(=7��

3a9&+85�':9I-0/&-;> 3�(H3z)*3�4eL=+8�2��4B���,7#3a7#/&-&%���>\����<�> �2��'\(H�T/0%���<=70�0)2'69;P,"$%�P�i
��-=V � k "$%�P���-&4� �/&-���-�<�' (=7�-&1e)!-& 

cepstrum
��> ���I'�p#V g × RealTime � VOy\'E��; �)GPo)!-d��P�<=-z9;%�> �=3#9I�f�&/0�;%2�I> )*3#)!-z�2�d�U/&�U9;)G��> �2-; #7��O)!-

Yarrow
R8($)G�m�2�

"$%23�(='670-0/0-I'6��>
fixed-point

�&%�' ��7#3#)�':9;�$V
•
�

fixed-point
MU9I5�-&($3m7�� g#� bits

�0/&-&5���> "I)*3#9;�jP#)2';/0%�-&(=� <$<�>?|��!'0/0-���1�9;�&��C
)*3��

floating-point
M�9;5�-;($3$QA�;L�-;1�)�� g#� bits

�!S2�;(HLN�0�0>?|�-& #�o70'69;%2���&/�Rwi
����'6�o�&9I%�>:h&��'6�;4O�0/0Pz)*3e7&'6�J9I�;'{�&/0PJ)*3��TC&�#�#3F�&/0-;L� �<H�eP0/0-I':+8�

overflows9I�;';/&�!'E%2�;7��&)2':9ICT/0%�-;MU9I ��N��P#)2'=M�"$��'I)G3���>?5�'E�B��/&>E5�-;($3m�;����<=�2R8%�' ($3�4u7��.)*3��
floating-point

M�9I52-;($3$V 38/;> ($3�4B��> ���I'�/&' -a<=%G��<=-;%23z�0/0Pa)*3
floating-pointM�9I52-;($3 � -F"$%�P���-&4u �/0-���-�<�' (H7�-;1B)!-& cepstrum

��> ���I' � V8: × RealTime � V
• 4 )*3 live

M�9;5�-;($3$Qw�&/0�I' )G��> )��I'_�2�a<�> �2��)!�;'\3�9&+85�':9I-&/0-;>:3�($3z)*3�4FL=+8�2��4K($)!-
5�'6C;($)*3�7��T70�U)!�;S21f)�-; �5�'6��h&C;(H7��&)�-;4�)�+8��5��!' <=7�C&)�+8�O)*3�4jL�+8�2��4j�&/0Pm)�-

au-
dio device

V�3YS��&(HLN�&�0> ($)*3#9I�YP#)2'�5��!��"$C;�2-��2)!�;'�5��!> <=70�0)!��L�+8�G��4�Q#�;L�-;1j�; �)GC
5�'6��h&C&|�-��2)��I'27��8)!-���>?5�' -�%� ���7�PO7��Y)�-0��-0/&-;> -u/0�;%2C0<=-��2)��I'29;�I'�M�)G(='#7�M!����'�9;�I'
-}7�MU<�' ($)!-&4O5� #�2�&)GP;4
"$%2P0�2-;4�<�'6�})G3���9&+85�':9I-0/&-;> 3�(H3f)*3�4.L=+8�2��4�V#38/&':/0��M�-0�0Q
/0�;%�C�<=-��2)!�;'=($+8($)GCoP����e)!�

frames
Q�C;(H"$��)��J7���)!-o�&��3K9;+85�':9I-0/0-I> 3�($3}<�>:i

����)��I'$(H�./0%���<=7��&)2'69;PB"$%�P���-}�TP#"H'$9I�;'$M�)G(�'H7#/0-;%��!>H�2�B"$%23�(='E7�-0/&-;' 3�����>H9;�I'
(H��C&�#���K�;%*<=C

pdas
V

•
�

fixed-point live
M�9;5�-;($3$Q�7�/0-&%���>��2�O"$%23�(='E7�-0/&-;' 3�����>0(H�

live
�&����<=�2R8%�' (H3$Q

7��a)*3t9;+85�'69;-&/0-I> 3�($3t�2�t<�> ���U)!�I'
(H�a/0%2�0<=7��&)2':9IP "$%�P���- 7���)GC )!- /&%GRl)!-
5��! �)G�!%2P�����/�)!-=Q09;C&)2'#/&-& ���> �2�I'#�&/0-���1�)�+84j�&/0-&5���9&)2P=Q��;L�-;1�($)*3�/0%2C;S23O9;�;70'6C
/0%�P#)!�&(H3u/&-& j���O�NMU���;7�� �2�O�;�G<=�G+8%�> (H-; #7��85����
���fM!"$��'#5�'6C;%G9I��'6�O70'69;%�P#)G�!%23
�&/0PKM!���K5��! �)G�!%2P�����/�)!-=V
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J �d9I1#%�'E� contributions
�; �)*��4})*3�4T�!%G<=�&(=>?�;4�Q��!> ���;'{3z�!1#%��!($3J)�-; o/0-���1o70'69;%�-;1

%2 ���70-&1o5��!52-;7�M!�G+8�K)*3�4})GC;SG3�4})�+8� g kbps 70�})�-��e-&/0-;> -a7#/0-;%2-;1#7��}���a7���)!�&52Rwi(H-& #70�O)*3��T�&9;-; #($)2'69&�B/0�#3�%2-;L�-;%�>E�T/&-& F�!> ���;'��0/&�&%��;> )G3#)*3}<�'6�o�;�2�0<=�2R8%�' ($3B9I�I'H3
(H�m/0%2�0<=7��&)2':9IPd"$%�P���-o9;+85�'69;-&/0-I> 3�($3JL=+8�2��4}(H�}(H #($9I�� #M!4}P&/�+84

pdas
VB�����; 2i

)GPz)!-��T)G%�P&/0-z7#/0-;%�-&1#7����2�d"$%G3�(='E7�-&/0-;'6��(H-; #7��� �/03�%2�!(=>?�!4��;�2�0<=�2R8%�' ($3�4mL=+8�2��4
7��U<=C0��-; }���!S�'6��-�<�> -& }�&/0PK(H #(H9;�! #M!4O($)2' 4f-&/0-I>E�!4u52�!�� �/0C&%�"$��'$3B5� #�2�&)GP#)G3#)��F�0/0M i
 �����>E�;4��;�2�0<=�GR8%�' ($3�4�V J �m5�1#-}�& �)2C contributions

5G3�7&' -; #%G<=-&1#�u)2' 4u52 #���0)2P#)*3#)G�!4
<�'6��)*3��j�;�2C&/�)G #S23���7�/0-&%�':9;R8���!LN�&%�7�-�<HR8��<�'E��9I�0)!�&���!7#3�7�M!�23u�;�2�0<=�2R8%�' ($3�L=+8�2��4
�&�f9;�I'$9IC0)�'$)GM�)!-;' -J�0/&�;' )G��>��&%29;��)GM!4u��/0��9&)GC;(H��' 4�V

� ' �N�&��M!4O7����#��-��G)�':9IM�4���/0��9;)GC&(=�!' 4O��-I':/&P��f7#/&-&%���>H���K��> ���I'$-;'=�!SG��4}~
• � %G��($3.����P;4l/&' -O/0-���1�/���-&9I-& 
)2%2P&/0-; �9;+85�'69;-&/0-I> 3�($3�48P&/�+84l<�'E��/0�;%2C;52��' <=7��5�'6�;�2 #(=7��0)�':9I-&1O90h&�;�G)2' (H70-&1�7��j7��2��7#3�/0-& m���m��9I7���)��&�#���!1#��)��I'&)*3���(H #(H"$M i
)2' ($3F7���)��;S21})�+8�}5�'E�&5�-#"H':9;R8�

frames
V

•
38/0M�9;)��;($3 )!-& 

front-end
M�)G(�'�R8($)2�����  �/0-;($)*3�%�>?|2��'

silence detection
V

���K�; �)GP�)!-��d)G%2P&/0-�����9;+85�'69;-&/0-I' -&1#�2)��I'w9I�;'w�N� 7���)!�&5�>E5�-��2)��I'w�0' <=P#)G�!%��
frames

V
•
���U��M�)*3j)*3�4Y��/&>?52%��;($3�4_)�-; 
�N-&%�12h&-& �9;�I'*)G3�489I���� #(H)GM!%G3�($3�48)*3�4Y7���)GC;5�-&($3�4
)�+8� /&�09IM�)U+8� ($)*3�� /0�!%�>E/�)�+8($3 "$%2��($3�4,�&(=1#%27��&)�+8� 5�':9;)G1�+8� 5��!52-;7�M!�2+8�
P&/�+84

GPRS
V

• � %G��($3m(H�
/&' -F�0/���M!4.(H #($9I�� #M!4.P0/�+84.9$' �23#)GCT7��j �/&-&($)G��%�'ESG3�/0%2-�<=%��;7�7��&)2' i(H70-&1e(H�
J2ME-CLDC-MIDP

V c  �)GPe���d7#/0-;%2��>{���e<�> ����'��&/0Po)G3e($)�' <=7��
/0-; j���O<�> �2��'�5�'6�0��M!(='670-�)!-

Mobile Multimedia API - MMAPI
Q2M�)G(�'#R8($)G�

���J�!> ���;'�52 #���&)*�B3K3�"$-�<=%�C;LN' ($3F)*3�4�L�+8�2��4O9;C&)2'�/0-; K�; �)*�K)G3��T($)2' <=7#�o52�!�
��> �2�I'I�!LN'69&)GP�V
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bit allocation

v ku/�+84F��>?52�;7��}($)!�,���!L�C&���I'6� g 9I�;' 5 Ql-�5�'E�&�� #(H7��&)2':9IP;4T9�h&�;�2)2' (H7�P;4K7��B"$%2��($3 �/0-&5�'6�;�� #(H7�C&)U+8� � product VQ � Q�7#/0-;%2��>;����52R8(H��'&/0-���1�9I�0��C}�&/0-#)G����M!(H7��&)!�=Q;�&��U/;':���!";��-;1#�.9I�&)GC0�#�#3#����)!�m �/&-&5�'6�;�21#(=7��0)!� � �U/;':��-�<H��(= #�G)G�����!($)*R8�u9I�;'�/0-;(HP#)*3#)!�/��#3�%2-;LN-&%�>E�;4�/&-& J�&/0�;' )!-&1#� � VT@T��>ES��&70�f($)!-d���!LNC0���I' - 5 P#)2'�3o9;�&��1�)G�!%23e��/&>?52-�i($3B/0-; B��/&' )G1#"$�;7��O�#)!�&�m)!�
2kbps

V 3A5GR /&�&%��0)�> ���!�G)!�I'H7��!%�':9ICF�&/0PF)��e/0��'6%�C;7��0)!�
/0-& aMU<�' ���&�F9;�&)GC�)*3�5�'EC&%29;��'E�d)!-& 

bit-allocation � h0��M�/0�T/0�;%�C�<=%��&LN- 5 V 5 V ��� Q_7��
� i*6o �/0-&5�'6�;��1#(H7��&)�� � )��a/0��'6%�C&70�0)!� � Q ��
 Q 5 Q+7IQ+7 
 9I�;'�6 � V J �d/0��'6%�C&7��&)!�d�; 2i)GC�M!5G+8(=�&�J/0-���1�9I�0��C��&/0-#)G����M!(H7��&)!�=Ql)!�,9I�0��1�)G�!%��,�0/&P�)�� -0/0-I>?����>?52�;7��T($)!-
����LNC&���;' - 5 9I�;'w)!� -&/0-I>E�,523�7�-;(='6�!1�)*3#9I�&�d($)�� nqp � rsQjnqp#p�r�9;�I'�nqp g rsV�v ku/�+84o��/&' i($3�7�C;�*�=3#9I�J($)!- ���!LNC0���I' - 5 Q - bit-allocation

�&��<=P&%�' ��7�-;4o7��;4Fh&-03��NC&��'8(H)*3��
��1#%��!($3J����P;4f�&/0-#)G�����!(H7��&)2':9I-;1K)G%�P&/0-& F5�'EC��N��(H3�4�)�+8�

bits
(H)��a �/0-&5�'6�;��1#(H7��&)���Q

/0%2-;($/0�0�=R8�2)��;4B/&�&%�C0�#�#3#�������a5�'6�&)*3�%2��(H��'\(=�T ��=3#��C���/&>E/0�!52�a)��,�&/0-#)2�U��M!(H70�0)!�
)*3�4��;�2�0<=�GR8%�' ($3�4�V

y\'6C 9IC��N�K/0��>?%2�;7��� �/&C&%�"$-& #� g /&> �2�&9;�!4�V k /&> �2�&9;�;4e($)��t�;%�' ($)2��%�C 52��> "$���!'
)*3�5�-;7#�d)�+8�d �/0-;5�'6�;�2 #(H70C0)�+8�0Ql�!�2R ($)!��5���S�'6C�/&��%�' <=%2C;LN�U)!�I'x3��&9;-���-; ��N>?�d)!-& 
bit-allocation

V_v ku���m)!�m/0��'6%�C&7��&)!�mS���9I' �2-;1#�j�&/0PFp g bits
i\/0��>?%2�;7��Fp#V_kO'&/0%2Rl)G�!4

�U/&�&���0�#� �N��' 4B�& #S�C;�2-; #�B)!-��J�&%�' ��7�P
bits

�;�2C g Ql�!�GR -I'\�U/&P&7��!���!4B�&��C p#Vev 38)G(='
L=)GC;��-& #7��T<=%G��<=-;%2��(H�K9;C&/0-I'6��9I�0��C,�&/0-#)2�U��M!(H70�0)!�=Q8�!�2R �&/0P���9I�!>\9I�;'w/&M�%���3
5�'E�&5�':9I�&(�>E��<�> �2��)!�;';/&' -B�&9I%�' h0��4�V J -B9;�&��1�)G�!%2-}�&/0-#)GM����!(H7��m<�'E�T9IC����j�U/&�&��C0�#3 ��3
� �& �)GPa/0-; zLN�;> �2��)!�;'�M��2)!-��2� � 9I�0)!-#"$ #%GR8����)��I' Q\/0�I>E%��2-0�G)GC;4�)�-�(H�;�Th&C;($3o<�'E�d)G3���U/&P&7��!�23,�U/&�&��C0�#3 ��3$V � -��#��M!4JL�-;%2M!4FL=)GC;��-& #7��B<=%G��<=-;%���($)!- 7�MU<�' ($)!-t�&%�' ��7�P
bits

/0-; M!"$-& #70�a5�'6�0��M!(H��'�<�'E� )*3�� ��9&/&�;>?52�! #($3 �!��P&4� �/0-;5�'E�&��1#(H7��&)�-;4�QO-0/&P#)G�
<�'6�F)2' 4f��/0P;7��!�2�!4���/0�&���&�#� ����' 4�QI3B5�'E�&5�':9I�&(�>E�B(= #�2�!"H>?|2��)!�;';<�'E�K)!�J �/0P���-I':/0�e7�P���-
 �/0-&5�'6�;��1#(H7��&)���V

@T�!52-;7�M!�G3�4})G3�4m<=�GR8($3�4B/0-& o�&/0-&9;-;70> (H�;7��}�&/0Pz)!���0/0-�)G����M�(=7��0)!��)U+8�F/0��' i
%2�;7�C&)U+8� � -;'�/0%2Rl)�-I'x(= #�G)G�����!($)GM!4T�&/0�I' )!-;1#�F/&��%�' (H(HP#)2��%23o/��#3�%�-&LN-;%�>?� � ���a/0%�-#i($/0�0�=��(H-; #7��O�2�F�!%27#3����!1#(H-; #7��j)!�F/0��'6%�C&7��&)!�K/0-; T�&9;-���-; ���-;1#�0V
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3Y5GR h0��M�/0-; #7��dP#)�'�-;' � /&' - ($3�70�&�2)2':9I-I>�(H #�G)2�U���!($)2M�4 � p�i � �&�2)2> ($)!-;' "$� � Qj��> ���I'9;�&)��;����7�3�7�M!�2-I'�($)!� �  �/0-;5�'6�;�21#(H70�0)!�=V ��P�<H+ )�-; d7��U<=MU��-; #4T)!-& #4�Qw)�-�5��!1�)G�!%2-
 �/0-&5�'6C;�� #(H7��o�&/0�;' )G��>�M!���

bit
/0�;%2�&/0C;�G+ �&/0Po)!-o/0%2Rl)!-=Q��!�GR )!-o)G%�> )�-z�&/0�I' )G��>�7

bits
9I����R84A/&��%�':���;7�h&C;�2��'#��/&'6/0%�P&(I�N�U)!��Q�)�-0�.�;7�M!($+84���/0P&70����-f�&/0POh&����70Pf($3�7��;�*i

)2':9IP#)*3#)!�&4f(H #�G)2�U���!($)G� � 5&� V
� F"��� � �%1 � � (*,��
p#V � /0��>E%��&70� g V p � ~8(H #�2)G�����!($)*��4Tp
g V � /0��>E%��&70� � V ��� ~8(H #�2)G�����!($)GM!4 g Q 5
� V � /0��>E%��&70� 5 V p � ~8(H #�2)G�����!($)*��4Tp � 7�MU<�' ($)!-&4��&%�' ��7�P;4 bits �
5 V � /0��>E%��&70� 7IV ��� ~8(H #�2)G�����!($)GM!4 g Q 57IV � /0��>E%��&70� 6IV ��� ~8(H #�2)G�����!($)GM!4 g Q 56IV � /0��>E%��&70� 9;V ��� ~8(H #�2)G�����!($)GM!4 g Q 5
� �;%2�&)*3�%�-&1#70�FP#)�'l<�'E� )!- 5���1�)2��%�-  �/&-&5�'6C;�2 #(=7��=Q /0-#)2Mo52�!��"$%2��'6C;($)*3#9I�;�d/0C;�2+�0/0P 5 bits

Q=/��#3�%�-;L�-;%�>?�K> ($3K/0�!%�>E/0-; T7��O�& �)G�B/0-; B"$%2��'EC&|���)��I'=70P��2-;4�)!-& B-J(H #�*i
)G������(H)*��4 � V�v c �#�#+8(H)G�F-I'l �/0P���-I':/&-;' 5 (H #�2)G�����!($)GM!4e)�-; �5�'E�&��1#(H7��&)!-&4e��> ���;'w-I'�0' <=P�)G�!%2-J($3�7��;�2)2':9I-;>=)!-& 

MFCC
5�'E�&��1#(H7��&)�-;4�Vlv 3Y)G(=' Q{7�P���-F)�-�p*-e9;�I' � -J �/0-�i5�'EC&�� #(H7��,9I�!%25�>?|2-; #�

bits
V @T�!52-;7�M!��-& aP#)2'l5��!�o�!> "$�;7��K/0%2-�h0��M ����'w/0C;�2+ �&/0P 9

bits
<�'E�K)!-dp*-e �/0-;5�'EC&�� #(H7���Q$P����K)!�e �/0P���-;'6/0�e)��F9I��%�5�>E|���';)�- � -F �/&-&5�'6C;�2 #(=7��=V
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