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ESPS sampled data

−200

−100

0

100

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

   Time:  0.00637sec

    −2

D: 5.15200   L:  0.00000   R:  5.15200 (F:    0.19)
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ESPS sampled data
−400

−200

0

200

400

0.0 0.5 1.0 1.5 2.0 2.5 3.0

   Time:  0.00425sec

     0

D: 5.15200   L:  0.00000   R:  5.15200 (F:    0.19)
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ESPS sampled data

−100

0

100

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40

   Time:  0.00313sec

     4

D: 0.00000   L:  0.00000   R:  0.00000 (F:−−−−−−−−)
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Speech
 Signal

Front End
Signal Processing

Auditory

.. .. ..

Spectral−
like
features Viterbi

Decoder

Words
Recognized

"one"
"two"
"three"
    ...

   ... 
"oh"
"no"
"yes"

Phone Probability
Estimator
Neural Network

HMM Lexicon

w ah n

t uh

Phone
Probabilities

0.80
0.12
0.04
0.03

w
k
v
f

Wordpair Grammar

<digit><???s><**s> <???e> <**e>

r0N(OB�)AC79} :��	�u¿)A\N?KM��Y Y�(�~S���`¢B�o7$7�>C5Z�67�><@BOBtuN(J\N(@Bt¼¢B�)F\JC7$�

465)79FCIX�¨�u;(7�K,F\��7$7�>{5 K)I�J<ISN?F:N(t)�)�)J¦J{@ J{5)7�£ AC@jtiJCv¤7$t�Kl�)AC@)><7�FCF|N(t)O,F\JPI�OB7B2h~¦J6JC5uN?F6�o@�N(tiJ	t)@�N?F\7SAC7$v
Ku��><J\N(@Bt�IXt�K�£¤7�I�JC�)AC767<�)JCAPIB><J\N(@Bt�N?Fh��7$A\£¤@BAC�¨7�K&2W465)7�FH7ª£¤7�I�JC�)A{7�FWI�AC7ªJ{5)7$t �uN(�o7�KTN(tiJC@SJ{5)7�IXACJ\N=«!>{N?I�;
t)7$�)API�;Wt)7$J\¥6@BAC�.JC@�><@j�¨�)�)JC79J{5)79��@uF\JC7$A\N(@BAS�)AC@j¿�I�¿uN=; N(J\N(7�F £ @BA�7�IB>{5M�)5)@Bt)7F�x@X£�I.F\��7�>{N=«!>E�)5)@jt)7$v
F\7$J!�<2��¦t.JC5)7¦¿�IjF|N?Fª@X£�J{5)7 ��YZY ;�7<�uN?><@Bt��)JC5)7	¥ @jAPKu��I�N(A6OBAPI��¨�.I�AªI�t�KEJC5)7��)5)@Bt)7��)AC@B¿�I�¿uN=;=N(J\N(7�F!�
JC5)7SAC7�><@jOBtuN(�$7$A�JC5)7$tZKu7$JC7$AC�EN(t)7�F	JC5)7S�¨@iFHJ¦�)AC@B¿�I�¿u;(7T¥ @jAPK&2

� @CB � ® � � ���� � ��� ® � ° 	 «n« L ��
r)@jASJC5)7¨KjN�OXN�J<FS7<�)��7$A\N(�¨7$tuJPFT¥67 t)@jAC��I�;=;(�MOBA{@B�)�"JC5)7¨F\�o7$7�>C5 K)IXJPIlN(tiJC@.£¤API��l7�F�@�£�1B�X��F¦¥�N�KuJ{5
¥6N(JC5Ä3�1)2Á����F	@��B7$A\;?I���2E8:�M�¨7�I�t�F�@�£ yh7$AP><7$�)JC��I�; �oN(t)7�I�A¨yWAC7�KjN?><J\N(@Bt �\yª��y �¦¥ 7E7<�)JCAPIB><J9Ij><@B��F\v
J\N?>�(�I���KjN(JC@jAC�.£ 7�IXJC�)AC7�F6¥6N(JC5uN(tZ7$�B7$AC�.£¤API��l7B2 y:��y¼N?FSI�t,7<�)JC7$t�F|N(@BtZ@�£h;=N�t)7�IXAS�)AC7�KjN?><J\N(�B7¨I�t�I�;(�zFGN�F
JC5�I�J	JPI��B7�F�N(tiJ{@�IB>$><@j�)tiJ�FH@B�¨79IBF\�o7�><JPF	@�£�5u�)��I�tMFH@B�)t�K,�o7$AP><7$�)J\N(@Bt�26Dxt�JC5uN?F¦¥6@BA{��¬¨y:��y+I�t�K
¬EKu7<;(JPI¨yª�0yÄ><@u7���>{N(7$tiJPF	IBF:¥ 7<;=;�IjF Ku7<;(JPI�7$t)7$ACOB��I�A{79><@B�¨�)�)JC7�K�£ @jA J{5)7�£ 7�I�J{�)AC7��j7�><JC@BA6@�£[7�IB>{5
£¤API��¨7B2M40@"><@B��7.¥6N(JC5�Ê$><@Btu�B@�;(�)J\N(@Bt�I�;¦t)@�N?F\7�ÌZI�JTJC5)7l£ AC@jtiJT7$t�K'�hNx2À7B2�;=N�t)7�IXA�KjN?F\JC@BACJHN�@jt JC@�JC5)7
><@B�¨�E�)tuN?>$I�J\N(@BtZ>C5�IXt)t)7<;�£ @jA¦JC5)79F\�o7$7�>C5®N�t)�)�)J���¥67���F\7 �6~T¢i40~ �GF\7$7 �Áq�� �ªJ{@9«);(JC7$A�JC5uN?F6t)@�N?F\7�N(t
JC5)7T;(@BOiI�AHN�J{5)�EN?>¨�o@�¥67$ASF\��7�><J{AC�)�ÆKu@B�.I�N(t�2EDxt"JC5)7¨>$IBFH7 J{5�I�J9F\��7$7�>{5ZN?F9I�;�FH@MF|N(OBtuN=«!>$I�tiJH;��¼><@BACv
AC�)�)JC7�K�¿i�EIBK)KjN(J\N(�B7¦t)@�N?F\7¦¥67¦I��)�u;(�¨ÇBI�5)vx�6~T¢i40~�¥¦5uN?>C5.IBK)I��)JPF0JC@SJC5)7¦IB><JC��I�;��)AC7$��I�N=;=N(t)OEJG�u��76@�£
t)@�N?F\7�:�N(J��o7$A\£ @jAC��F�IE�¨@BAC7�;(@BOuI�A\N(JC5)�EN?><v ;=N(�B7¨JCAPIXt�F|£ @jAC�b£ @BA	�)AC7$��I�N=;=N(t)O ><@Btu�B@�;(�)J\N(@Bt�I�;[t)@�N?F\7¨I�t�K
;=N(t)7�I�ACv ;=N(�B7��)A{@z><7�FCFGN�t)O.£¤@BA�FH7$�B7$AC7¨IBK)KjN(J\N(�B7Et)@�N?F\7B2S465)79t)@jtu; N(t)7�I�ATJCAPI�t�FG£ @BA{� ��F\7�K�¿i�MÇj�6~9¢i40~
N?FªI	£¤�)t�><J\N(@Bt.@�£!JC5)7	t)@�N?F\76;(7$�B7<;x2ªD|t¨@B�)AW7<�)��7$A\N(�¨7$tuJPF:¥676t)@BAC��I�;=;(�¨JCA<I�N(t J{5)7¦AC7�><@BOBtuN(J\N(@Bt.F\�zFHJC7$�
¥6N(JC5,>{;(7�I�tMF\��7$7�>{5MIBFCFH�)�EN(t)O J{5)7 FCIX�¨7¦;(@�¥+t)@�N?F\7	;�7$�j7<;�£ @jA I�;=;��)JCJC7$APIXt�><7�F!��Nx2À7B2W¥67���F\7�JC5)7 F{I��¨7
t)@Btu;=N(t)7�I�A�JCAPI�t�F|£¤@BAC� £ @jA�I�; ;h�)JCJC7$API�t�><7�F N�t,J{5)7SJCAPI�N(tuN(t)O�F\7$J�2:L��)A\N(t)O¨JC5)7S7$��I�;���IXJ\N(@Bt,@�£WJC5)7SJC7�F\J
K)I�JPI.¥67�IjK)I��)J9JC5)7lt)@Btu;=N�t)7�IXA J{API�t�F|£¤@BAC� N(t ><@B�l�u; N?I�t�><7,¥�N�J{5"JC5)7�IB><J{��I�; t)@�N?F\7�;�7$�j7<;�I�t�K ��F\7

}



F\�o7�><JCAPI�;[�.I��)�uN(t)O¨JC@¨><@B�¨�o7$t�FCI�JC7�£¤@BA¦JC5uN?F¦FH@B�)AP><7S@�£[��I�A\N?I�¿uN=;=N(JG�B2¦4�5)7S��I��)�uN(t)O�><@u7���>{N(7$tuJPF6£¤@BA
JC5uN?FS�)A{@z><7�FCFSIXAC7¨Ku7$JC7$AC�EN(t)7�K�£ AC@j� I,F\�)¿�FH7$J9@�£6JC5)7EJCAPI�N(tuN(t)O K)I�J<I)29465)7 ÊºF\JPI�t�K)I�A<K)Ì¨��IX�)�uN�t)O
><@u7���>{N(7$tiJPF:��F\7�K�£¤@BAªJC7�FHJ\N(t)O9¥6N(JC5¨J{5)7 8:7<;=;?><@BAC79L	N(O�N(JPFW�o7$A\£¤@BAC�¨7�Kl��@u@BA\;(�T£ @jAªJC5)7¦VSY L	N(O�N(JPF$2W~
�jN�FH��I�;�I�t�I�;(�)F|N?F��x��F|N(t)O�><@j�¨��I�t�Kl;=N(t)7¨©�2�} @X£[JC5)79I��)�o7$t�KjN �'�6@�£[JC5)7SAC7�FH�u;�JHN�t)Ol£¤AC@BtuJCv¤7$t�K¨@j�)JC�)�)J
AC7$�B7�I�;�7�KZF\7$�j7$AC7<;(� Ê$F\�¨7�I�A{7�K)Ì�F\�o7�><JCAPI)26~	£¤JC7$A�Oj7$t)7$API�J\N(t)OlN��l�)AC@��B7�K,��IX�)�uN�t)OM><@u7���>{N(7$tuJPF�¥6N(JC5
JC5)7�><@j�¨��I�t�KR©�2Á1.¥67�IB>{5uN(7$�B7�K¼JC5)7�IXtiJ\N?>{N(��I�JC7�K ��7$AH£ @BA{��I�t�><7B2Mrs@BA Ku7$JPI�N ;(7�K N(tu£¤@BAC��I�JHN�@jt"@Bt
F\�o7�><JCAPI�;[�.I��)�uN(t)O¨N(tMJ{5)79FC><@B��7T@�£ªÇB�6~T¢i4�~ �!FH7$7 �Á���x2

� @T? DFE 	 ©���� ��© V����  L���� 	�� ¯
	 	 ® � 	 ®f° 	�� ·® ���
465)7:~�ACJHN «!>{N?I�;!�	7$�)API�;��	7$JG¥6@BA{��¥67ª��FH7W£¤@BA�><@j�¨�)�)J\N(t)O�J{5)7 �o@iF\JC7$AHN�@jA\Ni�)AC@B¿�IX¿uN ;=N(J\�T£ @BA0JC5)7ª�)5)@Bt)7�F
�xO�N(�B7$t¨ISF\7�Mj�)7$t�><7�@�£�IB><@j��F\J\N?>�£ 7�I�J{�)AC7�F��&N?FªI��E�u;(J\N(�u;(7¦;?I��B7$AW��7$A<><7$�)JCAC@Bt>�\Y �0y&����F\5)@�¥¦tTN(tE«�O�2B�)2
DxJS><@B�¨�)AHN�FH7�F�@Bt)795uN?K)Ku7$tZ;?I��B7$A�@�£ 1����E�)tuN(JPF�J{5�I�J�I�AC7�£ �u;=;(� ><@jt)t)7�><JC7�K�JC@�J{5)7�3��Bq��)tuN�J<F�@�£ªJC5)7
N(t)�)�)J¦;?I��B7$A�2:465)7�N(t)�)�)J�JC@EJC5)79YZ��yµ><@Bt�F|N?F\JPF�@�£�J{5)7�£ 7�I�J{�)AC7S�B7�><JC@BA<FW£¤@BA6JC5)79IB><J{��I�;&£ APIX�¨79I�t�K
7<N(OB5uJ F\�)A{AC@B�)t�KjN(t)O¨£¤API��l7�F$2ª465uN?F�N�tuJCAC@)Ku��><7�F�������F6@X£�IB><@j��F\J\N?>S><@BtuJC7<�zJ	@BtM¿o@BJC5 Ê$F|N?Ku7�FCÌl@�£WJC5)7
IB><JC��I�;�£ A<I��¨7 IXJ�JC5)7EYZ��yRN�t)�)�)J�2 4�5)7��s3S�)tuN(JPF�@�£ªJC5)7T@B�)JC�)�)J	;�I��B7$A�AC7$�)AC7�FH7$tiJ�JC5)7¨�)3S�)5)@Bt)7�F
@�£WJC5)7946D\YMD\4¦�)3S�)5)@jt)7�F\7$J �GF\7$7EI��)��7$t�KjN=� ~��ª¥	5uN�>{5,N?F¦IX�)�u; N(7�K�N(t�JC5uN?F6¥6@BAC�&2

...

...

Current FrameLeft Context Right Context

bv m r z

50 37.5 25 12.5

 − ms ms +

 Hidden Layer:
     200 Fully 
Connected Units

Output Layer:
   61 Phones

          Input Layer:
9 Frames of 17 features
  8PLP + 8dPLP + dE
    total of 153 units

1 18

5037.52512.5

137
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Simple Wordpair Grammar
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Wordpair Grammar with Garbage Model
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