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Recap – CTC

Adds a blank (ε) symbol to the output labels

A deep LSTM (for example) maps input sequence X (length
T ) to a label sequence C (length T )

Use CTC compression rule (merge adjacent repeated symbols,
then remove blanks) to produce subword sequence Y (length
M ≤ T )

CTC loss function computes the probability P(Y |X ) by
summing over all possible valid alignments P(C |X )
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CTC Model

View CTC as having three components:

Encoder: Deep (bidirectional)
LSTM recurrent network which
maps acoustic features
X = x1, . . . , xT to a sequence of
hidden vectors
henc = henc

1 , . . . , henc
T .

Softmax: Computes the label
probabilities P(c1|X ), . . . ,P(cT |X )

CTC: Computes the subword
sequence P(y1|X ), . . . ,P(yM |X )

Encoder

Softmax

henc
<latexit sha1_base64="UjqYZIIc2ZnRjDrUNBJgAtlWL18=">AAACDHicbZC7TsMwFIadcivlFujIElEhMVUJQoKxEgtjkehFakJlu05r1XYi20FEUV6BV2CFnQ2x8g6sPAlOyEBbfsnSp/+co3P8o5hRpV33y6qtrW9sbtW3Gzu7e/sH9uFRX0WJxKSHIxbJIYKKMCpIT1PNyDCWBHLEyADNr4v64IFIRSNxp9OYBBxOBQ0phtpYY7vpI57N8vvM5yh6zIjAeT62W27bLeWsgldBC1Tqju1vfxLhhBOhMYNKjTw31kEGpaaYkbzhJ4rEEM/hlIwMCsiJCrLy+Nw5Nc7ECSNpntBO6f6dyCBXKuXIdHKoZ2q5Vpj/1UaJDq+CjIo40cW3ykVhwhwdOUUSzoRKgjVLDUAsqbnVwTMoIdYmr4UtiOcNE4q3HMEq9M/bnuHbi1anU8VTB8fgBJwBD1yCDrgBXdADGKTgGbyAV+vJerPerY/f1ppVzTTBgqzPH4ejnC4=</latexit><latexit sha1_base64="UjqYZIIc2ZnRjDrUNBJgAtlWL18=">AAACDHicbZC7TsMwFIadcivlFujIElEhMVUJQoKxEgtjkehFakJlu05r1XYi20FEUV6BV2CFnQ2x8g6sPAlOyEBbfsnSp/+co3P8o5hRpV33y6qtrW9sbtW3Gzu7e/sH9uFRX0WJxKSHIxbJIYKKMCpIT1PNyDCWBHLEyADNr4v64IFIRSNxp9OYBBxOBQ0phtpYY7vpI57N8vvM5yh6zIjAeT62W27bLeWsgldBC1Tqju1vfxLhhBOhMYNKjTw31kEGpaaYkbzhJ4rEEM/hlIwMCsiJCrLy+Nw5Nc7ECSNpntBO6f6dyCBXKuXIdHKoZ2q5Vpj/1UaJDq+CjIo40cW3ykVhwhwdOUUSzoRKgjVLDUAsqbnVwTMoIdYmr4UtiOcNE4q3HMEq9M/bnuHbi1anU8VTB8fgBJwBD1yCDrgBXdADGKTgGbyAV+vJerPerY/f1ppVzTTBgqzPH4ejnC4=</latexit><latexit sha1_base64="UjqYZIIc2ZnRjDrUNBJgAtlWL18=">AAACDHicbZC7TsMwFIadcivlFujIElEhMVUJQoKxEgtjkehFakJlu05r1XYi20FEUV6BV2CFnQ2x8g6sPAlOyEBbfsnSp/+co3P8o5hRpV33y6qtrW9sbtW3Gzu7e/sH9uFRX0WJxKSHIxbJIYKKMCpIT1PNyDCWBHLEyADNr4v64IFIRSNxp9OYBBxOBQ0phtpYY7vpI57N8vvM5yh6zIjAeT62W27bLeWsgldBC1Tqju1vfxLhhBOhMYNKjTw31kEGpaaYkbzhJ4rEEM/hlIwMCsiJCrLy+Nw5Nc7ECSNpntBO6f6dyCBXKuXIdHKoZ2q5Vpj/1UaJDq+CjIo40cW3ykVhwhwdOUUSzoRKgjVLDUAsqbnVwTMoIdYmr4UtiOcNE4q3HMEq9M/bnuHbi1anU8VTB8fgBJwBD1yCDrgBXdADGKTgGbyAV+vJerPerY/f1ppVzTTBgqzPH4ejnC4=</latexit><latexit sha1_base64="UjqYZIIc2ZnRjDrUNBJgAtlWL18=">AAACDHicbZC7TsMwFIadcivlFujIElEhMVUJQoKxEgtjkehFakJlu05r1XYi20FEUV6BV2CFnQ2x8g6sPAlOyEBbfsnSp/+co3P8o5hRpV33y6qtrW9sbtW3Gzu7e/sH9uFRX0WJxKSHIxbJIYKKMCpIT1PNyDCWBHLEyADNr4v64IFIRSNxp9OYBBxOBQ0phtpYY7vpI57N8vvM5yh6zIjAeT62W27bLeWsgldBC1Tqju1vfxLhhBOhMYNKjTw31kEGpaaYkbzhJ4rEEM/hlIwMCsiJCrLy+Nw5Nc7ECSNpntBO6f6dyCBXKuXIdHKoZ2q5Vpj/1UaJDq+CjIo40cW3ykVhwhwdOUUSzoRKgjVLDUAsqbnVwTMoIdYmr4UtiOcNE4q3HMEq9M/bnuHbi1anU8VTB8fgBJwBD1yCDrgBXdADGKTgGbyAV+vJerPerY/f1ppVzTTBgqzPH4ejnC4=</latexit>

P (c1|X) P (cT |X). . .
<latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit>

CTC

. . .
<latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit>P (y1|X)

<latexit sha1_base64="3xIy4yBTwnOLabpRijon5saqbaY=">AAACDXicbZDLSsNAFIYn9VbrLV52bgaLUDclkYpdFty4rGAv0IYwmU7aoTNJmJkIMeYZfAW3uncnbn0Gtz6JkzYL2/rDgY//nMM5/F7EqFSW9W2U1tY3NrfK25Wd3b39A/PwqCvDWGDSwSELRd9DkjAakI6iipF+JAjiHiM9b3qT93sPREgaBvcqiYjD0TigPsVIacs1T9q1ocfTJHNt+ARz7GcXrlm16tZMcBXsAqqgUNs1f4ajEMecBAozJOXAtiLlpEgoihnJKsNYkgjhKRqTgcYAcSKddPZ9Bs+1M4J+KHQFCs7cvxsp4lIm3NOTHKmJXO7l5n+9Qaz8ppPSIIoVCfD8kB8zqEKYRwFHVBCsWKIBYUH1rxBPkEBY6cAWrng8q+hQ7OUIVqF7Wbcb9au7RrXVLOIpg1NwBmrABtegBW5BG3QABo/gBbyCN+PZeDc+jM/5aMkodo7BgoyvX+Xsmxs=</latexit>

P (yM |X)

<latexit sha1_base64="jl3epwkndbR91rCsY3VTV570jgI=">AAACDXicbZDLSsNAFIYnXmu9xcvOzWAR6qYkUrHLghs3QgV7gTaEyXTSDp1JwsxEiDHP4Cu41b07ceszuPVJnLRZ2NYfDnz85xzO4fciRqWyrG9jZXVtfWOztFXe3tnd2zcPDjsyjAUmbRyyUPQ8JAmjAWkrqhjpRYIg7jHS9SbXeb/7QISkYXCvkog4HI0C6lOMlLZc87hVHXg8TTL3Fj7BHHvZuWtWrJo1FVwGu4AKKNRyzZ/BMMQxJ4HCDEnZt61IOSkSimJGsvIgliRCeIJGpK8xQJxIJ51+n8Ez7QyhHwpdgYJT9+9GiriUCff0JEdqLBd7uflfrx8rv+GkNIhiRQI8O+THDKoQ5lHAIRUEK5ZoQFhQ/SvEYyQQVjqwuSsez8o6FHsxgmXoXNTseu3yrl5pNop4SuAEnIIqsMEVaIIb0AJtgMEjeAGv4M14Nt6ND+NzNrpiFDtHYE7G1y8TQ5s3</latexit>

x1<latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit><latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit><latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit><latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit>

xT<latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit><latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit><latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit><latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit>
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Limitations of CTC

CTC – pros

Can train end-to-end without requiring framewise alignments
Sums over all possible alignments (using forward-backward)
Preserves monotonic relationship between acoustic frames and
output labels

CTC – cons

Assumes output predictions at different times are independent
Requires additional language and pronunciation models to
introduce dependencies between output labels
Incorporation of language models is typically ad-hoc
End-to-end training of CTC models (also of LF-MMI models)
updates the acoustic model parameters using a sequence level
criterion, but does not update the pronunciations or language
models
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RNN Transducer Model

Encoder: Acoustic model network
mapping acoustic features
X = x1, . . . , xT to hidden vectors
henc = henc

1 , . . . , henc
T .

Prediction network: Recurrent
network which takes the previous
output subword label yu−1 as input
and predicts the next subword label
pu – acts as a language model
(over subwords)

Joint network: Computes a joint
hidden vector Z = z1, . . . , zT by a
applying a shallow feed-forward net
to henc and pu

Followed by softmax and CTC
components as before

Encoder

Softmax

henc
t

P (c1|X) P (cT |X). . .
<latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit>

CTC

. . .
<latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit>P (y1|X)

<latexit sha1_base64="3xIy4yBTwnOLabpRijon5saqbaY=">AAACDXicbZDLSsNAFIYn9VbrLV52bgaLUDclkYpdFty4rGAv0IYwmU7aoTNJmJkIMeYZfAW3uncnbn0Gtz6JkzYL2/rDgY//nMM5/F7EqFSW9W2U1tY3NrfK25Wd3b39A/PwqCvDWGDSwSELRd9DkjAakI6iipF+JAjiHiM9b3qT93sPREgaBvcqiYjD0TigPsVIacs1T9q1ocfTJHNt+ARz7GcXrlm16tZMcBXsAqqgUNs1f4ajEMecBAozJOXAtiLlpEgoihnJKsNYkgjhKRqTgcYAcSKddPZ9Bs+1M4J+KHQFCs7cvxsp4lIm3NOTHKmJXO7l5n+9Qaz8ppPSIIoVCfD8kB8zqEKYRwFHVBCsWKIBYUH1rxBPkEBY6cAWrng8q+hQ7OUIVqF7Wbcb9au7RrXVLOIpg1NwBmrABtegBW5BG3QABo/gBbyCN+PZeDc+jM/5aMkodo7BgoyvX+Xsmxs=</latexit>

P (yM |X)

<latexit sha1_base64="jl3epwkndbR91rCsY3VTV570jgI=">AAACDXicbZDLSsNAFIYnXmu9xcvOzWAR6qYkUrHLghs3QgV7gTaEyXTSDp1JwsxEiDHP4Cu41b07ceszuPVJnLRZ2NYfDnz85xzO4fciRqWyrG9jZXVtfWOztFXe3tnd2zcPDjsyjAUmbRyyUPQ8JAmjAWkrqhjpRYIg7jHS9SbXeb/7QISkYXCvkog4HI0C6lOMlLZc87hVHXg8TTL3Fj7BHHvZuWtWrJo1FVwGu4AKKNRyzZ/BMMQxJ4HCDEnZt61IOSkSimJGsvIgliRCeIJGpK8xQJxIJ51+n8Ez7QyhHwpdgYJT9+9GiriUCff0JEdqLBd7uflfrx8rv+GkNIhiRQI8O+THDKoQ5lHAIRUEK5ZoQFhQ/SvEYyQQVjqwuSsez8o6FHsxgmXoXNTseu3yrl5pNop4SuAEnIIqsMEVaIIb0AJtgMEjeAGv4M14Nt6ND+NzNrpiFDtHYE7G1y8TQ5s3</latexit>

x1<latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit><latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit><latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit><latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit>

xT<latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit><latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit><latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit><latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit>

. . .
<latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit>

Prediction 
network

Joint network

pu

zt,u

yu�1

<latexit sha1_base64="NNMHOztLDAuPTf9NcLBXrNfYXDQ=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgxpJIRZdFNy4r2Ac0oUymk3boTBJmJkII3fkNbnXtTtz6Iy79EydtFrb1wIXDOfdyLsePOVPatr+t0tr6xuZWebuys7u3f1A9POqoKJGEtknEI9nzsaKchbStmea0F0uKhc9p15/c5X73iUrFovBRpzH1BB6FLGAEayO5ri+ydDrIkgtnOqjW7Lo9A1olTkFqUKA1qP64w4gkgoaacKxU37Fj7WVYakY4nVbcRNEYkwke0b6hIRZUedns5yk6M8oQBZE0E2o0U/9eZFgolQrfbAqsx2rZy8X/vH6igxsvY2GcaBqSeVCQcKQjlBeAhkxSonlqCCaSmV8RGWOJiTY1LaT4Iu/EWW5glXQu606jfvXQqDVvi3bKcAKncA4OXEMT7qEFbSAQwwu8wpv1bL1bH9bnfLVkFTfHsADr6xcHdJhW</latexit>
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RNN Transducer Model

RNN transducer can operate left-to-right is a
frame-synchronous manner (if the encoder is a unidirectional
LSTM)

Acoustic model (encoder) and language model (prediction
network) parts are modelled independently and combined in
the joint network. However everything is optimised to a
common sequence-level objective (using the CTC loss
function).

With sufficient training data, additional language and
pronunciation models are not necessary ( Google experiments )

Google “all-neural” on-device speech recognition uses
unidirectional RNN transducers
https://ai.googleblog.com/2019/03/

an-all-neural-on-device-speech.html
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Attention-based Encoder-Decoder Model

Encoder: Acoustic model using a
recurrent network to map acoustic
features X = x1, . . . , xT to hidden
vectors henc = henc

1 , . . . , henc
T .

Decoder: Computes distribution
over labels conditioned on
previously predicted labels and the
acoustics, P(yu|yu−1, . . . , y0,X )

Attention: Constructs a context
vector for the decoder network
based on attention weights
computed over all frames in the
encoder output

Google’s “Listen, Attend, and
Spell” model: Chan et al (2016)

Encoder

Softmax

henc
t

<latexit sha1_base64="k2DuaOckjAOpRWDatv4RjPr2Hao=">AAACDnicbZDLSsNAFIYnXmu9RcWVm2ARXJVEBLssuHFZwV6giWFmOmmHziRhZiKWIe/gK7jVvTtx6yu49UmcxCxs6w8DH/85h3PmRymjUrnul7Wyura+sVnbqm/v7O7t2weHPZlkApMuTlgiBghKwmhMuooqRgapIJAjRvpoel3U+w9ESJrEd2qWkoDDcUwjiqEyVmgf+4jrSX6vfY6SR01inOehCu2G23RLOcvgVdAAlTqh/e2PEpxxEivMoJRDz01VoKFQFDOS1/1MkhTiKRyTocEYciIDXZ6fO2fGGTlRIsyLlVO6fyc05FLOODKdHKqJXKwV5n+1YaaiVqBpnGaq+Fi5KMqYoxKnyMIZUUGwYjMDEAtqbnXwBAqIlUlsbgvied2E4i1GsAy9i6Zn+Pay0W5V8dTACTgF58ADV6ANbkAHdAEGGjyDF/BqPVlv1rv18du6YlUzR2BO1ucPLWadDQ==</latexit><latexit sha1_base64="k2DuaOckjAOpRWDatv4RjPr2Hao=">AAACDnicbZDLSsNAFIYnXmu9RcWVm2ARXJVEBLssuHFZwV6giWFmOmmHziRhZiKWIe/gK7jVvTtx6yu49UmcxCxs6w8DH/85h3PmRymjUrnul7Wyura+sVnbqm/v7O7t2weHPZlkApMuTlgiBghKwmhMuooqRgapIJAjRvpoel3U+w9ESJrEd2qWkoDDcUwjiqEyVmgf+4jrSX6vfY6SR01inOehCu2G23RLOcvgVdAAlTqh/e2PEpxxEivMoJRDz01VoKFQFDOS1/1MkhTiKRyTocEYciIDXZ6fO2fGGTlRIsyLlVO6fyc05FLOODKdHKqJXKwV5n+1YaaiVqBpnGaq+Fi5KMqYoxKnyMIZUUGwYjMDEAtqbnXwBAqIlUlsbgvied2E4i1GsAy9i6Zn+Pay0W5V8dTACTgF58ADV6ANbkAHdAEGGjyDF/BqPVlv1rv18du6YlUzR2BO1ucPLWadDQ==</latexit><latexit sha1_base64="k2DuaOckjAOpRWDatv4RjPr2Hao=">AAACDnicbZDLSsNAFIYnXmu9RcWVm2ARXJVEBLssuHFZwV6giWFmOmmHziRhZiKWIe/gK7jVvTtx6yu49UmcxCxs6w8DH/85h3PmRymjUrnul7Wyura+sVnbqm/v7O7t2weHPZlkApMuTlgiBghKwmhMuooqRgapIJAjRvpoel3U+w9ESJrEd2qWkoDDcUwjiqEyVmgf+4jrSX6vfY6SR01inOehCu2G23RLOcvgVdAAlTqh/e2PEpxxEivMoJRDz01VoKFQFDOS1/1MkhTiKRyTocEYciIDXZ6fO2fGGTlRIsyLlVO6fyc05FLOODKdHKqJXKwV5n+1YaaiVqBpnGaq+Fi5KMqYoxKnyMIZUUGwYjMDEAtqbnXwBAqIlUlsbgvied2E4i1GsAy9i6Zn+Pay0W5V8dTACTgF58ADV6ANbkAHdAEGGjyDF/BqPVlv1rv18du6YlUzR2BO1ucPLWadDQ==</latexit>

x1<latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit><latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit><latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit><latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit>

xT<latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit><latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit><latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit><latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit>

. . .
<latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit><latexit sha1_base64="IwVdyFE4mBoJUUw8wiwJqr2C01U=">AAAB/HicbVBNS8NAFHypX7V+VT16CRbBU0lEsMeCF48VTCu0oWy2m3bp7ibsvggl1L/gVe/exKv/xau/xG2bg20dWBhm3vDeTpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aZsk05QFNBGJfoyIYYIrFiBHwR5TzYiMBOtE49uZ33li2vBEPeAkZaEkQ8VjTglaKegNEjT9as2re3O468QvSA0KtPrVH5ujmWQKqSDGdH0vxTAnGjkVbFrpZYalhI7JkHUtVUQyE+bzY6fuhVUGbpxo+xS6c/VvIifSmImM7KQkODKr3kz8z+tmGDfCnKs0Q6boYlGcCRcTd/Zzd8A1oygmlhCqub3VpSOiCUXbz9KWSE4rthR/tYJ10r6q+5bfX9eajaKeMpzBOVyCDzfQhDtoQQAUOLzAK7w5z8678+F8LkZLTpE5hSU4X78245Ve</latexit>

Attention

hdec
u

<latexit sha1_base64="TUG9REiOTth9umPzEzo/UjSwh/w=">AAACEHicbZC7TsMwFIadcivlFmBgYImokJiqBCHRsRILY5HoRWpCZDtOa9VOIttBVJFfgldghZ0NsfIGrDwJbpuBtvySpU//OUfn+EcZo1K57rdVWVvf2Nyqbtd2dvf2D+zDo65Mc4FJB6csFX0EJWE0IR1FFSP9TBDIESM9NL6Z1nuPREiaJvdqkpGAw2FCY4qhMlZon/iIFyP9UPgcpU9FRLDWYZHr0K67DXcmZxW8EuqgVDu0f/woxTknicIMSjnw3EwFBRSKYkZ0zc8lySAewyEZGEwgJzIoZh/QzrlxIidOhXmJcmbu34kCciknHJlODtVILtem5n+1Qa7iZlDQJMsVSfB8UZwzR6XONA0nooJgxSYGIBbU3OrgERQQK5PZwhbEdc2E4i1HsArdy4Zn+O6q3mqW8VTBKTgDF8AD16AFbkEbdAAGGryAV/BmPVvv1of1OW+tWOXMMViQ9fULA0yeEA==</latexit><latexit sha1_base64="TUG9REiOTth9umPzEzo/UjSwh/w=">AAACEHicbZC7TsMwFIadcivlFmBgYImokJiqBCHRsRILY5HoRWpCZDtOa9VOIttBVJFfgldghZ0NsfIGrDwJbpuBtvySpU//OUfn+EcZo1K57rdVWVvf2Nyqbtd2dvf2D+zDo65Mc4FJB6csFX0EJWE0IR1FFSP9TBDIESM9NL6Z1nuPREiaJvdqkpGAw2FCY4qhMlZon/iIFyP9UPgcpU9FRLDWYZHr0K67DXcmZxW8EuqgVDu0f/woxTknicIMSjnw3EwFBRSKYkZ0zc8lySAewyEZGEwgJzIoZh/QzrlxIidOhXmJcmbu34kCciknHJlODtVILtem5n+1Qa7iZlDQJMsVSfB8UZwzR6XONA0nooJgxSYGIBbU3OrgERQQK5PZwhbEdc2E4i1HsArdy4Zn+O6q3mqW8VTBKTgDF8AD16AFbkEbdAAGGryAV/BmPVvv1of1OW+tWOXMMViQ9fULA0yeEA==</latexit><latexit sha1_base64="TUG9REiOTth9umPzEzo/UjSwh/w=">AAACEHicbZC7TsMwFIadcivlFmBgYImokJiqBCHRsRILY5HoRWpCZDtOa9VOIttBVJFfgldghZ0NsfIGrDwJbpuBtvySpU//OUfn+EcZo1K57rdVWVvf2Nyqbtd2dvf2D+zDo65Mc4FJB6csFX0EJWE0IR1FFSP9TBDIESM9NL6Z1nuPREiaJvdqkpGAw2FCY4qhMlZon/iIFyP9UPgcpU9FRLDWYZHr0K67DXcmZxW8EuqgVDu0f/woxTknicIMSjnw3EwFBRSKYkZ0zc8lySAewyEZGEwgJzIoZh/QzrlxIidOhXmJcmbu34kCciknHJlODtVILtem5n+1Qa7iZlDQJMsVSfB8UZwzR6XONA0nooJgxSYGIBbU3OrgERQQK5PZwhbEdc2E4i1HsArdy4Zn+O6q3mqW8VTBKTgDF8AD16AFbkEbdAAGGryAV/BmPVvv1of1OW+tWOXMMViQ9fULA0yeEA==</latexit><latexit sha1_base64="TUG9REiOTth9umPzEzo/UjSwh/w=">AAACEHicbZC7TsMwFIadcivlFmBgYImokJiqBCHRsRILY5HoRWpCZDtOa9VOIttBVJFfgldghZ0NsfIGrDwJbpuBtvySpU//OUfn+EcZo1K57rdVWVvf2Nyqbtd2dvf2D+zDo65Mc4FJB6csFX0EJWE0IR1FFSP9TBDIESM9NL6Z1nuPREiaJvdqkpGAw2FCY4qhMlZon/iIFyP9UPgcpU9FRLDWYZHr0K67DXcmZxW8EuqgVDu0f/woxTknicIMSjnw3EwFBRSKYkZ0zc8lySAewyEZGEwgJzIoZh/QzrlxIidOhXmJcmbu34kCciknHJlODtVILtem5n+1Qa7iZlDQJMsVSfB8UZwzR6XONA0nooJgxSYGIBbU3OrgERQQK5PZwhbEdc2E4i1HsArdy4Zn+O6q3mqW8VTBKTgDF8AD16AFbkEbdAAGGryAV/BmPVvv1of1OW+tWOXMMViQ9fULA0yeEA==</latexit>

cu
<latexit sha1_base64="7aKRbhqhw4u3fr5iqr+w13M3mqI=">AAACAXicbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvaC7VAyaaYNTTJDkhHKMCtfwa3u3Ylbn8StT2KmnYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3ub17hNVmkXywcxi6gs8lixkBBtrPQ4CkZJsmCbZsFpz6+5caB28AmpQqDWs/gxGEUkElYZwrHXfc2Pjp1gZRjjNKoNE0xiTKR7TvkWJBdV+Or84QxfWGaEwUvZJg+bu34kUC61nIrCdApuJXq3l5n+1fmLChp8yGSeGSrJYFCYcmQjl30cjpigxfGYBE8XsrYhMsMLE2JCWtgQiq9hQvNUI1qFzVfcs31/Xmo0injKcwTlcggc30IQ7aEEbCEh4gVd4c56dd+fD+Vy0lpxi5hSW5Hz9AoV1l8w=</latexit><latexit sha1_base64="7aKRbhqhw4u3fr5iqr+w13M3mqI=">AAACAXicbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvaC7VAyaaYNTTJDkhHKMCtfwa3u3Ylbn8StT2KmnYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3ub17hNVmkXywcxi6gs8lixkBBtrPQ4CkZJsmCbZsFpz6+5caB28AmpQqDWs/gxGEUkElYZwrHXfc2Pjp1gZRjjNKoNE0xiTKR7TvkWJBdV+Or84QxfWGaEwUvZJg+bu34kUC61nIrCdApuJXq3l5n+1fmLChp8yGSeGSrJYFCYcmQjl30cjpigxfGYBE8XsrYhMsMLE2JCWtgQiq9hQvNUI1qFzVfcs31/Xmo0injKcwTlcggc30IQ7aEEbCEh4gVd4c56dd+fD+Vy0lpxi5hSW5Hz9AoV1l8w=</latexit><latexit sha1_base64="7aKRbhqhw4u3fr5iqr+w13M3mqI=">AAACAXicbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvaC7VAyaaYNTTJDkhHKMCtfwa3u3Ylbn8StT2KmnYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3ub17hNVmkXywcxi6gs8lixkBBtrPQ4CkZJsmCbZsFpz6+5caB28AmpQqDWs/gxGEUkElYZwrHXfc2Pjp1gZRjjNKoNE0xiTKR7TvkWJBdV+Or84QxfWGaEwUvZJg+bu34kUC61nIrCdApuJXq3l5n+1fmLChp8yGSeGSrJYFCYcmQjl30cjpigxfGYBE8XsrYhMsMLE2JCWtgQiq9hQvNUI1qFzVfcs31/Xmo0injKcwTlcggc30IQ7aEEbCEh4gVd4c56dd+fD+Vy0lpxi5hSW5Hz9AoV1l8w=</latexit><latexit sha1_base64="7aKRbhqhw4u3fr5iqr+w13M3mqI=">AAACAXicbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvaC7VAyaaYNTTJDkhHKMCtfwa3u3Ylbn8StT2KmnYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3ub17hNVmkXywcxi6gs8lixkBBtrPQ4CkZJsmCbZsFpz6+5caB28AmpQqDWs/gxGEUkElYZwrHXfc2Pjp1gZRjjNKoNE0xiTKR7TvkWJBdV+Or84QxfWGaEwUvZJg+bu34kUC61nIrCdApuJXq3l5n+1fmLChp8yGSeGSrJYFCYcmQjl30cjpigxfGYBE8XsrYhMsMLE2JCWtgQiq9hQvNUI1qFzVfcs31/Xmo0injKcwTlcggc30IQ7aEEbCEh4gVd4c56dd+fD+Vy0lpxi5hSW5Hz9AoV1l8w=</latexit>

yu�1

<latexit sha1_base64="KdFBgYXUnRuL9w+N8fjLMkIa0IE=">AAACA3icbVDLSsNAFL2pr1pfVZdugkVwY0mkYpcFNy4r2Ac0oUymk3bozCTMTIQQsvQX3Orenbj1Q9z6JU7bLGzrgQuHc+7lXE4QM6q043xbpY3Nre2d8m5lb//g8Kh6fNJVUSIx6eCIRbIfIEUYFaSjqWakH0uCeMBIL5jezfzeE5GKRuJRpzHxORoLGlKMtJE8L+BZmg+z5MrNh9WaU3fmsNeJW5AaFGgPqz/eKMIJJ0JjhpQauE6s/QxJTTEjecVLFIkRnqIxGRgqECfKz+Y/5/aFUUZ2GEkzQttz9e9FhrhSKQ/MJkd6ola9mfifN0h02PQzKuJEE4EXQWHCbB3ZswLsEZUEa5YagrCk5lcbT5BEWJuallICnldMKe5qBeuke113G/Wbh0at1SzqKcMZnMMluHALLbiHNnQAQwwv8Apv1rP1bn1Yn4vVklXcnMISrK9fkgeYXA==</latexit>

P (yu|yu�1, . . . , y0, X)

<latexit sha1_base64="ixkq0OqXNcokyDBtPC1Jx2F62gw="></latexit>

Decoder

hdec
u�1

<latexit sha1_base64="R6i4PS77MAKQ05EgoVJzUo/aIUU=">AAACEnicbVDLSsNAFJ3UV62vqCtxEyyCG0siFbssuHFZwT6giWEymbRDZ5IwMxHLEPwJf8Gt7t2JW3/ArV/itM3Cth64cDjnXu69J0gpEdK2v43Syura+kZ5s7K1vbO7Z+4fdESScYTbKKEJ7wVQYEpi3JZEUtxLOYYsoLgbjK4nfvcBc0GS+E6OU+wxOIhJRBCUWvLNIzdgapjfK5cFyaMKMcpzX2XnTu6bVbtmT2EtE6cgVVCg5Zs/bpigjOFYIgqF6Dt2Kj0FuSSI4rziZgKnEI3gAPc1jSHDwlPTF3LrVCuhFSVcVyytqfp3QkEmxJgFupNBORSL3kT8z+tnMmp4isRpJnGMZouijFoysSZ5WCHhGEk61gQiTvStFhpCDpHUqc1tCVhe0aE4ixEsk85FzanXLm/r1WajiKcMjsEJOAMOuAJNcANaoA0QeAIv4BW8Gc/Gu/FhfM5aS0YxcwjmYHz9AvgRnoo=</latexit>

cu�1

<latexit sha1_base64="madBUR9QPHMYlyVQssiwsu8BgIM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2qyfpRfetF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzH4nA6E5QzmxhDIt7K2EjaimDG1CJRuCt/zyKmldVr1a9eqhVqnf5nEU4QRO4Rw8uIY63EMDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w/2Wo9V</latexit>

hdec
u

<latexit sha1_base64="TUG9REiOTth9umPzEzo/UjSwh/w=">AAACEHicbZC7TsMwFIadcivlFmBgYImokJiqBCHRsRILY5HoRWpCZDtOa9VOIttBVJFfgldghZ0NsfIGrDwJbpuBtvySpU//OUfn+EcZo1K57rdVWVvf2Nyqbtd2dvf2D+zDo65Mc4FJB6csFX0EJWE0IR1FFSP9TBDIESM9NL6Z1nuPREiaJvdqkpGAw2FCY4qhMlZon/iIFyP9UPgcpU9FRLDWYZHr0K67DXcmZxW8EuqgVDu0f/woxTknicIMSjnw3EwFBRSKYkZ0zc8lySAewyEZGEwgJzIoZh/QzrlxIidOhXmJcmbu34kCciknHJlODtVILtem5n+1Qa7iZlDQJMsVSfB8UZwzR6XONA0nooJgxSYGIBbU3OrgERQQK5PZwhbEdc2E4i1HsArdy4Zn+O6q3mqW8VTBKTgDF8AD16AFbkEbdAAGGryAV/BmPVvv1of1OW+tWOXMMViQ9fULA0yeEA==</latexit><latexit sha1_base64="TUG9REiOTth9umPzEzo/UjSwh/w=">AAACEHicbZC7TsMwFIadcivlFmBgYImokJiqBCHRsRILY5HoRWpCZDtOa9VOIttBVJFfgldghZ0NsfIGrDwJbpuBtvySpU//OUfn+EcZo1K57rdVWVvf2Nyqbtd2dvf2D+zDo65Mc4FJB6csFX0EJWE0IR1FFSP9TBDIESM9NL6Z1nuPREiaJvdqkpGAw2FCY4qhMlZon/iIFyP9UPgcpU9FRLDWYZHr0K67DXcmZxW8EuqgVDu0f/woxTknicIMSjnw3EwFBRSKYkZ0zc8lySAewyEZGEwgJzIoZh/QzrlxIidOhXmJcmbu34kCciknHJlODtVILtem5n+1Qa7iZlDQJMsVSfB8UZwzR6XONA0nooJgxSYGIBbU3OrgERQQK5PZwhbEdc2E4i1HsArdy4Zn+O6q3mqW8VTBKTgDF8AD16AFbkEbdAAGGryAV/BmPVvv1of1OW+tWOXMMViQ9fULA0yeEA==</latexit><latexit sha1_base64="TUG9REiOTth9umPzEzo/UjSwh/w=">AAACEHicbZC7TsMwFIadcivlFmBgYImokJiqBCHRsRILY5HoRWpCZDtOa9VOIttBVJFfgldghZ0NsfIGrDwJbpuBtvySpU//OUfn+EcZo1K57rdVWVvf2Nyqbtd2dvf2D+zDo65Mc4FJB6csFX0EJWE0IR1FFSP9TBDIESM9NL6Z1nuPREiaJvdqkpGAw2FCY4qhMlZon/iIFyP9UPgcpU9FRLDWYZHr0K67DXcmZxW8EuqgVDu0f/woxTknicIMSjnw3EwFBRSKYkZ0zc8lySAewyEZGEwgJzIoZh/QzrlxIidOhXmJcmbu34kCciknHJlODtVILtem5n+1Qa7iZlDQJMsVSfB8UZwzR6XONA0nooJgxSYGIBbU3OrgERQQK5PZwhbEdc2E4i1HsArdy4Zn+O6q3mqW8VTBKTgDF8AD16AFbkEbdAAGGryAV/BmPVvv1of1OW+tWOXMMViQ9fULA0yeEA==</latexit><latexit sha1_base64="TUG9REiOTth9umPzEzo/UjSwh/w=">AAACEHicbZC7TsMwFIadcivlFmBgYImokJiqBCHRsRILY5HoRWpCZDtOa9VOIttBVJFfgldghZ0NsfIGrDwJbpuBtvySpU//OUfn+EcZo1K57rdVWVvf2Nyqbtd2dvf2D+zDo65Mc4FJB6csFX0EJWE0IR1FFSP9TBDIESM9NL6Z1nuPREiaJvdqkpGAw2FCY4qhMlZon/iIFyP9UPgcpU9FRLDWYZHr0K67DXcmZxW8EuqgVDu0f/woxTknicIMSjnw3EwFBRSKYkZ0zc8lySAewyEZGEwgJzIoZh/QzrlxIidOhXmJcmbu34kCciknHJlODtVILtem5n+1Qa7iZlDQJMsVSfB8UZwzR6XONA0nooJgxSYGIBbU3OrgERQQK5PZwhbEdc2E4i1HsArdy4Zn+O6q3mqW8VTBKTgDF8AD16AFbkEbdAAGGryAV/BmPVvv1of1OW+tWOXMMViQ9fULA0yeEA==</latexit>

ASR Lecture 17 End-to-end systems 2: Encoder-Decoder models 7



The Decoder

The decoder directly generates the output subword
sequence Y

At each decoding step u, the decoder RNN uses the previous

output yu−1, the previous decoder RNN hidden state hdec
u−1,

and the previous context vector cu−1 to generate the current

decoder hidden state hdec
u

hdec
u = RNN(hdec

u−1, yu−1, cu−1)

The context vector is computed by the attention mechanism

ASR Lecture 17 End-to-end systems 2: Encoder-Decoder models 8



The Attention Mechanism

The attention mechanism uses the current decoder RNN
hidden state hdec

u , and the sequence of encoder hidden states
henc
t to compute an alignment matrix αut :

αut = Attention(hdec
u , henc

t )

The alignment vector is used as weights in a weighted sum of
the encoder hidden states to compute the context vector cu:

cu =
T∑
t=1

αuth
enc
t

The decoder uses the context vector cu and the current
decoder hidden state hdec

u to estimate the subword
distribution:

yu ∼ LabelDistribution(cu, h
dec
u )

where LabelDistribution is a single layer neural network with a
softmax output over the labels.

ASR Lecture 17 End-to-end systems 2: Encoder-Decoder models 9



Alignment Vector

Attention models the alignment between the current output
yu and the input sequence X – it matches the “input clock”
with the “output clock”

Various ways to compute the attention - content-based
attention commonly used. Single hidden layer followed by a
softmax

eut = vT tanh(Whdec
u + Vhenc

t + b)

αut =
exp(eut)∑
k exp(euk)

ASR Lecture 17 End-to-end systems 2: Encoder-Decoder models 10



Alignment between labels and acoustics

Table 1: WER comparison on the clean and noisy Google voice search task. The CLDNN-HMM system is
the state-of-the-art system, the Listen, Attend and Spell (LAS) models are decoded with a beam size of 32.
Language Model (LM) rescoring was applied to our beams, and a sampling trick was applied to bridge the gap
between training and inference.

Model Clean WER Noisy WER
CLDNN-HMM [20] 8.0 8.9
LAS 16.2 19.0
LAS + LM Rescoring 12.6 14.7
LAS + Sampling 14.1 16.5
LAS + Sampling + LM Rescoring 10.3 12.0

tional filters could lead to improved results, as they have been reported to improve performance by
5% relative WER on clean speech and 7% relative on noisy speech compared to non-convolutional
architectures [20].

4.1 Attention Visualization

Figure 2: Alignments between character outputs and audio signal produced by the Listen, Attend and Spell
(LAS) model for the utterance “how much would a woodchuck chuck”. The content based attention mechanism
was able to identify the start position in the audio sequence for the first character correctly. The alignment
produced is generally monotonic without a need for any location based priors.

The content-based attention mechanism creates an explicit alignment between the characters and
audio signal. We can visualize the attention mechanism by recording the attention distribution on
the acoustic sequence at every character output timestep. Figure 2 visualizes the attention align-
ment between the characters and the filterbanks for the utterance “how much would a woodchuck
chuck”. For this particular utterance, the model learnt a monotonic distribution without any location
priors. The words “woodchuck” and “chuck” have acoustic similarities, the attention mechanism
was slightly confused when emitting “woodchuck” with a dilution in the distribution. The attention
model was also able to identify the start and end of the utterance properly.

7

“How much would a woodchuck chuck”
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Attention Mechanism

x1<latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit><latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit><latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit><latexit sha1_base64="vzEHDipKiEUoKxohBPqncH5fcgU=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lQ29Yrbl1NxdaB6+AGhRqDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvUWJBtZ/m92bowjojFEbKPmlQ7v6dSLHQeiYC2ymwmejV2tz8r9ZPTNjwUybjxFBJFovChCMTofnn0YgpSgyfWcBEMXsrIhOsMDE2oqUtgcgqNhRvNYJ16FzVPcv317Vmo4inDGdwDpfgwQ004Q5a0AYCHF7gFd6cZ+fd+XA+F60lp5g5hSU5X79iz5aR</latexit>

x2<latexit sha1_base64="RZDwW66l7qUgPTxfQbxdTH8MDdY=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozRWiXBTcuK9gLtEPJpJk2NMkMSUYswyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSso6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvZ3Xu49UaRbJBzOLqS/wWLKQEWys1RsEIn3KhrVhueJW3YXQJng5VCBXa1j+GYwikggqDeFY677nxsZPsTKMcJqVBommMSZTPKZ9ixILqv10cW+GrqwzQmGk7JMGLdy/EykWWs9EYDsFNhO9Xpub/9X6iQkbfspknBgqyXJRmHBkIjT/PBoxRYnhMwuYKGZvRWSCFSbGRrSyJRBZyYbirUewCZ1a1bN8f1NpNvJ4inABl3ANHtShCXfQgjYQ4PACr/DmPDvvzofzuWwtOPnMOazI+foFZGOWkg==</latexit><latexit sha1_base64="RZDwW66l7qUgPTxfQbxdTH8MDdY=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozRWiXBTcuK9gLtEPJpJk2NMkMSUYswyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSso6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvZ3Xu49UaRbJBzOLqS/wWLKQEWys1RsEIn3KhrVhueJW3YXQJng5VCBXa1j+GYwikggqDeFY677nxsZPsTKMcJqVBommMSZTPKZ9ixILqv10cW+GrqwzQmGk7JMGLdy/EykWWs9EYDsFNhO9Xpub/9X6iQkbfspknBgqyXJRmHBkIjT/PBoxRYnhMwuYKGZvRWSCFSbGRrSyJRBZyYbirUewCZ1a1bN8f1NpNvJ4inABl3ANHtShCXfQgjYQ4PACr/DmPDvvzofzuWwtOPnMOazI+foFZGOWkg==</latexit><latexit sha1_base64="RZDwW66l7qUgPTxfQbxdTH8MDdY=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozRWiXBTcuK9gLtEPJpJk2NMkMSUYswyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSso6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvZ3Xu49UaRbJBzOLqS/wWLKQEWys1RsEIn3KhrVhueJW3YXQJng5VCBXa1j+GYwikggqDeFY677nxsZPsTKMcJqVBommMSZTPKZ9ixILqv10cW+GrqwzQmGk7JMGLdy/EykWWs9EYDsFNhO9Xpub/9X6iQkbfspknBgqyXJRmHBkIjT/PBoxRYnhMwuYKGZvRWSCFSbGRrSyJRBZyYbirUewCZ1a1bN8f1NpNvJ4inABl3ANHtShCXfQgjYQ4PACr/DmPDvvzofzuWwtOPnMOazI+foFZGOWkg==</latexit><latexit sha1_base64="RZDwW66l7qUgPTxfQbxdTH8MDdY=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozRWiXBTcuK9gLtEPJpJk2NMkMSUYswyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSso6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvZ3Xu49UaRbJBzOLqS/wWLKQEWys1RsEIn3KhrVhueJW3YXQJng5VCBXa1j+GYwikggqDeFY677nxsZPsTKMcJqVBommMSZTPKZ9ixILqv10cW+GrqwzQmGk7JMGLdy/EykWWs9EYDsFNhO9Xpub/9X6iQkbfspknBgqyXJRmHBkIjT/PBoxRYnhMwuYKGZvRWSCFSbGRrSyJRBZyYbirUewCZ1a1bN8f1NpNvJ4inABl3ANHtShCXfQgjYQ4PACr/DmPDvvzofzuWwtOPnMOazI+foFZGOWkg==</latexit>

x3
<latexit sha1_base64="PTGmk/gjrWdKQCzdGy4ThuDqP+M=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozWrDLghuXFewF2qFk0kwbmmSGJCOWYRa+glvduxO3Popbn8S0nYVt/SHw8Z9zOCd/EHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3M7qnUeqNIvkg5nG1Bd4JFnICDbW6vYDkT5lg+tBueJW3bnQOng5VCBXc1D+6Q8jkggqDeFY657nxsZPsTKMcJqV+ommMSYTPKI9ixILqv10fm+GLqwzRGGk7JMGzd2/EykWWk9FYDsFNmO9WpuZ/9V6iQnrfspknBgqyWJRmHBkIjT7PBoyRYnhUwuYKGZvRWSMFSbGRrS0JRBZyYbirUawDu2rqmf5vlZp1PN4inAG53AJHtxAA+6gCS0gwOEFXuHNeXbenQ/nc9FacPKZU1iS8/ULZfeWkw==</latexit><latexit sha1_base64="PTGmk/gjrWdKQCzdGy4ThuDqP+M=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozWrDLghuXFewF2qFk0kwbmmSGJCOWYRa+glvduxO3Popbn8S0nYVt/SHw8Z9zOCd/EHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3M7qnUeqNIvkg5nG1Bd4JFnICDbW6vYDkT5lg+tBueJW3bnQOng5VCBXc1D+6Q8jkggqDeFY657nxsZPsTKMcJqV+ommMSYTPKI9ixILqv10fm+GLqwzRGGk7JMGzd2/EykWWk9FYDsFNmO9WpuZ/9V6iQnrfspknBgqyWJRmHBkIjT7PBoyRYnhUwuYKGZvRWSMFSbGRrS0JRBZyYbirUawDu2rqmf5vlZp1PN4inAG53AJHtxAA+6gCS0gwOEFXuHNeXbenQ/nc9FacPKZU1iS8/ULZfeWkw==</latexit><latexit sha1_base64="PTGmk/gjrWdKQCzdGy4ThuDqP+M=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozWrDLghuXFewF2qFk0kwbmmSGJCOWYRa+glvduxO3Popbn8S0nYVt/SHw8Z9zOCd/EHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3M7qnUeqNIvkg5nG1Bd4JFnICDbW6vYDkT5lg+tBueJW3bnQOng5VCBXc1D+6Q8jkggqDeFY657nxsZPsTKMcJqV+ommMSYTPKI9ixILqv10fm+GLqwzRGGk7JMGzd2/EykWWk9FYDsFNmO9WpuZ/9V6iQnrfspknBgqyWJRmHBkIjT7PBoyRYnhUwuYKGZvRWSMFSbGRrS0JRBZyYbirUawDu2rqmf5vlZp1PN4inAG53AJHtxAA+6gCS0gwOEFXuHNeXbenQ/nc9FacPKZU1iS8/ULZfeWkw==</latexit><latexit sha1_base64="PTGmk/gjrWdKQCzdGy4ThuDqP+M=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozWrDLghuXFewF2qFk0kwbmmSGJCOWYRa+glvduxO3Popbn8S0nYVt/SHw8Z9zOCd/EHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3M7qnUeqNIvkg5nG1Bd4JFnICDbW6vYDkT5lg+tBueJW3bnQOng5VCBXc1D+6Q8jkggqDeFY657nxsZPsTKMcJqV+ommMSYTPKI9ixILqv10fm+GLqwzRGGk7JMGzd2/EykWWk9FYDsFNmO9WpuZ/9V6iQnrfspknBgqyWJRmHBkIjT7PBoyRYnhUwuYKGZvRWSMFSbGRrS0JRBZyYbirUawDu2rqmf5vlZp1PN4inAG53AJHtxAA+6gCS0gwOEFXuHNeXbenQ/nc9FacPKZU1iS8/ULZfeWkw==</latexit>

x4<latexit sha1_base64="b0IbF9gqiX8qOuJmIYbrdgN3ors=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozUmiXBTcuK9gLtEPJpJk2NMkMSUYswyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSso6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvZ3Xu49UaRbJBzOLqS/wWLKQEWys1RsEIn3KhrVhueJW3YXQJng5VCBXa1j+GYwikggqDeFY677nxsZPsTKMcJqVBommMSZTPKZ9ixILqv10cW+GrqwzQmGk7JMGLdy/EykWWs9EYDsFNhO9Xpub/9X6iQkbfspknBgqyXJRmHBkIjT/PBoxRYnhMwuYKGZvRWSCFSbGRrSyJRBZyYbirUewCZ2bqmf5vlZpNvJ4inABl3ANHtShCXfQgjYQ4PACr/DmPDvvzofzuWwtOPnMOazI+foFZ4uWlA==</latexit><latexit sha1_base64="b0IbF9gqiX8qOuJmIYbrdgN3ors=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozUmiXBTcuK9gLtEPJpJk2NMkMSUYswyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSso6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvZ3Xu49UaRbJBzOLqS/wWLKQEWys1RsEIn3KhrVhueJW3YXQJng5VCBXa1j+GYwikggqDeFY677nxsZPsTKMcJqVBommMSZTPKZ9ixILqv10cW+GrqwzQmGk7JMGLdy/EykWWs9EYDsFNhO9Xpub/9X6iQkbfspknBgqyXJRmHBkIjT/PBoxRYnhMwuYKGZvRWSCFSbGRrSyJRBZyYbirUewCZ2bqmf5vlZpNvJ4inABl3ANHtShCXfQgjYQ4PACr/DmPDvvzofzuWwtOPnMOazI+foFZ4uWlA==</latexit><latexit sha1_base64="b0IbF9gqiX8qOuJmIYbrdgN3ors=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozUmiXBTcuK9gLtEPJpJk2NMkMSUYswyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSso6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvZ3Xu49UaRbJBzOLqS/wWLKQEWys1RsEIn3KhrVhueJW3YXQJng5VCBXa1j+GYwikggqDeFY677nxsZPsTKMcJqVBommMSZTPKZ9ixILqv10cW+GrqwzQmGk7JMGLdy/EykWWs9EYDsFNhO9Xpub/9X6iQkbfspknBgqyXJRmHBkIjT/PBoxRYnhMwuYKGZvRWSCFSbGRrSyJRBZyYbirUewCZ2bqmf5vlZpNvJ4inABl3ANHtShCXfQgjYQ4PACr/DmPDvvzofzuWwtOPnMOazI+foFZ4uWlA==</latexit><latexit sha1_base64="b0IbF9gqiX8qOuJmIYbrdgN3ors=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozUmiXBTcuK9gLtEPJpJk2NMkMSUYswyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSso6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvZ3Xu49UaRbJBzOLqS/wWLKQEWys1RsEIn3KhrVhueJW3YXQJng5VCBXa1j+GYwikggqDeFY677nxsZPsTKMcJqVBommMSZTPKZ9ixILqv10cW+GrqwzQmGk7JMGLdy/EykWWs9EYDsFNhO9Xpub/9X6iQkbfspknBgqyXJRmHBkIjT/PBoxRYnhMwuYKGZvRWSCFSbGRrSyJRBZyYbirUewCZ2bqmf5vlZpNvJ4inABl3ANHtShCXfQgjYQ4PACr/DmPDvvzofzuWwtOPnMOazI+foFZ4uWlA==</latexit>

x5
<latexit sha1_base64="25Ya4TI6awSR4/OcGu+WrNdugfI=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozYrHLghuXFewF2qFk0kwbmmSGJCOWYRa+glvduxO3Popbn8S0nYVt/SHw8Z9zOCd/EHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3M7qnUeqNIvkg5nG1Bd4JFnICDbW6vYDkT5lg9qgXHGr7lxoHbwcKpCrOSj/9IcRSQSVhnCsdc9zY+OnWBlGOM1K/UTTGJMJHtGeRYkF1X46vzdDF9YZojBS9kmD5u7fiRQLracisJ0Cm7Ferc3M/2q9xIR1P2UyTgyVZLEoTDgyEZp9Hg2ZosTwqQVMFLO3IjLGChNjI1raEoisZEPxViNYh/ZV1bN8f11p1PN4inAG53AJHtxAA+6gCS0gwOEFXuHNeXbenQ/nc9FacPKZU1iS8/ULaR+WlQ==</latexit><latexit sha1_base64="25Ya4TI6awSR4/OcGu+WrNdugfI=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozYrHLghuXFewF2qFk0kwbmmSGJCOWYRa+glvduxO3Popbn8S0nYVt/SHw8Z9zOCd/EHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3M7qnUeqNIvkg5nG1Bd4JFnICDbW6vYDkT5lg9qgXHGr7lxoHbwcKpCrOSj/9IcRSQSVhnCsdc9zY+OnWBlGOM1K/UTTGJMJHtGeRYkF1X46vzdDF9YZojBS9kmD5u7fiRQLracisJ0Cm7Ferc3M/2q9xIR1P2UyTgyVZLEoTDgyEZp9Hg2ZosTwqQVMFLO3IjLGChNjI1raEoisZEPxViNYh/ZV1bN8f11p1PN4inAG53AJHtxAA+6gCS0gwOEFXuHNeXbenQ/nc9FacPKZU1iS8/ULaR+WlQ==</latexit><latexit sha1_base64="25Ya4TI6awSR4/OcGu+WrNdugfI=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozYrHLghuXFewF2qFk0kwbmmSGJCOWYRa+glvduxO3Popbn8S0nYVt/SHw8Z9zOCd/EHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3M7qnUeqNIvkg5nG1Bd4JFnICDbW6vYDkT5lg9qgXHGr7lxoHbwcKpCrOSj/9IcRSQSVhnCsdc9zY+OnWBlGOM1K/UTTGJMJHtGeRYkF1X46vzdDF9YZojBS9kmD5u7fiRQLracisJ0Cm7Ferc3M/2q9xIR1P2UyTgyVZLEoTDgyEZp9Hg2ZosTwqQVMFLO3IjLGChNjI1raEoisZEPxViNYh/ZV1bN8f11p1PN4inAG53AJHtxAA+6gCS0gwOEFXuHNeXbenQ/nc9FacPKZU1iS8/ULaR+WlQ==</latexit><latexit sha1_base64="25Ya4TI6awSR4/OcGu+WrNdugfI=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozYrHLghuXFewF2qFk0kwbmmSGJCOWYRa+glvduxO3Popbn8S0nYVt/SHw8Z9zOCd/EHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3M7qnUeqNIvkg5nG1Bd4JFnICDbW6vYDkT5lg9qgXHGr7lxoHbwcKpCrOSj/9IcRSQSVhnCsdc9zY+OnWBlGOM1K/UTTGJMJHtGeRYkF1X46vzdDF9YZojBS9kmD5u7fiRQLracisJ0Cm7Ferc3M/2q9xIR1P2UyTgyVZLEoTDgyEZp9Hg2ZosTwqQVMFLO3IjLGChNjI1raEoisZEPxViNYh/ZV1bN8f11p1PN4inAG53AJHtxAA+6gCS0gwOEFXuHNeXbenQ/nc9FacPKZU1iS8/ULaR+WlQ==</latexit>

x6
<latexit sha1_base64="XWmRO+jRIIGTJ7nuZNT3XzlKH9M=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrXLghuXFewF2qFk0kwbmmSGJCOWYRa+glvduxO3Popbn8S0nYVt/SHw8Z9zOCd/EHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3M7qnUeqNIvkg5nG1Bd4JFnICDbW6vYDkT5lg9qgXHGr7lxoHbwcKpCrOSj/9IcRSQSVhnCsdc9zY+OnWBlGOM1K/UTTGJMJHtGeRYkF1X46vzdDF9YZojBS9kmD5u7fiRQLracisJ0Cm7Ferc3M/2q9xIR1P2UyTgyVZLEoTDgyEZp9Hg2ZosTwqQVMFLO3IjLGChNjI1raEoisZEPxViNYh/ZV1bN8f11p1PN4inAG53AJHtxAA+6gCS0gwOEFXuHNeXbenQ/nc9FacPKZU1iS8/ULarOWlg==</latexit><latexit sha1_base64="XWmRO+jRIIGTJ7nuZNT3XzlKH9M=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrXLghuXFewF2qFk0kwbmmSGJCOWYRa+glvduxO3Popbn8S0nYVt/SHw8Z9zOCd/EHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3M7qnUeqNIvkg5nG1Bd4JFnICDbW6vYDkT5lg9qgXHGr7lxoHbwcKpCrOSj/9IcRSQSVhnCsdc9zY+OnWBlGOM1K/UTTGJMJHtGeRYkF1X46vzdDF9YZojBS9kmD5u7fiRQLracisJ0Cm7Ferc3M/2q9xIR1P2UyTgyVZLEoTDgyEZp9Hg2ZosTwqQVMFLO3IjLGChNjI1raEoisZEPxViNYh/ZV1bN8f11p1PN4inAG53AJHtxAA+6gCS0gwOEFXuHNeXbenQ/nc9FacPKZU1iS8/ULarOWlg==</latexit><latexit sha1_base64="XWmRO+jRIIGTJ7nuZNT3XzlKH9M=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrXLghuXFewF2qFk0kwbmmSGJCOWYRa+glvduxO3Popbn8S0nYVt/SHw8Z9zOCd/EHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3M7qnUeqNIvkg5nG1Bd4JFnICDbW6vYDkT5lg9qgXHGr7lxoHbwcKpCrOSj/9IcRSQSVhnCsdc9zY+OnWBlGOM1K/UTTGJMJHtGeRYkF1X46vzdDF9YZojBS9kmD5u7fiRQLracisJ0Cm7Ferc3M/2q9xIR1P2UyTgyVZLEoTDgyEZp9Hg2ZosTwqQVMFLO3IjLGChNjI1raEoisZEPxViNYh/ZV1bN8f11p1PN4inAG53AJHtxAA+6gCS0gwOEFXuHNeXbenQ/nc9FacPKZU1iS8/ULarOWlg==</latexit><latexit sha1_base64="XWmRO+jRIIGTJ7nuZNT3XzlKH9M=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrXLghuXFewF2qFk0kwbmmSGJCOWYRa+glvduxO3Popbn8S0nYVt/SHw8Z9zOCd/EHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3M7qnUeqNIvkg5nG1Bd4JFnICDbW6vYDkT5lg9qgXHGr7lxoHbwcKpCrOSj/9IcRSQSVhnCsdc9zY+OnWBlGOM1K/UTTGJMJHtGeRYkF1X46vzdDF9YZojBS9kmD5u7fiRQLracisJ0Cm7Ferc3M/2q9xIR1P2UyTgyVZLEoTDgyEZp9Hg2ZosTwqQVMFLO3IjLGChNjI1raEoisZEPxViNYh/ZV1bN8f11p1PN4inAG53AJHtxAA+6gCS0gwOEFXuHNeXbenQ/nc9FacPKZU1iS8/ULarOWlg==</latexit>

x7
<latexit sha1_base64="zLCRWMHIuq0yPw9o/9Bal2CcACI=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFewF2qFk0kwbmmSGJFMswyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsraNEEdoiEY9UN8CaciZpyzDDaTdWFIuA004wuZvXO1OqNIvko5nF1Bd4JFnICDbW6vYDkT5lg9qgXHGr7kJoE7wcKpCrOSj/9IcRSQSVhnCsdc9zY+OnWBlGOM1K/UTTGJMJHtGeRYkF1X66uDdDV9YZojBS9kmDFu7fiRQLrWcisJ0Cm7Fer83N/2q9xIR1P2UyTgyVZLkoTDgyEZp/Hg2ZosTwmQVMFLO3IjLGChNjI1rZEoisZEPx1iPYhPZN1bP8cFtp1PN4inABl3ANHtSgAffQhBYQ4PACr/DmPDvvzofzuWwtOPnMOazI+foFbEeWlw==</latexit><latexit sha1_base64="zLCRWMHIuq0yPw9o/9Bal2CcACI=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFewF2qFk0kwbmmSGJFMswyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsraNEEdoiEY9UN8CaciZpyzDDaTdWFIuA004wuZvXO1OqNIvko5nF1Bd4JFnICDbW6vYDkT5lg9qgXHGr7kJoE7wcKpCrOSj/9IcRSQSVhnCsdc9zY+OnWBlGOM1K/UTTGJMJHtGeRYkF1X66uDdDV9YZojBS9kmDFu7fiRQLrWcisJ0Cm7Fer83N/2q9xIR1P2UyTgyVZLkoTDgyEZp/Hg2ZosTwmQVMFLO3IjLGChNjI1rZEoisZEPx1iPYhPZN1bP8cFtp1PN4inABl3ANHtSgAffQhBYQ4PACr/DmPDvvzofzuWwtOPnMOazI+foFbEeWlw==</latexit><latexit sha1_base64="zLCRWMHIuq0yPw9o/9Bal2CcACI=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFewF2qFk0kwbmmSGJFMswyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsraNEEdoiEY9UN8CaciZpyzDDaTdWFIuA004wuZvXO1OqNIvko5nF1Bd4JFnICDbW6vYDkT5lg9qgXHGr7kJoE7wcKpCrOSj/9IcRSQSVhnCsdc9zY+OnWBlGOM1K/UTTGJMJHtGeRYkF1X66uDdDV9YZojBS9kmDFu7fiRQLrWcisJ0Cm7Fer83N/2q9xIR1P2UyTgyVZLkoTDgyEZp/Hg2ZosTwmQVMFLO3IjLGChNjI1rZEoisZEPx1iPYhPZN1bP8cFtp1PN4inABl3ANHtSgAffQhBYQ4PACr/DmPDvvzofzuWwtOPnMOazI+foFbEeWlw==</latexit><latexit sha1_base64="zLCRWMHIuq0yPw9o/9Bal2CcACI=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFewF2qFk0kwbmmSGJFMswyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsraNEEdoiEY9UN8CaciZpyzDDaTdWFIuA004wuZvXO1OqNIvko5nF1Bd4JFnICDbW6vYDkT5lg9qgXHGr7kJoE7wcKpCrOSj/9IcRSQSVhnCsdc9zY+OnWBlGOM1K/UTTGJMJHtGeRYkF1X66uDdDV9YZojBS9kmDFu7fiRQLrWcisJ0Cm7Fer83N/2q9xIR1P2UyTgyVZLkoTDgyEZp/Hg2ZosTwmQVMFLO3IjLGChNjI1rZEoisZEPx1iPYhPZN1bP8cFtp1PN4inABl3ANHtSgAffQhBYQ4PACr/DmPDvvzofzuWwtOPnMOazI+foFbEeWlw==</latexit>

x8
<latexit sha1_base64="2/KDXngo8hp/0mesI1E2crm4Y74=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lw8awWnPrbi60Dl4BNSjUGlZ/BqOIJIJKQzjWuu+5sfFTrAwjnGaVQaJpjMkUj2nfosSCaj/N783QhXVGKIyUfdKg3P07kWKh9UwEtlNgM9Grtbn5X62fmLDhp0zGiaGSLBaFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsREtbApFVbCjeagTr0Lmqe5bvr2vNRhFPGc7gHC7Bgxtowh20oA0EOLzAK7w5z8678+F8LlpLTjFzCktyvn4BbduWmA==</latexit><latexit sha1_base64="2/KDXngo8hp/0mesI1E2crm4Y74=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lw8awWnPrbi60Dl4BNSjUGlZ/BqOIJIJKQzjWuu+5sfFTrAwjnGaVQaJpjMkUj2nfosSCaj/N783QhXVGKIyUfdKg3P07kWKh9UwEtlNgM9Grtbn5X62fmLDhp0zGiaGSLBaFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsREtbApFVbCjeagTr0Lmqe5bvr2vNRhFPGc7gHC7Bgxtowh20oA0EOLzAK7w5z8678+F8LlpLTjFzCktyvn4BbduWmA==</latexit><latexit sha1_base64="2/KDXngo8hp/0mesI1E2crm4Y74=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lw8awWnPrbi60Dl4BNSjUGlZ/BqOIJIJKQzjWuu+5sfFTrAwjnGaVQaJpjMkUj2nfosSCaj/N783QhXVGKIyUfdKg3P07kWKh9UwEtlNgM9Grtbn5X62fmLDhp0zGiaGSLBaFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsREtbApFVbCjeagTr0Lmqe5bvr2vNRhFPGc7gHC7Bgxtowh20oA0EOLzAK7w5z8678+F8LlpLTjFzCktyvn4BbduWmA==</latexit><latexit sha1_base64="2/KDXngo8hp/0mesI1E2crm4Y74=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY3LCvYC7VAyaaYNTTJDkhHLMAtfwa3u3YlbH8WtT2I6nYVt/SHw8Z9zOCd/EHOmjet+O6WNza3tnfJuZW//4PCoenzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3s7r3UeqNIvkg5nF1Bd4LFnICDbW6g0CkT5lw8awWnPrbi60Dl4BNSjUGlZ/BqOIJIJKQzjWuu+5sfFTrAwjnGaVQaJpjMkUj2nfosSCaj/N783QhXVGKIyUfdKg3P07kWKh9UwEtlNgM9Grtbn5X62fmLDhp0zGiaGSLBaFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsREtbApFVbCjeagTr0Lmqe5bvr2vNRhFPGc7gHC7Bgxtowh20oA0EOLzAK7w5z8678+F8LlpLTjFzCktyvn4BbduWmA==</latexit>

xT<latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit><latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit><latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit><latexit sha1_base64="Hi4vVngxDCUCCiBwP09cnaVmPqs=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFXqDdiiZNNOGJpkhyYhlmIWv4Fb37sStj+LWJzFtZ2Fbfwh8/OcczskfxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2md/N695EqzSLZMrOY+gKPJQsZwcZavUEg0qds2BqWK27VXQhtgpdDBXI1h+WfwSgiiaDSEI617ntubPwUK8MIp1lpkGgaYzLFY9q3KLGg2k8X92boyjojFEbKPmnQwv07kWKh9UwEtlNgM9Hrtbn5X62fmLDup0zGiaGSLBeFCUcmQvPPoxFTlBg+s4CJYvZWRCZYYWJsRCtbApGVbCjeegSb0LmpepYfbiuNeh5PES7gEq7Bgxo04B6a0AYCHF7gFd6cZ+fd+XA+l60FJ585hxU5X7+aC5a0</latexit>

. . .

sos yM
<latexit sha1_base64="SUQtS9BOaYwbkxUMiMFIHMDp3DM=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY0boYK9QDuUTJppQ5PMkGSEYZiFr+BW9+7ErY/i1icxbWdhW38IfPznHM7JH8ScaeO6305pY3Nre6e8W9nbPzg8qh6fdHSUKELbJOKR6gVYU84kbRtmOO3FimIRcNoNprezeveJKs0i+WjSmPoCjyULGcHGWr1BILI0H94PqzW37s6F1sEroAaFWsPqz2AUkURQaQjHWvc9NzZ+hpVhhNO8Mkg0jTGZ4jHtW5RYUO1n83tzdGGdEQojZZ80aO7+nciw0DoVge0U2Ez0am1m/lfrJyZs+BmTcWKoJItFYcKRidDs82jEFCWGpxYwUczeisgEK0yMjWhpSyDyig3FW41gHTpXdc/yw3Wt2SjiKcMZnMMleHADTbiDFrSBAIcXeIU359l5dz6cz0VrySlmTmFJztcvkJaWrg==</latexit><latexit sha1_base64="SUQtS9BOaYwbkxUMiMFIHMDp3DM=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY0boYK9QDuUTJppQ5PMkGSEYZiFr+BW9+7ErY/i1icxbWdhW38IfPznHM7JH8ScaeO6305pY3Nre6e8W9nbPzg8qh6fdHSUKELbJOKR6gVYU84kbRtmOO3FimIRcNoNprezeveJKs0i+WjSmPoCjyULGcHGWr1BILI0H94PqzW37s6F1sEroAaFWsPqz2AUkURQaQjHWvc9NzZ+hpVhhNO8Mkg0jTGZ4jHtW5RYUO1n83tzdGGdEQojZZ80aO7+nciw0DoVge0U2Ez0am1m/lfrJyZs+BmTcWKoJItFYcKRidDs82jEFCWGpxYwUczeisgEK0yMjWhpSyDyig3FW41gHTpXdc/yw3Wt2SjiKcMZnMMleHADTbiDFrSBAIcXeIU359l5dz6cz0VrySlmTmFJztcvkJaWrg==</latexit><latexit sha1_base64="SUQtS9BOaYwbkxUMiMFIHMDp3DM=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY0boYK9QDuUTJppQ5PMkGSEYZiFr+BW9+7ErY/i1icxbWdhW38IfPznHM7JH8ScaeO6305pY3Nre6e8W9nbPzg8qh6fdHSUKELbJOKR6gVYU84kbRtmOO3FimIRcNoNprezeveJKs0i+WjSmPoCjyULGcHGWr1BILI0H94PqzW37s6F1sEroAaFWsPqz2AUkURQaQjHWvc9NzZ+hpVhhNO8Mkg0jTGZ4jHtW5RYUO1n83tzdGGdEQojZZ80aO7+nciw0DoVge0U2Ez0am1m/lfrJyZs+BmTcWKoJItFYcKRidDs82jEFCWGpxYwUczeisgEK0yMjWhpSyDyig3FW41gHTpXdc/yw3Wt2SjiKcMZnMMleHADTbiDFrSBAIcXeIU359l5dz6cz0VrySlmTmFJztcvkJaWrg==</latexit><latexit sha1_base64="SUQtS9BOaYwbkxUMiMFIHMDp3DM=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIthlwY0boYK9QDuUTJppQ5PMkGSEYZiFr+BW9+7ErY/i1icxbWdhW38IfPznHM7JH8ScaeO6305pY3Nre6e8W9nbPzg8qh6fdHSUKELbJOKR6gVYU84kbRtmOO3FimIRcNoNprezeveJKs0i+WjSmPoCjyULGcHGWr1BILI0H94PqzW37s6F1sEroAaFWsPqz2AUkURQaQjHWvc9NzZ+hpVhhNO8Mkg0jTGZ4jHtW5RYUO1n83tzdGGdEQojZZ80aO7+nciw0DoVge0U2Ez0am1m/lfrJyZs+BmTcWKoJItFYcKRidDs82jEFCWGpxYwUczeisgEK0yMjWhpSyDyig3FW41gHTpXdc/yw3Wt2SjiKcMZnMMleHADTbiDFrSBAIcXeIU359l5dz6cz0VrySlmTmFJztcvkJaWrg==</latexit>

eos

y1
<latexit sha1_base64="xgeC58ebwJ+CnVPlI2UTNJpMyrQ=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFewF2qFk0kwbmmSGJCMMwyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu5vXe09UaRbJR5PG1Bd4IlnICDbW6g8DkaX5yBtVa27dXQhtgldADQq1R9Wf4TgiiaDSEI61HnhubPwMK8MIp3llmGgaYzLDEzqwKLGg2s8W9+boyjpjFEbKPmnQwv07kWGhdSoC2ymwmer12tz8rzZITNj0MybjxFBJlovChCMTofnn0ZgpSgxPLWCimL0VkSlWmBgb0cqWQOQVG4q3HsEmdG/qnuWH21qrWcRThgu4hGvwoAEtuIc2dIAAhxd4hTfn2Xl3PpzPZWvJKWbOYUXO1y9kZpaS</latexit><latexit sha1_base64="xgeC58ebwJ+CnVPlI2UTNJpMyrQ=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFewF2qFk0kwbmmSGJCMMwyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu5vXe09UaRbJR5PG1Bd4IlnICDbW6g8DkaX5yBtVa27dXQhtgldADQq1R9Wf4TgiiaDSEI61HnhubPwMK8MIp3llmGgaYzLDEzqwKLGg2s8W9+boyjpjFEbKPmnQwv07kWGhdSoC2ymwmer12tz8rzZITNj0MybjxFBJlovChCMTofnn0ZgpSgxPLWCimL0VkSlWmBgb0cqWQOQVG4q3HsEmdG/qnuWH21qrWcRThgu4hGvwoAEtuIc2dIAAhxd4hTfn2Xl3PpzPZWvJKWbOYUXO1y9kZpaS</latexit><latexit sha1_base64="xgeC58ebwJ+CnVPlI2UTNJpMyrQ=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFewF2qFk0kwbmmSGJCMMwyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu5vXe09UaRbJR5PG1Bd4IlnICDbW6g8DkaX5yBtVa27dXQhtgldADQq1R9Wf4TgiiaDSEI61HnhubPwMK8MIp3llmGgaYzLDEzqwKLGg2s8W9+boyjpjFEbKPmnQwv07kWGhdSoC2ymwmer12tz8rzZITNj0MybjxFBJlovChCMTofnn0ZgpSgxPLWCimL0VkSlWmBgb0cqWQOQVG4q3HsEmdG/qnuWH21qrWcRThgu4hGvwoAEtuIc2dIAAhxd4hTfn2Xl3PpzPZWvJKWbOYUXO1y9kZpaS</latexit><latexit sha1_base64="xgeC58ebwJ+CnVPlI2UTNJpMyrQ=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFewF2qFk0kwbmmSGJCMMwyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu5vXe09UaRbJR5PG1Bd4IlnICDbW6g8DkaX5yBtVa27dXQhtgldADQq1R9Wf4TgiiaDSEI61HnhubPwMK8MIp3llmGgaYzLDEzqwKLGg2s8W9+boyjpjFEbKPmnQwv07kWGhdSoC2ymwmer12tz8rzZITNj0MybjxFBJlovChCMTofnn0ZgpSgxPLWCimL0VkSlWmBgb0cqWQOQVG4q3HsEmdG/qnuWH21qrWcRThgu4hGvwoAEtuIc2dIAAhxd4hTfn2Xl3PpzPZWvJKWbOYUXO1y9kZpaS</latexit>

y1
<latexit sha1_base64="xgeC58ebwJ+CnVPlI2UTNJpMyrQ=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFewF2qFk0kwbmmSGJCMMwyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu5vXe09UaRbJR5PG1Bd4IlnICDbW6g8DkaX5yBtVa27dXQhtgldADQq1R9Wf4TgiiaDSEI61HnhubPwMK8MIp3llmGgaYzLDEzqwKLGg2s8W9+boyjpjFEbKPmnQwv07kWGhdSoC2ymwmer12tz8rzZITNj0MybjxFBJlovChCMTofnn0ZgpSgxPLWCimL0VkSlWmBgb0cqWQOQVG4q3HsEmdG/qnuWH21qrWcRThgu4hGvwoAEtuIc2dIAAhxd4hTfn2Xl3PpzPZWvJKWbOYUXO1y9kZpaS</latexit><latexit sha1_base64="xgeC58ebwJ+CnVPlI2UTNJpMyrQ=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFewF2qFk0kwbmmSGJCMMwyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu5vXe09UaRbJR5PG1Bd4IlnICDbW6g8DkaX5yBtVa27dXQhtgldADQq1R9Wf4TgiiaDSEI61HnhubPwMK8MIp3llmGgaYzLDEzqwKLGg2s8W9+boyjpjFEbKPmnQwv07kWGhdSoC2ymwmer12tz8rzZITNj0MybjxFBJlovChCMTofnn0ZgpSgxPLWCimL0VkSlWmBgb0cqWQOQVG4q3HsEmdG/qnuWH21qrWcRThgu4hGvwoAEtuIc2dIAAhxd4hTfn2Xl3PpzPZWvJKWbOYUXO1y9kZpaS</latexit><latexit sha1_base64="xgeC58ebwJ+CnVPlI2UTNJpMyrQ=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFewF2qFk0kwbmmSGJCMMwyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu5vXe09UaRbJR5PG1Bd4IlnICDbW6g8DkaX5yBtVa27dXQhtgldADQq1R9Wf4TgiiaDSEI61HnhubPwMK8MIp3llmGgaYzLDEzqwKLGg2s8W9+boyjpjFEbKPmnQwv07kWGhdSoC2ymwmer12tz8rzZITNj0MybjxFBJlovChCMTofnn0ZgpSgxPLWCimL0VkSlWmBgb0cqWQOQVG4q3HsEmdG/qnuWH21qrWcRThgu4hGvwoAEtuIc2dIAAhxd4hTfn2Xl3PpzPZWvJKWbOYUXO1y9kZpaS</latexit><latexit sha1_base64="xgeC58ebwJ+CnVPlI2UTNJpMyrQ=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozIrTLghuXFewF2qFk0kwbmmSGJCMMwyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu5vXe09UaRbJR5PG1Bd4IlnICDbW6g8DkaX5yBtVa27dXQhtgldADQq1R9Wf4TgiiaDSEI61HnhubPwMK8MIp3llmGgaYzLDEzqwKLGg2s8W9+boyjpjFEbKPmnQwv07kWGhdSoC2ymwmer12tz8rzZITNj0MybjxFBJlovChCMTofnn0ZgpSgxPLWCimL0VkSlWmBgb0cqWQOQVG4q3HsEmdG/qnuWH21qrWcRThgu4hGvwoAEtuIc2dIAAhxd4hTfn2Xl3PpzPZWvJKWbOYUXO1y9kZpaS</latexit>

y2
<latexit sha1_base64="1JDQwi14cCN2rjVAL2RnadvTtY8=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozRbDLghuXFewF2qFk0kwbmmSGJCMMwyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu5vXe09UaRbJR5PG1Bd4IlnICDbW6g8DkaX5qDGq1ty6uxDaBK+AGhRqj6o/w3FEEkGlIRxrPfDc2PgZVoYRTvPKMNE0xmSGJ3RgUWJBtZ8t7s3RlXXGKIyUfdKghft3IsNC61QEtlNgM9Xrtbn5X22QmLDpZ0zGiaGSLBeFCUcmQvPPozFTlBieWsBEMXsrIlOsMDE2opUtgcgrNhRvPYJN6DbqnuWHm1qrWcRThgu4hGvw4BZacA9t6AABDi/wCm/Os/PufDify9aSU8ycw4qcr19l+paT</latexit><latexit sha1_base64="1JDQwi14cCN2rjVAL2RnadvTtY8=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozRbDLghuXFewF2qFk0kwbmmSGJCMMwyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu5vXe09UaRbJR5PG1Bd4IlnICDbW6g8DkaX5qDGq1ty6uxDaBK+AGhRqj6o/w3FEEkGlIRxrPfDc2PgZVoYRTvPKMNE0xmSGJ3RgUWJBtZ8t7s3RlXXGKIyUfdKghft3IsNC61QEtlNgM9Xrtbn5X22QmLDpZ0zGiaGSLBeFCUcmQvPPozFTlBieWsBEMXsrIlOsMDE2opUtgcgrNhRvPYJN6DbqnuWHm1qrWcRThgu4hGvw4BZacA9t6AABDi/wCm/Os/PufDify9aSU8ycw4qcr19l+paT</latexit><latexit sha1_base64="1JDQwi14cCN2rjVAL2RnadvTtY8=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozRbDLghuXFewF2qFk0kwbmmSGJCMMwyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu5vXe09UaRbJR5PG1Bd4IlnICDbW6g8DkaX5qDGq1ty6uxDaBK+AGhRqj6o/w3FEEkGlIRxrPfDc2PgZVoYRTvPKMNE0xmSGJ3RgUWJBtZ8t7s3RlXXGKIyUfdKghft3IsNC61QEtlNgM9Xrtbn5X22QmLDpZ0zGiaGSLBeFCUcmQvPPozFTlBieWsBEMXsrIlOsMDE2opUtgcgrNhRvPYJN6DbqnuWHm1qrWcRThgu4hGvw4BZacA9t6AABDi/wCm/Os/PufDify9aSU8ycw4qcr19l+paT</latexit><latexit sha1_base64="1JDQwi14cCN2rjVAL2RnadvTtY8=">AAAB/3icbZDLSgMxFIbP1Futt6pLN8EiuCozRbDLghuXFewF2qFk0kwbmmSGJCMMwyx8Bbe6dydufRS3PolpOwvb+kPg4z/ncE7+IOZMG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq6NEEdohEY9UP8CaciZpxzDDaT9WFIuA014wu5vXe09UaRbJR5PG1Bd4IlnICDbW6g8DkaX5qDGq1ty6uxDaBK+AGhRqj6o/w3FEEkGlIRxrPfDc2PgZVoYRTvPKMNE0xmSGJ3RgUWJBtZ8t7s3RlXXGKIyUfdKghft3IsNC61QEtlNgM9Xrtbn5X22QmLDpZ0zGiaGSLBeFCUcmQvPPozFTlBieWsBEMXsrIlOsMDE2opUtgcgrNhRvPYJN6DbqnuWHm1qrWcRThgu4hGvw4BZacA9t6AABDi/wCm/Os/PufDify9aSU8ycw4qcr19l+paT</latexit>

henc
1

<latexit sha1_base64="DiWrsqq/XhFKu6zUCYz9CGglnU4=">AAACDnicbZDLSsNAFIYnXmu9RcWVm2ARXJVEBLssuHFZwV6giWFmOmmHziRhZiKWIe/gK7jVvTtx6yu49UmcxCxs6w8DH/85h3PmRymjUrnul7Wyura+sVnbqm/v7O7t2weHPZlkApMuTlgiBghKwmhMuooqRgapIJAjRvpoel3U+w9ESJrEd2qWkoDDcUwjiqEyVmgf+4jrSX6vfY6SR01inOehF9oNt+mWcpbBq6ABKnVC+9sfJTjjJFaYQSmHnpuqQEOhKGYkr/uZJCnEUzgmQ4Mx5EQGujw/d86MM3KiRJgXK6d0/05oyKWccWQ6OVQTuVgrzP9qw0xFrUDTOM1U8bFyUZQxRyVOkYUzooJgxWYGIBbU3OrgCRQQK5PY3BbE87oJxVuMYBl6F03P8O1lo92q4qmBE3AKzoEHrkAb3IAO6AIMNHgGL+DVerLerHfr47d1xapmjsCcrM8fw5ucyg==</latexit><latexit sha1_base64="DiWrsqq/XhFKu6zUCYz9CGglnU4=">AAACDnicbZDLSsNAFIYnXmu9RcWVm2ARXJVEBLssuHFZwV6giWFmOmmHziRhZiKWIe/gK7jVvTtx6yu49UmcxCxs6w8DH/85h3PmRymjUrnul7Wyura+sVnbqm/v7O7t2weHPZlkApMuTlgiBghKwmhMuooqRgapIJAjRvpoel3U+w9ESJrEd2qWkoDDcUwjiqEyVmgf+4jrSX6vfY6SR01inOehF9oNt+mWcpbBq6ABKnVC+9sfJTjjJFaYQSmHnpuqQEOhKGYkr/uZJCnEUzgmQ4Mx5EQGujw/d86MM3KiRJgXK6d0/05oyKWccWQ6OVQTuVgrzP9qw0xFrUDTOM1U8bFyUZQxRyVOkYUzooJgxWYGIBbU3OrgCRQQK5PY3BbE87oJxVuMYBl6F03P8O1lo92q4qmBE3AKzoEHrkAb3IAO6AIMNHgGL+DVerLerHfr47d1xapmjsCcrM8fw5ucyg==</latexit><latexit sha1_base64="DiWrsqq/XhFKu6zUCYz9CGglnU4=">AAACDnicbZDLSsNAFIYnXmu9RcWVm2ARXJVEBLssuHFZwV6giWFmOmmHziRhZiKWIe/gK7jVvTtx6yu49UmcxCxs6w8DH/85h3PmRymjUrnul7Wyura+sVnbqm/v7O7t2weHPZlkApMuTlgiBghKwmhMuooqRgapIJAjRvpoel3U+w9ESJrEd2qWkoDDcUwjiqEyVmgf+4jrSX6vfY6SR01inOehF9oNt+mWcpbBq6ABKnVC+9sfJTjjJFaYQSmHnpuqQEOhKGYkr/uZJCnEUzgmQ4Mx5EQGujw/d86MM3KiRJgXK6d0/05oyKWccWQ6OVQTuVgrzP9qw0xFrUDTOM1U8bFyUZQxRyVOkYUzooJgxWYGIBbU3OrgCRQQK5PY3BbE87oJxVuMYBl6F03P8O1lo92q4qmBE3AKzoEHrkAb3IAO6AIMNHgGL+DVerLerHfr47d1xapmjsCcrM8fw5ucyg==</latexit><latexit sha1_base64="DiWrsqq/XhFKu6zUCYz9CGglnU4=">AAACDnicbZDLSsNAFIYnXmu9RcWVm2ARXJVEBLssuHFZwV6giWFmOmmHziRhZiKWIe/gK7jVvTtx6yu49UmcxCxs6w8DH/85h3PmRymjUrnul7Wyura+sVnbqm/v7O7t2weHPZlkApMuTlgiBghKwmhMuooqRgapIJAjRvpoel3U+w9ESJrEd2qWkoDDcUwjiqEyVmgf+4jrSX6vfY6SR01inOehF9oNt+mWcpbBq6ABKnVC+9sfJTjjJFaYQSmHnpuqQEOhKGYkr/uZJCnEUzgmQ4Mx5EQGujw/d86MM3KiRJgXK6d0/05oyKWccWQ6OVQTuVgrzP9qw0xFrUDTOM1U8bFyUZQxRyVOkYUzooJgxWYGIBbU3OrgCRQQK5PY3BbE87oJxVuMYBl6F03P8O1lo92q4qmBE3AKzoEHrkAb3IAO6AIMNHgGL+DVerLerHfr47d1xapmjsCcrM8fw5ucyg==</latexit>

henc
2

<latexit sha1_base64="CdNixHqi/gop9IiddqmhYt/c/98=">AAACDnicbZDLSsNAFIYn9VbrLSqu3ASL4KokRbDLghuXFewFmhgm02k7dGYSZiZiGfIOvoJb3bsTt76CW5/ESczCtv4w8PGfczhn/iihRCrX/bIqa+sbm1vV7drO7t7+gX141JNxKhDuopjGYhBBiSnhuKuIoniQCAxZRHE/ml3n9f4DFpLE/E7NExwwOOFkTBBUxgrtEz9ieprda59F8aPGHGVZ2AztuttwCzmr4JVQB6U6of3tj2KUMswVolDKoecmKtBQKIIozmp+KnEC0QxO8NAghwzLQBfnZ865cUbOOBbmceUU7t8JDZmUcxaZTgbVVC7XcvO/2jBV41agCU9SlX+sWDROqaNiJ8/CGRGBkaJzAxAJYm510BQKiJRJbGFLxLKaCcVbjmAVes2GZ/j2st5ulfFUwSk4AxfAA1egDW5AB3QBAho8gxfwaj1Zb9a79fHbWrHKmWOwIOvzB8UvnMs=</latexit><latexit sha1_base64="CdNixHqi/gop9IiddqmhYt/c/98=">AAACDnicbZDLSsNAFIYn9VbrLSqu3ASL4KokRbDLghuXFewFmhgm02k7dGYSZiZiGfIOvoJb3bsTt76CW5/ESczCtv4w8PGfczhn/iihRCrX/bIqa+sbm1vV7drO7t7+gX141JNxKhDuopjGYhBBiSnhuKuIoniQCAxZRHE/ml3n9f4DFpLE/E7NExwwOOFkTBBUxgrtEz9ieprda59F8aPGHGVZ2AztuttwCzmr4JVQB6U6of3tj2KUMswVolDKoecmKtBQKIIozmp+KnEC0QxO8NAghwzLQBfnZ865cUbOOBbmceUU7t8JDZmUcxaZTgbVVC7XcvO/2jBV41agCU9SlX+sWDROqaNiJ8/CGRGBkaJzAxAJYm510BQKiJRJbGFLxLKaCcVbjmAVes2GZ/j2st5ulfFUwSk4AxfAA1egDW5AB3QBAho8gxfwaj1Zb9a79fHbWrHKmWOwIOvzB8UvnMs=</latexit><latexit sha1_base64="CdNixHqi/gop9IiddqmhYt/c/98=">AAACDnicbZDLSsNAFIYn9VbrLSqu3ASL4KokRbDLghuXFewFmhgm02k7dGYSZiZiGfIOvoJb3bsTt76CW5/ESczCtv4w8PGfczhn/iihRCrX/bIqa+sbm1vV7drO7t7+gX141JNxKhDuopjGYhBBiSnhuKuIoniQCAxZRHE/ml3n9f4DFpLE/E7NExwwOOFkTBBUxgrtEz9ieprda59F8aPGHGVZ2AztuttwCzmr4JVQB6U6of3tj2KUMswVolDKoecmKtBQKIIozmp+KnEC0QxO8NAghwzLQBfnZ865cUbOOBbmceUU7t8JDZmUcxaZTgbVVC7XcvO/2jBV41agCU9SlX+sWDROqaNiJ8/CGRGBkaJzAxAJYm510BQKiJRJbGFLxLKaCcVbjmAVes2GZ/j2st5ulfFUwSk4AxfAA1egDW5AB3QBAho8gxfwaj1Zb9a79fHbWrHKmWOwIOvzB8UvnMs=</latexit><latexit sha1_base64="CdNixHqi/gop9IiddqmhYt/c/98=">AAACDnicbZDLSsNAFIYn9VbrLSqu3ASL4KokRbDLghuXFewFmhgm02k7dGYSZiZiGfIOvoJb3bsTt76CW5/ESczCtv4w8PGfczhn/iihRCrX/bIqa+sbm1vV7drO7t7+gX141JNxKhDuopjGYhBBiSnhuKuIoniQCAxZRHE/ml3n9f4DFpLE/E7NExwwOOFkTBBUxgrtEz9ieprda59F8aPGHGVZ2AztuttwCzmr4JVQB6U6of3tj2KUMswVolDKoecmKtBQKIIozmp+KnEC0QxO8NAghwzLQBfnZ865cUbOOBbmceUU7t8JDZmUcxaZTgbVVC7XcvO/2jBV41agCU9SlX+sWDROqaNiJ8/CGRGBkaJzAxAJYm510BQKiJRJbGFLxLKaCcVbjmAVes2GZ/j2st5ulfFUwSk4AxfAA1egDW5AB3QBAho8gxfwaj1Zb9a79fHbWrHKmWOwIOvzB8UvnMs=</latexit>

hdec
2<latexit sha1_base64="BD+0cLJqD59wyhJqx5fArUBXxGg=">AAACDnicbZDLSsNAFIYnXmu9RcWVm2ARXJWkCHZZcOOygr1AE8NkMmmHziXMTMQS8g6+glvduxO3voJbn8Rpm4Vt/eHAx3/O4Rz+KKVEadf9ttbWNza3tis71d29/YND++i4q0QmEe4gQYXsR1BhSjjuaKIp7qcSQxZR3IvGN9N+7xFLRQS/15MUBwwOOUkIgtpYoX3qRywfFQ+5zyLxlMcYFUXYCO2aW3dnclbBK6EGSrVD+8ePBcoY5hpRqNTAc1Md5FBqgiguqn6mcArRGA7xwCCHDKsgn71fOBfGiZ1ESFNcOzP370YOmVITFplJBvVILfem5n+9QaaTZpATnmYaczQ/lGTU0cKZZuHERGKk6cQARJKYXx00ghIibRJbuBKxompC8ZYjWIVuo+4ZvruqtZplPBVwBs7BJfDANWiBW9AGHYBADl7AK3iznq1368P6nI+uWeXOCViQ9fULtTScwQ==</latexit><latexit sha1_base64="BD+0cLJqD59wyhJqx5fArUBXxGg=">AAACDnicbZDLSsNAFIYnXmu9RcWVm2ARXJWkCHZZcOOygr1AE8NkMmmHziXMTMQS8g6+glvduxO3voJbn8Rpm4Vt/eHAx3/O4Rz+KKVEadf9ttbWNza3tis71d29/YND++i4q0QmEe4gQYXsR1BhSjjuaKIp7qcSQxZR3IvGN9N+7xFLRQS/15MUBwwOOUkIgtpYoX3qRywfFQ+5zyLxlMcYFUXYCO2aW3dnclbBK6EGSrVD+8ePBcoY5hpRqNTAc1Md5FBqgiguqn6mcArRGA7xwCCHDKsgn71fOBfGiZ1ESFNcOzP370YOmVITFplJBvVILfem5n+9QaaTZpATnmYaczQ/lGTU0cKZZuHERGKk6cQARJKYXx00ghIibRJbuBKxompC8ZYjWIVuo+4ZvruqtZplPBVwBs7BJfDANWiBW9AGHYBADl7AK3iznq1368P6nI+uWeXOCViQ9fULtTScwQ==</latexit><latexit sha1_base64="BD+0cLJqD59wyhJqx5fArUBXxGg=">AAACDnicbZDLSsNAFIYnXmu9RcWVm2ARXJWkCHZZcOOygr1AE8NkMmmHziXMTMQS8g6+glvduxO3voJbn8Rpm4Vt/eHAx3/O4Rz+KKVEadf9ttbWNza3tis71d29/YND++i4q0QmEe4gQYXsR1BhSjjuaKIp7qcSQxZR3IvGN9N+7xFLRQS/15MUBwwOOUkIgtpYoX3qRywfFQ+5zyLxlMcYFUXYCO2aW3dnclbBK6EGSrVD+8ePBcoY5hpRqNTAc1Md5FBqgiguqn6mcArRGA7xwCCHDKsgn71fOBfGiZ1ESFNcOzP370YOmVITFplJBvVILfem5n+9QaaTZpATnmYaczQ/lGTU0cKZZuHERGKk6cQARJKYXx00ghIibRJbuBKxompC8ZYjWIVuo+4ZvruqtZplPBVwBs7BJfDANWiBW9AGHYBADl7AK3iznq1368P6nI+uWeXOCViQ9fULtTScwQ==</latexit><latexit sha1_base64="BD+0cLJqD59wyhJqx5fArUBXxGg=">AAACDnicbZDLSsNAFIYnXmu9RcWVm2ARXJWkCHZZcOOygr1AE8NkMmmHziXMTMQS8g6+glvduxO3voJbn8Rpm4Vt/eHAx3/O4Rz+KKVEadf9ttbWNza3tis71d29/YND++i4q0QmEe4gQYXsR1BhSjjuaKIp7qcSQxZR3IvGN9N+7xFLRQS/15MUBwwOOUkIgtpYoX3qRywfFQ+5zyLxlMcYFUXYCO2aW3dnclbBK6EGSrVD+8ePBcoY5hpRqNTAc1Md5FBqgiguqn6mcArRGA7xwCCHDKsgn71fOBfGiZ1ESFNcOzP370YOmVITFplJBvVILfem5n+9QaaTZpATnmYaczQ/lGTU0cKZZuHERGKk6cQARJKYXx00ghIibRJbuBKxompC8ZYjWIVuo+4ZvruqtZplPBVwBs7BJfDANWiBW9AGHYBADl7AK3iznq1368P6nI+uWeXOCViQ9fULtTScwQ==</latexit>

hdec
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Pyramid Encoder

A significant problem with a naive end-to-end model is the
length of the input sequences... A direct BLSTM encoder can
be difficult and slow to train – hard to extract the relevant
information from many time steps

Use a pyramid architecture – each successive layer reduces the
resolution by a factor of 2.

Typical deep BLSTM hidden state (layer j , time t):

hjt = RNN(hj−1
t , hjt−1)

Pyramid model concatenates consecutive hidden states:

hjt = pyrRNN([hj−1
2t−1, h

j−1
2t ], hjt−1)

3 layers in a pyramid architecture reduces the time resolution
(shortens the sequence) by a factor of 8
The attention mechanism thus has an easier job, weighting
over 8x fewer encoder hidden states
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Learning

Model trained to maximise the log probability of correct
sequences ∑

u

logP(yu|X , y<u)

where y<u is the sequence y1, . . . , yu−1

An interesting subtlety: what value should be used for y<u?

The previous predictions? This is consistent between training
and test, but adds noise at training time
The ground truth labels (teacher forcing)? This speeds up
learning, especially early on, but there is a mismatch between
training and testing
Scheduled sampling? Sample a label from the estimated
distribution. This reduces the noise in training, but doesn’t
create a big gap between training and test
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Decoding and Rescoring

Decode without a separate pronunciation model or an external
language model!

Simply decode the grapheme sequence! (It is possible to
rescore with a language model if desired)

Decoding use a beam search in which 15-best hypotheses are
retained at each decoding step
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Results (2017)

Google Voice Search data, 12,500h training data, 15M
hand-transcribed utterances

Model Clean Noisy numericdict vs dict vs
Baseline Uni. CDP 6.4 9.9 8.7 14.6 11.4
Baseline BiDi. CDP 5.4 8.6 6.9 - 11.4

End-to-end systems
CTC-grapheme3 39.4 53.4 - - -
RNN Transducer 6.6 12.8 8.5 22.0 9.9

RNN Trans. with att. 6.5 12.5 8.4 21.5 9.7
Att. 1-layer dec. 6.6 11.7 8.7 20.6 9.0
Att. 2-layer dec. 6.3 11.2 8.1 19.7 8.7

Table 1: WERs (%) on various test sets for the models compared
in this work. The attention-based model with two decoder layers
is the single best sequence-to-sequence model.

models, candidates are pruned after processing the t-th acoustic
frame (frame-synchronous decoding), whereas for the attention-
based models, candidates are pruned after producing the u-th
output symbol from the decoder network (label-synchronous
decoding). For the attention-based models, in order to prevent
the model from outputting very short utterances, the next la-
bel prediction process is only allowed to terminate if the model
outputs an heosi label whose probability is above a threshold.

All models are trained using asynchronous stochastic gradi-
ent descent [22] with learning rate decay, and are implemented
in TensorFlow [23].

4. Results
Our results are presented in Table 1. As expected, the CTC
grapheme-based system, which is decoded without a language
model, performs significantly worse than the baseline systems.
The RNN transducer, which combines the acoustic modeling
component of the grapheme CTC system with a grapheme-
based LM, significantly improves performance across all test
sets. Similarly, if we compare the performance of the RNN
transducer model against the RNN transducer augmented with
attention, we observe that the model with attention obtains a
small but consistent improvement across all test sets.

Comparing the performance of the two attention-based sys-
tems, we note that increasing the number of layers in the
decoder network improves performance between 3.3%–7.0%
across the various test sets, suggesting that depth in both the en-
coder and the decoder networks is beneficial for attention-based
models.

A comparison of the various sequence-to-sequence mod-
els against each other also reveals some interesting conclusions.
First, we note that the performance of all sequence-to-sequence
systems (other than the grapheme CTC system) on both clean
and noisy dictation test sets is comparable with the strong uni-
directional baseline system. It is also interesting to note that
the RNN transducer systems as well as the attention-based sys-
tems significantly outperform the baseline on the numeric test
set by a large margin. The “numeric” test set is particularly
challenging since the mapping from the spoken to the written
form often depends on context: e.g., “twelve fifty two p m”
must be normalized to “12:52 p.m.”, but “twelve fifty two main
street” should be normalized to “1252 main street”). In par-
ticular, we note that switching from a unidirectional to a bidi-
rectional acoustic model in the baseline did not improve per-
formance on the numeric test set, although it resulted in a 13–
20% improvement across the other test sets. We hypothesize
that the ability to examine the input acoustics in addition to the
previous sequence of predicted tokens is particularly helpful on

3The grapheme CTC model is directly decoded to obtain the one-
best grapheme sequence without using a separate language model,
which explains why performance is much worse than the other systems.

this test set. This hypothesis is further supported by the fact
that both attention-based systems significantly outperform the
RNN transducer on this test set. However, examining the per-
formance of these models on the voice-search test sets reveals
that these systems are 13–35% worse than the baseline in this
case (although we note that the gap is significantly less than
has been reported in previous work, when decoding without an
LM [6, 11]). We briefly analyze the nature of these errors in
Section 4.1.

When all of the sequence-to-sequence modeling ap-
proaches are compared head-to-head, and trained with identical
data and initialization, we find that the attention-based model
with two decoder layers is the single best system, achieving
significant improvements over the other sequence-to-sequence
models on the voice-search and numeric test sets.

4.1. Error Analysis

Sequence-to-sequence models show the promise of being ca-
pable of end-to-end speech recognition. However, as indicated
by the results presented in Table 1, these models are unable to
match the performance of traditional state-of-the-art systems on
harder tasks such as voice-search. A brief analysis of the er-
rors made by the sequence-to-sequence systems on the voice-
search test sets suggest that many of the errors are due to the
absence of large language models. The language models used
in typical ASR systems are trained on vast amounts of text data,
which are more easily obtained than transcribed acoustic data.
A particular example demonstrates this: the query who wrote
tortoise and the hare is recognized by the sequence-
to-sequence models as who wrote tortoise and the
hair. Although hair is acoustically confusable with hare,
the language model in a traditional ASR system enables the
model to successfully pick hare in this context.

We also find that the sequence-to-sequence models struggle
with recognition of proper nouns, such as the names of places
and entities, which are common in voice-search utterances. For
example, the models recognize the query keuka lake (a lake
in the U.S. state of New York; pronounced /"kju:k@/) as cuca
lake, which is incorrect. These examples suggests that the in-
corporation of a stronger language model is vital in order for
such sequence-to-sequence models to achieve state-of-the-art
performance. We hope to explore this in future work.

5. Conclusions
In this work, we compared a number of sequence-to-sequence
modeling approaches on an LVCSR task. In experimental eval-
uations, we find that the RNN transducer, attention-based mod-
els and a novel RNN transducer augmented with attention are
comparable in performance to a strong state-of-the-art baseline
on a dictation test set, even when evaluated without the use of an
external pronunciation or language model. On voice-search test
sets, however, we find that these models are still outperformed
by the baseline by a large margin. Finally, we find that the
sequence-to-sequence models, particularly the attention-based
models, significantly outperform the baseline on the test set of
numeric entities, which require the model to map utterances
from the spoken to the written domain.

6. Acknowledgements
The authors would like to thank Michiel Bacchiani, Francoise¸
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Other Refinements

Wordpiece models – rather than using single graphemes as
labels use multi-grapheme units (up to a word in length) -
similar to bye pair encoding in machine translation

Multiheaded attention – use multiple attention distributions

Minimum WER training – modify the loss function to
interpolate a word error rate term

Label smoothing – smooth the ground truth distribution by
interpolating with a uniform distribution

LM rescoring – use an external language model (5-gram)
trained on large amount of text

Reduced WER on Voice Search from 9.2% to 5.6% – their hybrid
HMM-LSTM system has WER of 6.7% on this task

Chiu et al (2018)

ASR Lecture 17 End-to-end systems 2: Encoder-Decoder models 17



Hybrid CTC/Attention

Attention is very flexible – does not constrain relationship
between acoustics and labels to be monotonic

This can be a problem, especially when huge amounts of
training data not available

Possible solutions:

Windowed attention, in which the attention is restricted a set
of encoder hidden states
Hybrid CTC/Attention model - use CTC and attention jointly
during training and recognition – regularises the system to
favour monotonic alignments
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Hybrid CTC/Attention

Watanabe et al (2017)
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Summary

End-to-end models for speech recognition: CTC, RNN
Transducer, Attention Encoder-Decoder

RNN Transducer and Attention-based model integrate
acoustic model, pronunciation model, and language model
into a single neural network

With large amounts of hand-transcribed training data,
attention-based model can be more accurate than
context-dependent NN/HMM

RNN transducer can operate in online (left-to-right) mode

Attention based model operates over an utterance at a time
(since attention is over the complete encoded utterance)

Very active research area! Eg. recent use of self-attention
(Transformer) in place of recurrent architectures
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