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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 conditionally
independent, given X .
In practice, this means that the model learns only weak
language and pronunciation models
Incorporation of external language models is typically ad-hoc
End-to-end training of CTC 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 gt,u by a applying a
shallow feed-forward net to henc

and pu

Followed by softmax and a
CTC-like compression component

Encoder

Softmax

henc
t

RNN-T

. . .
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<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>

Joint network
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RNN-T output compression

As in CTC, we extend the output label space by adding a
blank label, ε.
The location of the blank symbols determines the alignment
between X and Y .
Each blank symbol signals a shift forward by one time step
Blank symbols can appear in any position (there is always a
blank symbol in the final position). The total number of blank
symbols must be equal to the number of frames.
Suppose we have (x1, . . . , x6) and output (y1, y2, y3). Valid
alignments are:

(ε, ε, ε, ε, ε, y1, y2, y3, ε)

(y1, ε, ε, ε, y2, ε, ε, y3, ε)

(ε, y1, ε, ε, ε, ε, y2, y3, ε)

(ε, ε, y1, ε, y2, ε, ε, y3, ε)

. . .
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RNN-T: trellis
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RNN-T: trellis
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<latexit sha1_base64="OL/i5GEq1BieYW/Azr3bT9o2gFk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdkeqx6MVjBfsB7VKyabaNzSZLkhWWpf/BiwdFvPp/vPlvTNs9aPXBwOO9GWbmBTFn2rjul1NYWV1b3yhulra2d3b3yvsHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjPzO49UaSbFvUlj6kd4JFjICDZWaqdV78w9HZQrbs2dA/0lXk4qkKM5KH/2h5IkERWGcKx1z3Nj42dYGUY4nZb6iaYxJhM8oj1LBY6o9rP5tVN0YpUhCqWyJQyaqz8nMhxpnUaB7YywGetlbyb+5/USE175GRNxYqggi0VhwpGRaPY6GjJFieGpJZgoZm9FZIwVJsYGVLIheMsv/yXt85pXr9XvLiqN6zyOIhzBMVTBg0towC00oQUEHuAJXuDVkc6z8+a8L1oLTj5zCL/gfHwD+IWOGA==</latexit>

y(1, 0)
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RNN-T: trellis
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<latexit sha1_base64="sZSXQDVFQ//0N4Y06KgsxCHOzR4=">AAAB+XicbVBNSwMxEM36WevXqkcvwSJUkLIrUj0WvXisYD+gXUo2zbah2WRJZgtl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzwkRwA5737aytb2xubRd2irt7+weH7tFx06hUU9agSijdDolhgkvWAA6CtRPNSBwK1gpH9zO/NWbacCWfYJKwICYDySNOCVip57rdMdFSwZDLQdm/9C56bsmreHPgVeLnpIRy1HvuV7evaBozCVQQYzq+l0CQEQ2cCjYtdlPDEkJHZMA6lkoSMxNk88un+NwqfRwpbUsCnqu/JzISGzOJQ9sZExiaZW8m/ud1Uohug4zLJAUm6WJRlAoMCs9iwH2uGQUxsYRQze2tmA6JJhRsWEUbgr/88ippXlX8aqX6eF2q3eVxFNApOkNl5KMbVEMPqI4aiKIxekav6M3JnBfn3flYtK45+cwJ+gPn8wdTLJLQ</latexit>

?(1, 0)
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RNN-T prediction

If C is the expanded output sequence, containing T blank
symbols, then

P(Y |X ) =
∑

C∈A(Y )

P(C |X )

where A(Y ) is the set of sequences C that can be mapped to
Y using the RNN-T compression rule

Probability of label c depends on the position in both the
input sequence, t, and output sequence u.

gt,u(k) = exp(henc
t (k) + pu(k))

P(c = k |t, u) =
gt,u(k)∑
k ′ gt,u(k ′)
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RNN-T: forward recursion

Consider a label sequence

Y = (y1, y2, . . . , yU)

The forward probability is:

αu(t) = P(y1, . . . yu|henc
1 , . . . , henc

t )

Define:

y(t, u) = P(yu+1|ht , pu)

∅(t, u) = P(ε|ht , pu)
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RNN-T: forward recursion
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RNN-T: forward recursion
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<latexit sha1_base64="OL/i5GEq1BieYW/Azr3bT9o2gFk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdkeqx6MVjBfsB7VKyabaNzSZLkhWWpf/BiwdFvPp/vPlvTNs9aPXBwOO9GWbmBTFn2rjul1NYWV1b3yhulra2d3b3yvsHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjPzO49UaSbFvUlj6kd4JFjICDZWaqdV78w9HZQrbs2dA/0lXk4qkKM5KH/2h5IkERWGcKx1z3Nj42dYGUY4nZb6iaYxJhM8oj1LBY6o9rP5tVN0YpUhCqWyJQyaqz8nMhxpnUaB7YywGetlbyb+5/USE175GRNxYqggi0VhwpGRaPY6GjJFieGpJZgoZm9FZIwVJsYGVLIheMsv/yXt85pXr9XvLiqN6zyOIhzBMVTBg0towC00oQUEHuAJXuDVkc6z8+a8L1oLTj5zCL/gfHwD+IWOGA==</latexit>

y(1, 0)

<latexit sha1_base64="faSutAVCTN86GRPGrICCVEL+3l4=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpTdItVj0YvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Hbmt5+o0kyKBzOJqR/hoWAhI9hYqTUpexfV836x5FbcOdAq8TJSggyNfvGrN5AkiagwhGOtu54bGz/FyjDC6bTQSzSNMRnjIe1aKnBEtZ/Or52iM6sMUCiVLWHQXP09keJI60kU2M4Im5Fe9mbif143MeG1nzIRJ4YKslgUJhwZiWavowFTlBg+sQQTxeytiIywwsTYgAo2BG/55VXSqla8WqV2f1mq32Rx5OEETqEMHlxBHe6gAU0g8AjP8ApvjnRenHfnY9Gac7KZY/gD5/MH+4+OGg==</latexit>

y(1, 2)
<latexit sha1_base64="7hmvThYeqwnlOTlHRzpgjNDkWy8=">AAAB+XicbVBNSwMxEM36WevXqkcvwSJUkLIrUj0WvXisYD+gXUo2zbah2WRJZgtl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzwkRwA5737aytb2xubRd2irt7+weH7tFx06hUU9agSijdDolhgkvWAA6CtRPNSBwK1gpH9zO/NWbacCWfYJKwICYDySNOCVip57rdMdFSwZDLQdm/9C96bsmreHPgVeLnpIRy1HvuV7evaBozCVQQYzq+l0CQEQ2cCjYtdlPDEkJHZMA6lkoSMxNk88un+NwqfRwpbUsCnqu/JzISGzOJQ9sZExiaZW8m/ud1Uohug4zLJAUm6WJRlAoMCs9iwH2uGQUxsYRQze2tmA6JJhRsWEUbgr/88ippXlX8aqX6eF2q3eVxFNApOkNl5KMbVEMPqI4aiKIxekav6M3JnBfn3flYtK45+cwJ+gPn8wdUsZLR</latexit>

?(1, 1)
<latexit sha1_base64="PRBe+YTahFbQRm/1e6GaJvTS8SM=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EixCBSm7RarHohePFewHtEvJpmkbmk2WJFsoS/+JFw+KePWfePPfmLZ70NYHA4/3ZpiZF8acaeN5305uY3Nreye/W9jbPzg8co9PmlomitAGkVyqdog15UzQhmGG03asKI5CTlvh+H7utyZUaSbFk5nGNIjwULABI9hYqee63QlWQpoRE8NS5cq/7LlFr+wtgNaJn5EiZKj33K9uX5IkosIQjrXu+F5sghQrwwins0I30TTGZIyHtGOpwBHVQbq4fIYurNJHA6lsCYMW6u+JFEdaT6PQdkbYjPSqNxf/8zqJGdwGKRNxYqggy0WDhCMj0TwG1GeKEsOnlmCimL0VkRFWmBgbVsGG4K++vE6albJfLVcfr4u1uyyOPJzBOZTAhxuowQPUoQEEJvAMr/DmpM6L8+58LFtzTjZzCn/gfP4AVjiS0g==</latexit>

?(2, 1)

<latexit sha1_base64="UTw9Us1wuzSjlmOB0iOTdKj62CU=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EixCBSm7KtVj0YvHCvYD2lKyabYNzSZLki2Upf/EiwdFvPpPvPlvTNs9aOuDgcd7M8zMC2LOtPG8bye3tr6xuZXfLuzs7u0fuIdHDS0TRWidSC5VK8CaciZo3TDDaStWFEcBp81gdD/zm2OqNJPiyUxi2o3wQLCQEWys1HPdzhgrIc2QiUHp6sI/77lFr+zNgVaJn5EiZKj13K9OX5IkosIQjrVu+15suilWhhFOp4VOommMyQgPaNtSgSOqu+n88ik6s0ofhVLZEgbN1d8TKY60nkSB7YywGeplbyb+57UTE952UybixFBBFovChCMj0SwG1GeKEsMnlmCimL0VkSFWmBgbVsGG4C+/vEoal2W/Uq48Xherd1kceTiBUyiBDzdQhQeoQR0IjOEZXuHNSZ0X5935WLTmnGzmGP7A+fwBV7+S0w==</latexit>

?(3, 1)
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RNN-T: Forward recursion

Initialisation:

αu(0) = 1 u = 1

= 0 otherwise

Recursion:

αu(t) =αu(t − 1)∅(t − 1, u)

+ αu−1(t)y(t, u − 1)

Termination:

P(Y |X ) = αU(T )∅(T ,U)
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RNN-T: Backward recursion

Define the backward probablity

βu(t) = P(yu, . . . , yU |henc
t , . . . , henc

T )

Initialisation:

βU(T ) = ∅(T ,U)

Recursion:

βu(t) =βu(t + 1)∅(t, u)

+ βu+1(t)y(t, u)
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RNN-T training

The probability that yu is emitted during transcription step t
is given by the product

αu(t)βu(t)

RNN-T loss can be computed by

LRNN−T = − logP(Y |X )

which can be expressed as

LRNN−T = − log
∑

(t,u):t+u=n

αu(t)βu(t)

for any n in the range 1 ≤ n ≤ U + T (think of summing over
the nodes on any top-left to bottom-right diagonal)

Can perform backpropagation on this expression.
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Summation
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Comments on the RNN-T

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’s first “all-neural” on-device speech recognition used
unidirectional RNN transducers
https://ai.googleblog.com/2019/03/

an-all-neural-on-device-speech.html
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Reading

Alex Graves (2012), “Sequence Transduction with Recurrent
Neural Networks”, International Conference of Machine
Learning (ICML) 2012 Workshop on Representation Learning
https://arxiv.org/abs/1211.3711
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