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Recap: RNN-T

Encoder: Acoustic model network
mapping acoustic features 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

Joint network: Computes a joint
hidden vector by a applying a
shallow feed-forward net to henc

and pu

Inference operates using dynamic
programming over time and output
labels

Encoder

Softmax

henc
t

P (c1|X) P (cT |X). . .
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Prediction 
network

Joint network

pu

<latexit sha1_base64="Zj3jIC+XPeDbEqcPQCq8/OAV5c4=">AAACA3icbVC7SgNBFL0bXzG+opY2g0GwkLArElMGbCwjmAdklzA7mSRDZmaXmVkhLFv6C7ba24mtH2LrlzhJtjCJBy4czrmXczlhzJk2rvvtFDY2t7Z3irulvf2Dw6Py8UlbR4kitEUiHqluiDXlTNKWYYbTbqwoFiGnnXByN/M7T1RpFslHM41pIPBIsiEj2FjJ90ORjrJ+aq6SrF+uuFV3DrROvJxUIEezX/7xBxFJBJWGcKx1z3NjE6RYGUY4zUp+ommMyQSPaM9SiQXVQTr/OUMXVhmgYaTsSIPm6t+LFAutpyK0mwKbsV71ZuJ/Xi8xw3qQMhknhkqyCBomHJkIzQpAA6YoMXxqCSaK2V8RGWOFibE1LaWEIivZUrzVCtZJ+7rq1aq1h5tKo57XU4QzOIdL8OAWGnAPTWgBgRhe4BXenGfn3flwPherBSe/OYUlOF+/3oKYjw==</latexit>gt,u

yu�1

<latexit sha1_base64="NNMHOztLDAuPTf9NcLBXrNfYXDQ=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgxpJIRZdFNy4r2Ac0oUymk3boTBJmJkII3fkNbnXtTtz6Iy79EydtFrb1wIXDOfdyLsePOVPatr+t0tr6xuZWebuys7u3f1A9POqoKJGEtknEI9nzsaKchbStmea0F0uKhc9p15/c5X73iUrFovBRpzH1BB6FLGAEayO5ri+ydDrIkgtnOqjW7Lo9A1olTkFqUKA1qP64w4gkgoaacKxU37Fj7WVYakY4nVbcRNEYkwke0b6hIRZUedns5yk6M8oQBZE0E2o0U/9eZFgolQrfbAqsx2rZy8X/vH6igxsvY2GcaBqSeVCQcKQjlBeAhkxSonlqCCaSmV8RGWOJiTY1LaT4Iu/EWW5glXQu606jfvXQqDVvi3bKcAKncA4OXEMT7qEFbSAQwwu8wpv1bL1bH9bnfLVkFTfHsADr6xcHdJhW</latexit>
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Recap: 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 )

Inference operates using output
label clock only

Attention mechanism incorporates
relevant information from encoded
sequence, conditioned on decoder
state

Encoder

MLP

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>
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“Decoder only” model

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

No (cross) attention mechanism:
Information from encoded sequence
henc
1 , . . . , henc

T is project to a fixed
embedding Henc, or a sequence
that is word-like in length.

Projected encoder embedding is
prepended to the decoder input

Inference again operates using
output label clock only

Encoder

MLP

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>

Projector

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>

<latexit sha1_base64="opnNvdm3IADWQdObBwlRsQtgx4M=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqoShApjBUvHItGH1ITKcZzWqmNHtoOooiz8CgsDCLHyGWz8DU7bAVqOdKWjc+7VvfcECaNKO863VVpZXVvfKG9WtrZ3dvfs/YOOEqnEpI0FE7IXIEUY5aStqWakl0iC4oCRbjC+KfzuA5GKCn6nJwnxYzTkNKIYaSMN7CMvRnoURFkzv8+8OBCPWUhwng/sqlNzpoDLxJ2TKpijNbC/vFDgNCZcY4aU6rtOov0MSU0xI3nFSxVJEB6jIekbylFMlJ9NH8jhqVFCGAlpims4VX9PZChWahIHprM4Vy16hfif1091dOVnlCepJhzPFkUpg1rAIg0YUkmwZhNDEJbU3ArxCEmEtcmsYkJwF19eJp3zmluv1W8vqo3reRxlcAxOwBlwwSVogCZogTbAIAfP4BW8WU/Wi/VufcxaS9Z85hD8gfX5A8+dlzY=</latexit>

Hdec

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>
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End-to-end vs factorised models

Traditional HMM systems are generative models, easy to
incorporate human knowledge

Fully-differentiable E2E models allow all parameters to be
optimised towards a single objective, but assume the presence
of speech data

Self-supervised speech models can learn good abstract
representations of speech with a lot of audio data – but is it
sufficient for ASR?

All models try to solve the problem that speech and text sequences
are very different lengths, with unknown alignment and potentially
long-span dependencies.
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“Fundamental Equation of Speech Recognition”

If X is the sequence of acoustic feature vectors (observations) and
W denotes a word sequence, the most likely word sequence W∗ is
given by

W∗ = arg max
W

P(W | X)

Applying Bayes’ Theorem

W∗ = arg max
W

p(X | W)︸ ︷︷ ︸
Acoustic

model

P(W)︸ ︷︷ ︸
Language

model
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Viterbi search with a bigram language model
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P(right | pin)

ASR Lecture 18 ASR with large language models 7



Training data considerations

When building an state-of-the-art ASR system, it’s important to
consider what data and pre-trained models you have available, and
how well each is matched to your use case

Limited transcribed data, restricted domain
→ HMM-DNN model

Lots of transcribed speech data from target domain
→ Neural E2E model

Lots of untranscribed audio
→ self-supervised speech representation

General-purpose application
→ large language model?
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The neural decoder as a language model

A conventional LM models

P(W ) = P(w1, . . . ,wN) =
N∏
i=1

p(wi |w1, . . .wi−1)

Or equivalently:

P(Y ) = P(y1, . . . , yU) =
U∏

u=1

p(yu|y0, . . . yu−1)

where Y is a sequence of tokens.

We can generate a word sequence by sampling from this
distribution.
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The decoder as an ASR system

We wish to condition the output generated from the LM on the
acoustic sequence X :

P(Y |X ) = P(y1, . . . yU |X ) =
U∏

u=1

p(yu|y0, . . . yu−1,X )

whilst still being able to train the LM on (lots of) text data. How?

Solution:

Use a pre-trained (and fixed) acoustic encoder

Project the encoder output to the same length/embedding
space as text → can be used directly as input to the LM
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Decoder prepending

<s> y1 y2 y3 y4

y1 y2 y3 y4 <e>
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Decoder prepending

<s> y1 y2 y3 y4

y1 y2 y3 y4 <e>

H
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Decoder prepending

<s> y1 y2 y3 y4

y1 y2 y3 y4 <e>

H1 H2 H3 H4
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Methods for projecting the acoustic embedding

Discretized representations (eg. Zhang et al)

CTC-like compression (eg. Wu et al)

Downsampling with a fixed factor
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Discretized representations

Use a self-supervised speech representation that produces a
sequence of discrete units (eg. HuBERT)

Remove adjacent duplicate indices

Expand the vocabulary of the LLM to incorporate the discrete
unit inventory
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Discretized representations

<s> y1 y2 y3 y4

y1 y2 y3 y4 <e>

<4> <1> <8> <1>

4 4 4 1 1 1 1 8 8 8 8 8 8 8 1 1
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CTC compression

Use outputs of a pre-trained CTC model to determine which
encoded frames to remove or merge.

ε a a ε b ε b ε

H2H1 H3

a b
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Instruction-tuned models

Instruction-tuning allows LMs to perform diverse NLP tasks in a
“zero shot” fashion:

P(Y |X ,P) = P(y1, . . . yU |X ) =
U∏

u=1

p(yi |y0, . . . yu−1,X ,P)
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Instruction-tuned models

Instruction-tuning allows LMs to perform diverse NLP tasks in a
“zero shot” fashion.

<s> y1 y2 y3 y4

y1 y2 y3 y4 <e>

HP

Summarise the 
following input
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Instruction-tuned models

Can be used to integrate speech input into other downsteam
systems → avoids error propagation that can happen with a
cascaded system

<s> y1 y2 y3 y4

y1 y2 y3 y4 <e>

HP

Translate this 
audio into 
German
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Instruction-tuned models

But it can also be used to produce speech transcriptions in a
zero-shot fashion without any fine-tuning of the LLM.

<s> y1 y2 y3 y4

y1 y2 y3 y4 <e>

HP

Transcribe this 
audio
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Additional details

Both self-supervised and supervised speech encoders have
been successfully used

Important that the compressed embeddings are monotonic to
match the left-to-right nature of generative LMs

Typically the LM parameters are frozen during projection or
fine tuning of the encoder, but LoRA can be used to update
the LM afterwards

The exact training regime depends on the type of data
available

Many recent models are also capable of producing speech
output

ASR Lecture 18 ASR with large language models 20



Directly correcting ASR output

<s> y1 y2 y3 y4

y1 y2 y3 y4 <e>

You look at drugs that competitively antagonise 
the nicotinic alkaline receptor

Correct this 
transcription
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Correcting ASR output: examples
Different inputs – Full sentences (join transcript 
segments)
Good corrections:

ASR: c also potentially train preschool teachers to use them very easily
LLM: you can also potentially train preschool teachers to use them very easily

ASR: so this patient does have signs of glaucomatsopsy neuropathy
LLM: so this patient does have signs of glaucomatous optic neuropathy
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Correcting ASR output: examples

Correction Example – Terminology List and GPT4

Uncorrected ASR Output

1: You look at drugs that competitively antagonise 
the nicotinic alkaline receptor.
2: What concentration of stickmen do you want 
to add?
3: So a reminder on the process of a star calling 
release.

terms: ["acetylcholinesterase", "acetylcholine", 
"acetate", "acetic", "acetyl", "energy", "nicotinic", 
"neostigmine", "presynaptic"

LLM Output with List of Terms

• 1: You look at drugs that competitively 
antagonise the nicotinic acetylcholine 
receptor.

•  
• 2: What concentration of acetylcholine do you 

want to add
•  
• 3: So a reminder on the process of 
acetylcholine release.

•  
LLM Output without List of Terms
•  
• 2: What concentration of stilbenes do you 

want to add?
•  
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Correcting ASR output: examples

Different inputs – Full sentences (join transcript 
segments)
Good correction:

 
HUMAN: here we find Seung et al. and they looked at 144 eyes with early glaucoma 
ASR: Here we find Sung Etel and they
LLM: here we find Sung et al. and they looked at 144 eyes with early glaucoma 

Human transcript gets it wrong

Example from a maths lecture of a not so good correction, even with the terminology list:

REF: so this is the definition of  Lax-Richtmyer Stability
ASR: so this is the definition of [electric / like shrink / like my / lack my/ shrek minus] stability

LLM corrects right only sometimes, depending on how it was transcribed by the ASR model. 
"Like shrink" → "Lax-Richtmyer"
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Correcting ASR output: examples
Different inputs – Chat History 

REF:                  and the first step in the treatment of this poor vision of course is 

LLM sentences: and the first step in the treatment of this provision ****** of course is

The LLM with context history corrects this appropriately

REF:              so * *** ** cardiff cards will cost in the region of over 600 pounds whereas 

LLM history:   so a set of cardiff cards will cost in the region of over 600 pounds whereas

LLM sentences: so a card of cards will cost in the region of over 600 pounds whereas 
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Summary

LLMs can be a powerful tool modern ASR

Seamless integration of speech inputs many downstream tasks
and avoid error propagation

Even simple approaches can work very well when the LLM is
very powerful

But think carefully about what data is available when deciding
on an approach to take
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