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Goal: learn mapping vector -> vector



Problem: variable-length 
input

• Text


• Sound


• Video


• Time series


• ….

…

(x1,x2, · · · )
<latexit sha1_base64="Q4twRZ0iTDubJpvRjSBlOpkShNM=">AAACDXicbVDLSsNAFJ34rPUVdelmsAoVpCRV0GXRjcsK9gFtCJPJpB06mYSZiVhCfsCNv+LGhSJu3bvzb5y0QbT1wMC559zL3Hu8mFGpLOvLWFhcWl5ZLa2V1zc2t7bNnd22jBKBSQtHLBJdD0nCKCctRRUj3VgQFHqMdLzRVe537oiQNOK3ahwTJ0QDTgOKkdKSax5W+yFSQy9I7zPXPoE/lVvPdIX9SMlj16xYNWsCOE/sglRAgaZrfvb9CCch4QozJGXPtmLlpEgoihnJyv1EkhjhERqQnqYchUQ66eSaDB5pxYdBJPTjCk7U3xMpCqUch57uzJeVs14u/uf1EhVcOCnlcaIIx9OPgoRBFcE8GuhTQbBiY00QFlTvCvEQCYSVDrCsQ7BnT54n7XrNPq3Vb84qjcsijhLYBwegCmxwDhrgGjRBC2DwAJ7AC3g1Ho1n4814n7YuGMXMHvgD4+MbVaabFg==</latexit>



RNNs
Example: sentiment analysis

Mapping sequence -> vector

Life is really tough



RNNs
Example: sentiment analysis

Mapping sequence -> vector

Life is really tough



RNNs
Example: sentiment analysis

Mapping sequence -> vector

Life is really tough



RNNs
Example: sentiment analysis
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Backprop through time
Unrolled computation graph

Life is really tough

h0
<latexit sha1_base64="ZDV5lMZH/nYeTUr6FFi8hFnoyEE=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqApZTKdtEMnkzBzI5TQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE14P6IjJULBKFrJ9yOK4yDMxrOBO6hU3Zo7B1klXkGqUKA5qHz5w5ilEVfIJDWm57kJ9jOqUTDJZ2U/NTyhbEJHvGepohE3/WyeeUbOrTIkYaztU0jm6u+NjEbGTKPATuYZzbKXi/95vRTDm34mVJIiV2xxKEwlwZjkBZCh0JyhnFpCmRY2K2FjqilDW1PZluAtf3mVtOs177JWf7iqNm6LOkpwCmdwAR5cQwPuoQktYJDAM7zCm5M6L86787EYXXOKnRP4A+fzBxG6kbM=</latexit>

h1
<latexit sha1_base64="08GJycCDUIYBdOvDGb59RNJsoFg=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqApZTKdtEMnkzBzI5TQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE14P6IjJULBKFrJ9yOK4yDMxrOBN6hU3Zo7B1klXkGqUKA5qHz5w5ilEVfIJDWm57kJ9jOqUTDJZ2U/NTyhbEJHvGepohE3/WyeeUbOrTIkYaztU0jm6u+NjEbGTKPATuYZzbKXi/95vRTDm34mVJIiV2xxKEwlwZjkBZCh0JyhnFpCmRY2K2FjqilDW1PZluAtf3mVtOs177JWf7iqNm6LOkpwCmdwAR5cQwPuoQktYJDAM7zCm5M6L86787EYXXOKnRP4A+fzBxM+kbQ=</latexit>

h2
<latexit sha1_base64="7Be6dDbTw45VjACFxOcDgxRUcQI=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqApZTKdtEMnkzBzI5TQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE14P6IjJULBKFrJ9yOK4yDMxrNBfVCpujV3DrJKvIJUoUBzUPnyhzFLI66QSWpMz3MT7GdUo2CSz8p+anhC2YSOeM9SRSNu+tk884ycW2VIwljbp5DM1d8bGY2MmUaBncwzmmUvF//zeimGN/1MqCRFrtjiUJhKgjHJCyBDoTlDObWEMi1sVsLGVFOGtqayLcFb/vIqaddr3mWt/nBVbdwWdZTgFM7gAjy4hgbcQxNawCCBZ3iFNyd1Xpx352MxuuYUOyfwB87nDxTCkbU=</latexit>

h3
<latexit sha1_base64="tcmbnyrU7YIlDLder76C5hK6Hxw=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsy0gi6LblxWsA/oDCWTZtrQJDMkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1XGqCO2QmMeqH2JNOZO0Y5jhtJ8oikXIaS+c3uV+74kqzWL5aGYJDQQeSxYxgo2VfF9gMwmjbDIfNofVmlt3F0DrxCtIDQq0h9UvfxSTVFBpCMdaDzw3MUGGlWGE03nFTzVNMJniMR1YKrGgOsgWmefowiojFMXKPmnQQv29kWGh9UyEdjLPqFe9XPzPG6QmugkyJpPUUEmWh6KUIxOjvAA0YooSw2eWYKKYzYrIBCtMjK2pYkvwVr+8TrqNutesNx6uaq3boo4ynME5XIIH19CCe2hDBwgk8Ayv8Oakzovz7nwsR0tOsXMKf+B8/gAWRpG2</latexit>

h4
<latexit sha1_base64="JMRuYfRddu1nREKnaBZ3SjxOrpM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiS1oMuiG5cV7AOaUCbTSTt0MgnzEErob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEKWdKu+63U9rY3NreKe9W9vYPDo+qxyddlRhJaIckPJH9ECvKmaAdzTSn/VRSHIec9sLpXe73nqhULBGPepbSIMZjwSJGsLaS78dYT8Iom8yHzWG15tbdBdA68QpSgwLtYfXLHyXExFRowrFSA89NdZBhqRnhdF7xjaIpJlM8pgNLBY6pCrJF5jm6sMoIRYm0T2i0UH9vZDhWahaHdjLPqFa9XPzPGxgd3QQZE6nRVJDlochwpBOUF4BGTFKi+cwSTCSzWRGZYImJtjVVbAne6pfXSbdR967qjYdmrXVb1FGGMziHS/DgGlpwD23oAIEUnuEV3hzjvDjvzsdytOQUO6fwB87nDxfKkbc=</latexit>

Wrec
<latexit sha1_base64="+G7nmYsIhOoUlR5xo10E3u/OqwA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65lzn3BAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5nkpLct+tOw1kArRO3JHUo0fbtr+EoJmlEhSYcKzVwnUR7GZaaEU7z2jBVNMFkisd0YKjAEVVetkieowujjFAYS/OERgv190aGI6XmUWAmi5xq1SvE/7xBqsNbL2MiSTUVZPlRmHKkY1TUgEbMHKv53BBMJDNZEZlgiYk2ZdVMCe7qyeuk22y4V43m43W9dVfWUYUzOIdLcOEGWvAAbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/I/qT+Q==</latexit>

Wrec
<latexit sha1_base64="+G7nmYsIhOoUlR5xo10E3u/OqwA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65lzn3BAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5nkpLct+tOw1kArRO3JHUo0fbtr+EoJmlEhSYcKzVwnUR7GZaaEU7z2jBVNMFkisd0YKjAEVVetkieowujjFAYS/OERgv190aGI6XmUWAmi5xq1SvE/7xBqsNbL2MiSTUVZPlRmHKkY1TUgEbMHKv53BBMJDNZEZlgiYk2ZdVMCe7qyeuk22y4V43m43W9dVfWUYUzOIdLcOEGWvAAbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/I/qT+Q==</latexit>

Wrec
<latexit sha1_base64="+G7nmYsIhOoUlR5xo10E3u/OqwA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65lzn3BAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5nkpLct+tOw1kArRO3JHUo0fbtr+EoJmlEhSYcKzVwnUR7GZaaEU7z2jBVNMFkisd0YKjAEVVetkieowujjFAYS/OERgv190aGI6XmUWAmi5xq1SvE/7xBqsNbL2MiSTUVZPlRmHKkY1TUgEbMHKv53BBMJDNZEZlgiYk2ZdVMCe7qyeuk22y4V43m43W9dVfWUYUzOIdLcOEGWvAAbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/I/qT+Q==</latexit>

Wrec
<latexit sha1_base64="+G7nmYsIhOoUlR5xo10E3u/OqwA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65lzn3BAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5nkpLct+tOw1kArRO3JHUo0fbtr+EoJmlEhSYcKzVwnUR7GZaaEU7z2jBVNMFkisd0YKjAEVVetkieowujjFAYS/OERgv190aGI6XmUWAmi5xq1SvE/7xBqsNbL2MiSTUVZPlRmHKkY1TUgEbMHKv53BBMJDNZEZlgiYk2ZdVMCe7qyeuk22y4V43m43W9dVfWUYUzOIdLcOEGWvAAbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/I/qT+Q==</latexit>

Wout
<latexit sha1_base64="iPAzFRg3r/b6lZNFV6ED/8kxUE8=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65l3vmBAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5ncapz3647DWcBtE7cktShRNu3v4ajmKQRFZpwrNTAdRLtZVhqRjjNa8NU0QSTKR7TgaECR1R52SJ5ji6MMkJhLM0TGi3U3xsZjpSaR4GZLHKqVa8Q//MGqQ5vvYyJJNVUkOWhMOVIx6ioAY2YpETzuSGYSGayIjLBEhNtyqqZEtzVL6+TbrPhXjWaj9f11l1ZRxXO4BwuwYUbaMEDtKEDBGbwDK/wZmXWi/VufSxHK1a5cwp/YH3+AFGalBc=</latexit>

y
<latexit sha1_base64="pm5QXDwXTtCn6UVd3R4+s92LPeA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQVdScOOygn1gO5RMmmlDM8mQZIRh6F+4caGIW//GnX9jpp2Fth4IHM65l5x7gpgzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjpaJIrRNJJeqF2BNORO0bZjhtBcriqOA024wvc397hNVmknxYNKY+hEeCxYygo2VHgcRNpMgzNLZsFpz6+4caJV4BalBgdaw+jUYSZJEVBjCsdZ9z42Nn2FlGOF0VhkkmsaYTPGY9i0VOKLaz+aJZ+jMKiMUSmWfMGiu/t7IcKR1GgV2Mk+ol71c/M/rJya89jMm4sRQQRYfhQlHRqL8fDRiihLDU0swUcxmRWSCFSbGllSxJXjLJ6+STqPuXdQb95e15k1RRxlO4BTOwYMraMIdtKANBAQ8wyu8Odp5cd6dj8VoySl2juEPnM8f/tiRHQ==</latexit>

Win
<latexit sha1_base64="IZgXoz9/SHtXabN5kpsfKI2GeCg=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmQg15EvcuFDErZ/izr9x0mahrQcGDufcy5x7goQzpR3n21pb39jc2q7sVHf39g9q9uFRV8WpJLRDYh7LfoAV5UzQjmaa034iKY4CTnvB9Lbwe49UKhaLBz1LqBfhsWAhI1gbybdrwwjrSRBmvdzPmMh9u+40nDnQKnFLUocSbd/+Go5ikkZUaMKxUgPXSbSXYakZ4TSvDlNFE0ymeEwHhgocUeVl8+A5OjPKCIWxNE9oNFd/b2Q4UmoWBWayiKmWvUL8zxukOrz2zD1Jqqkgi4/ClCMdo6IFNGKSEs1nhmAimcmKyARLTLTpqmpKcJdPXiXdZsO9aDTvL+utm7KOCpzAKZyDC1fQgjtoQwcIpPAMr/BmPVkv1rv1sRhds8qdY/gD6/MHYoaTjA==</latexit>

Win
<latexit sha1_base64="IZgXoz9/SHtXabN5kpsfKI2GeCg=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmQg15EvcuFDErZ/izr9x0mahrQcGDufcy5x7goQzpR3n21pb39jc2q7sVHf39g9q9uFRV8WpJLRDYh7LfoAV5UzQjmaa034iKY4CTnvB9Lbwe49UKhaLBz1LqBfhsWAhI1gbybdrwwjrSRBmvdzPmMh9u+40nDnQKnFLUocSbd/+Go5ikkZUaMKxUgPXSbSXYakZ4TSvDlNFE0ymeEwHhgocUeVl8+A5OjPKCIWxNE9oNFd/b2Q4UmoWBWayiKmWvUL8zxukOrz2zD1Jqqkgi4/ClCMdo6IFNGKSEs1nhmAimcmKyARLTLTpqmpKcJdPXiXdZsO9aDTvL+utm7KOCpzAKZyDC1fQgjtoQwcIpPAMr/BmPVkv1rv1sRhds8qdY/gD6/MHYoaTjA==</latexit>

Win
<latexit sha1_base64="IZgXoz9/SHtXabN5kpsfKI2GeCg=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmQg15EvcuFDErZ/izr9x0mahrQcGDufcy5x7goQzpR3n21pb39jc2q7sVHf39g9q9uFRV8WpJLRDYh7LfoAV5UzQjmaa034iKY4CTnvB9Lbwe49UKhaLBz1LqBfhsWAhI1gbybdrwwjrSRBmvdzPmMh9u+40nDnQKnFLUocSbd/+Go5ikkZUaMKxUgPXSbSXYakZ4TSvDlNFE0ymeEwHhgocUeVl8+A5OjPKCIWxNE9oNFd/b2Q4UmoWBWayiKmWvUL8zxukOrz2zD1Jqqkgi4/ClCMdo6IFNGKSEs1nhmAimcmKyARLTLTpqmpKcJdPXiXdZsO9aDTvL+utm7KOCpzAKZyDC1fQgjtoQwcIpPAMr/BmPVkv1rv1sRhds8qdY/gD6/MHYoaTjA==</latexit>

Win
<latexit sha1_base64="IZgXoz9/SHtXabN5kpsfKI2GeCg=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmQg15EvcuFDErZ/izr9x0mahrQcGDufcy5x7goQzpR3n21pb39jc2q7sVHf39g9q9uFRV8WpJLRDYh7LfoAV5UzQjmaa034iKY4CTnvB9Lbwe49UKhaLBz1LqBfhsWAhI1gbybdrwwjrSRBmvdzPmMh9u+40nDnQKnFLUocSbd/+Go5ikkZUaMKxUgPXSbSXYakZ4TSvDlNFE0ymeEwHhgocUeVl8+A5OjPKCIWxNE9oNFd/b2Q4UmoWBWayiKmWvUL8zxukOrz2zD1Jqqkgi4/ClCMdo6IFNGKSEs1nhmAimcmKyARLTLTpqmpKcJdPXiXdZsO9aDTvL+utm7KOCpzAKZyDC1fQgjtoQwcIpPAMr/BmPVkv1rv1sRhds8qdY/gD6/MHYoaTjA==</latexit>



Backprop through time
Unrolled computation graph

Life is really tough

h0
<latexit sha1_base64="ZDV5lMZH/nYeTUr6FFi8hFnoyEE=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqApZTKdtEMnkzBzI5TQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE14P6IjJULBKFrJ9yOK4yDMxrOBO6hU3Zo7B1klXkGqUKA5qHz5w5ilEVfIJDWm57kJ9jOqUTDJZ2U/NTyhbEJHvGepohE3/WyeeUbOrTIkYaztU0jm6u+NjEbGTKPATuYZzbKXi/95vRTDm34mVJIiV2xxKEwlwZjkBZCh0JyhnFpCmRY2K2FjqilDW1PZluAtf3mVtOs177JWf7iqNm6LOkpwCmdwAR5cQwPuoQktYJDAM7zCm5M6L86787EYXXOKnRP4A+fzBxG6kbM=</latexit>

h1
<latexit sha1_base64="08GJycCDUIYBdOvDGb59RNJsoFg=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqApZTKdtEMnkzBzI5TQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE14P6IjJULBKFrJ9yOK4yDMxrOBN6hU3Zo7B1klXkGqUKA5qHz5w5ilEVfIJDWm57kJ9jOqUTDJZ2U/NTyhbEJHvGepohE3/WyeeUbOrTIkYaztU0jm6u+NjEbGTKPATuYZzbKXi/95vRTDm34mVJIiV2xxKEwlwZjkBZCh0JyhnFpCmRY2K2FjqilDW1PZluAtf3mVtOs177JWf7iqNm6LOkpwCmdwAR5cQwPuoQktYJDAM7zCm5M6L86787EYXXOKnRP4A+fzBxM+kbQ=</latexit>

h2
<latexit sha1_base64="7Be6dDbTw45VjACFxOcDgxRUcQI=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqApZTKdtEMnkzBzI5TQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE14P6IjJULBKFrJ9yOK4yDMxrNBfVCpujV3DrJKvIJUoUBzUPnyhzFLI66QSWpMz3MT7GdUo2CSz8p+anhC2YSOeM9SRSNu+tk884ycW2VIwljbp5DM1d8bGY2MmUaBncwzmmUvF//zeimGN/1MqCRFrtjiUJhKgjHJCyBDoTlDObWEMi1sVsLGVFOGtqayLcFb/vIqaddr3mWt/nBVbdwWdZTgFM7gAjy4hgbcQxNawCCBZ3iFNyd1Xpx352MxuuYUOyfwB87nDxTCkbU=</latexit>

h3
<latexit sha1_base64="tcmbnyrU7YIlDLder76C5hK6Hxw=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsy0gi6LblxWsA/oDCWTZtrQJDMkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1XGqCO2QmMeqH2JNOZO0Y5jhtJ8oikXIaS+c3uV+74kqzWL5aGYJDQQeSxYxgo2VfF9gMwmjbDIfNofVmlt3F0DrxCtIDQq0h9UvfxSTVFBpCMdaDzw3MUGGlWGE03nFTzVNMJniMR1YKrGgOsgWmefowiojFMXKPmnQQv29kWGh9UyEdjLPqFe9XPzPG6QmugkyJpPUUEmWh6KUIxOjvAA0YooSw2eWYKKYzYrIBCtMjK2pYkvwVr+8TrqNutesNx6uaq3boo4ynME5XIIH19CCe2hDBwgk8Ayv8Oakzovz7nwsR0tOsXMKf+B8/gAWRpG2</latexit>

h4
<latexit sha1_base64="JMRuYfRddu1nREKnaBZ3SjxOrpM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiS1oMuiG5cV7AOaUCbTSTt0MgnzEErob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEKWdKu+63U9rY3NreKe9W9vYPDo+qxyddlRhJaIckPJH9ECvKmaAdzTSn/VRSHIec9sLpXe73nqhULBGPepbSIMZjwSJGsLaS78dYT8Iom8yHzWG15tbdBdA68QpSgwLtYfXLHyXExFRowrFSA89NdZBhqRnhdF7xjaIpJlM8pgNLBY6pCrJF5jm6sMoIRYm0T2i0UH9vZDhWahaHdjLPqFa9XPzPGxgd3QQZE6nRVJDlochwpBOUF4BGTFKi+cwSTCSzWRGZYImJtjVVbAne6pfXSbdR967qjYdmrXVb1FGGMziHS/DgGlpwD23oAIEUnuEV3hzjvDjvzsdytOQUO6fwB87nDxfKkbc=</latexit>

Wrec
<latexit sha1_base64="+G7nmYsIhOoUlR5xo10E3u/OqwA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65lzn3BAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5nkpLct+tOw1kArRO3JHUo0fbtr+EoJmlEhSYcKzVwnUR7GZaaEU7z2jBVNMFkisd0YKjAEVVetkieowujjFAYS/OERgv190aGI6XmUWAmi5xq1SvE/7xBqsNbL2MiSTUVZPlRmHKkY1TUgEbMHKv53BBMJDNZEZlgiYk2ZdVMCe7qyeuk22y4V43m43W9dVfWUYUzOIdLcOEGWvAAbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/I/qT+Q==</latexit>

Wrec
<latexit sha1_base64="+G7nmYsIhOoUlR5xo10E3u/OqwA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65lzn3BAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5nkpLct+tOw1kArRO3JHUo0fbtr+EoJmlEhSYcKzVwnUR7GZaaEU7z2jBVNMFkisd0YKjAEVVetkieowujjFAYS/OERgv190aGI6XmUWAmi5xq1SvE/7xBqsNbL2MiSTUVZPlRmHKkY1TUgEbMHKv53BBMJDNZEZlgiYk2ZdVMCe7qyeuk22y4V43m43W9dVfWUYUzOIdLcOEGWvAAbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/I/qT+Q==</latexit>

Wrec
<latexit sha1_base64="+G7nmYsIhOoUlR5xo10E3u/OqwA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65lzn3BAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5nkpLct+tOw1kArRO3JHUo0fbtr+EoJmlEhSYcKzVwnUR7GZaaEU7z2jBVNMFkisd0YKjAEVVetkieowujjFAYS/OERgv190aGI6XmUWAmi5xq1SvE/7xBqsNbL2MiSTUVZPlRmHKkY1TUgEbMHKv53BBMJDNZEZlgiYk2ZdVMCe7qyeuk22y4V43m43W9dVfWUYUzOIdLcOEGWvAAbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/I/qT+Q==</latexit>

Wrec
<latexit sha1_base64="+G7nmYsIhOoUlR5xo10E3u/OqwA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65lzn3BAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5nkpLct+tOw1kArRO3JHUo0fbtr+EoJmlEhSYcKzVwnUR7GZaaEU7z2jBVNMFkisd0YKjAEVVetkieowujjFAYS/OERgv190aGI6XmUWAmi5xq1SvE/7xBqsNbL2MiSTUVZPlRmHKkY1TUgEbMHKv53BBMJDNZEZlgiYk2ZdVMCe7qyeuk22y4V43m43W9dVfWUYUzOIdLcOEGWvAAbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/I/qT+Q==</latexit>

Wout
<latexit sha1_base64="iPAzFRg3r/b6lZNFV6ED/8kxUE8=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65l3vmBAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5ncapz3647DWcBtE7cktShRNu3v4ajmKQRFZpwrNTAdRLtZVhqRjjNa8NU0QSTKR7TgaECR1R52SJ5ji6MMkJhLM0TGi3U3xsZjpSaR4GZLHKqVa8Q//MGqQ5vvYyJJNVUkOWhMOVIx6ioAY2YpETzuSGYSGayIjLBEhNtyqqZEtzVL6+TbrPhXjWaj9f11l1ZRxXO4BwuwYUbaMEDtKEDBGbwDK/wZmXWi/VufSxHK1a5cwp/YH3+AFGalBc=</latexit>

y
<latexit sha1_base64="pm5QXDwXTtCn6UVd3R4+s92LPeA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQVdScOOygn1gO5RMmmlDM8mQZIRh6F+4caGIW//GnX9jpp2Fth4IHM65l5x7gpgzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjpaJIrRNJJeqF2BNORO0bZjhtBcriqOA024wvc397hNVmknxYNKY+hEeCxYygo2VHgcRNpMgzNLZsFpz6+4caJV4BalBgdaw+jUYSZJEVBjCsdZ9z42Nn2FlGOF0VhkkmsaYTPGY9i0VOKLaz+aJZ+jMKiMUSmWfMGiu/t7IcKR1GgV2Mk+ol71c/M/rJya89jMm4sRQQRYfhQlHRqL8fDRiihLDU0swUcxmRWSCFSbGllSxJXjLJ6+STqPuXdQb95e15k1RRxlO4BTOwYMraMIdtKANBAQ8wyu8Odp5cd6dj8VoySl2juEPnM8f/tiRHQ==</latexit>

Win
<latexit sha1_base64="IZgXoz9/SHtXabN5kpsfKI2GeCg=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmQg15EvcuFDErZ/izr9x0mahrQcGDufcy5x7goQzpR3n21pb39jc2q7sVHf39g9q9uFRV8WpJLRDYh7LfoAV5UzQjmaa034iKY4CTnvB9Lbwe49UKhaLBz1LqBfhsWAhI1gbybdrwwjrSRBmvdzPmMh9u+40nDnQKnFLUocSbd/+Go5ikkZUaMKxUgPXSbSXYakZ4TSvDlNFE0ymeEwHhgocUeVl8+A5OjPKCIWxNE9oNFd/b2Q4UmoWBWayiKmWvUL8zxukOrz2zD1Jqqkgi4/ClCMdo6IFNGKSEs1nhmAimcmKyARLTLTpqmpKcJdPXiXdZsO9aDTvL+utm7KOCpzAKZyDC1fQgjtoQwcIpPAMr/BmPVkv1rv1sRhds8qdY/gD6/MHYoaTjA==</latexit>

Win
<latexit sha1_base64="IZgXoz9/SHtXabN5kpsfKI2GeCg=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmQg15EvcuFDErZ/izr9x0mahrQcGDufcy5x7goQzpR3n21pb39jc2q7sVHf39g9q9uFRV8WpJLRDYh7LfoAV5UzQjmaa034iKY4CTnvB9Lbwe49UKhaLBz1LqBfhsWAhI1gbybdrwwjrSRBmvdzPmMh9u+40nDnQKnFLUocSbd/+Go5ikkZUaMKxUgPXSbSXYakZ4TSvDlNFE0ymeEwHhgocUeVl8+A5OjPKCIWxNE9oNFd/b2Q4UmoWBWayiKmWvUL8zxukOrz2zD1Jqqkgi4/ClCMdo6IFNGKSEs1nhmAimcmKyARLTLTpqmpKcJdPXiXdZsO9aDTvL+utm7KOCpzAKZyDC1fQgjtoQwcIpPAMr/BmPVkv1rv1sRhds8qdY/gD6/MHYoaTjA==</latexit>

Win
<latexit sha1_base64="IZgXoz9/SHtXabN5kpsfKI2GeCg=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmQg15EvcuFDErZ/izr9x0mahrQcGDufcy5x7goQzpR3n21pb39jc2q7sVHf39g9q9uFRV8WpJLRDYh7LfoAV5UzQjmaa034iKY4CTnvB9Lbwe49UKhaLBz1LqBfhsWAhI1gbybdrwwjrSRBmvdzPmMh9u+40nDnQKnFLUocSbd/+Go5ikkZUaMKxUgPXSbSXYakZ4TSvDlNFE0ymeEwHhgocUeVl8+A5OjPKCIWxNE9oNFd/b2Q4UmoWBWayiKmWvUL8zxukOrz2zD1Jqqkgi4/ClCMdo6IFNGKSEs1nhmAimcmKyARLTLTpqmpKcJdPXiXdZsO9aDTvL+utm7KOCpzAKZyDC1fQgjtoQwcIpPAMr/BmPVkv1rv1sRhds8qdY/gD6/MHYoaTjA==</latexit>

Win
<latexit sha1_base64="IZgXoz9/SHtXabN5kpsfKI2GeCg=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmQg15EvcuFDErZ/izr9x0mahrQcGDufcy5x7goQzpR3n21pb39jc2q7sVHf39g9q9uFRV8WpJLRDYh7LfoAV5UzQjmaa034iKY4CTnvB9Lbwe49UKhaLBz1LqBfhsWAhI1gbybdrwwjrSRBmvdzPmMh9u+40nDnQKnFLUocSbd/+Go5ikkZUaMKxUgPXSbSXYakZ4TSvDlNFE0ymeEwHhgocUeVl8+A5OjPKCIWxNE9oNFd/b2Q4UmoWBWayiKmWvUL8zxukOrz2zD1Jqqkgi4/ClCMdo6IFNGKSEs1nhmAimcmKyARLTLTpqmpKcJdPXiXdZsO9aDTvL+utm7KOCpzAKZyDC1fQgjtoQwcIpPAMr/BmPVkv1rv1sRhds8qdY/gD6/MHYoaTjA==</latexit>



seq2seq (Sutskever et al. 2014)
Example: language translation
Mapping sequence -> sequence

My father’s green hat



seq2seq (Sutskever et al. 2014)

My father’s green hat



seq2seq (Sutskever et al. 2014)

My father’s green hat



seq2seq (Sutskever et al. 2014)

father’s green hat



seq2seq (Sutskever et al. 2014)

hT
<latexit sha1_base64="+Gr+a1SFyzwCrvWL9TunbKZ+xjg=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgqiRV0JUU3Lis0Be0sUymk3boZBJmJkoJ+Q83LhRx67+482+cpFlo64GBwzn3cs8cL+JMadv+tkpr6xubW+Xtys7u3v5B9fCoq8JYEtohIQ9l38OKciZoRzPNaT+SFAcepz1vdpv5vUcqFQtFW88j6gZ4IpjPCNZGehgGWE89P5mmo6Sdjqo1u27nQKvEKUgNCrRG1a/hOCRxQIUmHCs1cOxIuwmWmhFO08owVjTCZIYndGCowAFVbpKnTtGZUcbID6V5QqNc/b2R4ECpeeCZySylWvYy8T9vEGv/2k2YiGJNBVkc8mOOdIiyCtCYSUo0nxuCiWQmKyJTLDHRpqiKKcFZ/vIq6TbqzkW9cX9Za94UdZThBE7hHBy4gibcQQs6QEDCM7zCm/VkvVjv1sditGQVO8fwB9bnDxNukt8=</latexit>

Le



seq2seq (Sutskever et al. 2014)

Le chapeau

hT+1
<latexit sha1_base64="Ob2ve5wltnUg71otaHBSsS/PNNE=">AAAB+XicbVDLSsNAFL2pr1pfUZduBosgCCWpgq6k4MZlhb6gDWEynbRDJ5MwMymU0D9x40IRt/6JO//GSZuFth4YOJxzL/fMCRLOlHacb6u0sbm1vVPereztHxwe2ccnHRWnktA2iXksewFWlDNB25ppTnuJpDgKOO0Gk4fc706pVCwWLT1LqBfhkWAhI1gbybftQYT1OAiz8dzPWlfu3LerTs1ZAK0TtyBVKND07a/BMCZpRIUmHCvVd51EexmWmhFO55VBqmiCyQSPaN9QgSOqvGyRfI4ujDJEYSzNExot1N8bGY6UmkWBmcxzqlUvF//z+qkO77yMiSTVVJDloTDlSMcorwENmaRE85khmEhmsiIyxhITbcqqmBLc1S+vk0695l7X6k831cZ9UUcZzuAcLsGFW2jAIzShDQSm8Ayv8GZl1ov1bn0sR0tWsXMKf2B9/gBr/pOA</latexit>



seq2seq (Sutskever et al. 2014)

Le chapeau vert

hT+2
<latexit sha1_base64="0R2L0MX8d1Pm5ZFDHCp48P6kwNM=">AAAB+XicbVDLSsNAFL2pr1pfUZduBosgCCWpgq6k4MZlhb6gDWEynbRDJ5MwMymU0D9x40IRt/6JO//GSZuFth4YOJxzL/fMCRLOlHacb6u0sbm1vVPereztHxwe2ccnHRWnktA2iXksewFWlDNB25ppTnuJpDgKOO0Gk4fc706pVCwWLT1LqBfhkWAhI1gbybftQYT1OAiz8dzPWlf1uW9XnZqzAFonbkGqUKDp21+DYUzSiApNOFaq7zqJ9jIsNSOcziuDVNEEkwke0b6hAkdUedki+RxdGGWIwliaJzRaqL83MhwpNYsCM5nnVKteLv7n9VMd3nkZE0mqqSDLQ2HKkY5RXgMaMkmJ5jNDMJHMZEVkjCUm2pRVMSW4q19eJ516zb2u1Z9uqo37oo4ynME5XIILt9CAR2hCGwhM4Rle4c3KrBfr3fpYjpasYucU/sD6/AFtg5OB</latexit>



seq2seq (Sutskever et al. 2014)

Le chapeau vert de

hT+3
<latexit sha1_base64="cH+iclHUYJN3fBOCskGRGELCoBo=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEEoSStoCspuHFZoS9oQ5hMJ+3QySTMTAol9E/cuFDErX/izr9x0mahrQcGDufcyz1zgoQzpR3n29rY3Nre2S3tlfcPDo+O7ZPTjopTSWibxDyWvQArypmgbc00p71EUhwFnHaDyUPud6dUKhaLlp4l1IvwSLCQEayN5Nv2IMJ6HITZeO5nrev63LcrTtVZAK0TtyAVKND07a/BMCZpRIUmHCvVd51EexmWmhFO5+VBqmiCyQSPaN9QgSOqvGyRfI4ujTJEYSzNExot1N8bGY6UmkWBmcxzqlUvF//z+qkO77yMiSTVVJDloTDlSMcorwENmaRE85khmEhmsiIyxhITbcoqmxLc1S+vk06t6tartaebSuO+qKME53ABV+DCLTTgEZrQBgJTeIZXeLMy68V6tz6WoxtWsXMGf2B9/gBvCJOC</latexit>



seq2seq (Sutskever et al. 2014)

Le chapeau vert de mon

hT+4
<latexit sha1_base64="MBweCG5uYift9JG8AuuoEGwkMpg=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEEoSS1oCspuHFZoS9oQ5hMJ+3QySTMTAol9E/cuFDErX/izr9x0mahrQcGDufcyz1zgoQzpR3n29rY3Nre2S3tlfcPDo+O7ZPTjopTSWibxDyWvQArypmgbc00p71EUhwFnHaDyUPud6dUKhaLlp4l1IvwSLCQEayN5Nv2IMJ6HITZeO5nrev63LcrTtVZAK0TtyAVKND07a/BMCZpRIUmHCvVd51EexmWmhFO5+VBqmiCyQSPaN9QgSOqvGyRfI4ujTJEYSzNExot1N8bGY6UmkWBmcxzqlUvF//z+qkO77yMiSTVVJDloTDlSMcorwENmaRE85khmEhmsiIyxhITbcoqmxLc1S+vk06t6t5Ua0/1SuO+qKME53ABV+DCLTTgEZrQBgJTeIZXeLMy68V6tz6WoxtWsXMGf2B9/gBwjZOD</latexit>



seq2seq (Sutskever et al. 2014)

Le chapeau vert de mon père



seq2seq (Sutskever et al. 2014)
Unrolled graph

h0
<latexit sha1_base64="ZDV5lMZH/nYeTUr6FFi8hFnoyEE=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqApZTKdtEMnkzBzI5TQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE14P6IjJULBKFrJ9yOK4yDMxrOBO6hU3Zo7B1klXkGqUKA5qHz5w5ilEVfIJDWm57kJ9jOqUTDJZ2U/NTyhbEJHvGepohE3/WyeeUbOrTIkYaztU0jm6u+NjEbGTKPATuYZzbKXi/95vRTDm34mVJIiV2xxKEwlwZjkBZCh0JyhnFpCmRY2K2FjqilDW1PZluAtf3mVtOs177JWf7iqNm6LOkpwCmdwAR5cQwPuoQktYJDAM7zCm5M6L86787EYXXOKnRP4A+fzBxG6kbM=</latexit>

h1
<latexit sha1_base64="08GJycCDUIYBdOvDGb59RNJsoFg=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqApZTKdtEMnkzBzI5TQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE14P6IjJULBKFrJ9yOK4yDMxrOBN6hU3Zo7B1klXkGqUKA5qHz5w5ilEVfIJDWm57kJ9jOqUTDJZ2U/NTyhbEJHvGepohE3/WyeeUbOrTIkYaztU0jm6u+NjEbGTKPATuYZzbKXi/95vRTDm34mVJIiV2xxKEwlwZjkBZCh0JyhnFpCmRY2K2FjqilDW1PZluAtf3mVtOs177JWf7iqNm6LOkpwCmdwAR5cQwPuoQktYJDAM7zCm5M6L86787EYXXOKnRP4A+fzBxM+kbQ=</latexit>

h2
<latexit sha1_base64="7Be6dDbTw45VjACFxOcDgxRUcQI=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqApZTKdtEMnkzBzI5TQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE14P6IjJULBKFrJ9yOK4yDMxrNBfVCpujV3DrJKvIJUoUBzUPnyhzFLI66QSWpMz3MT7GdUo2CSz8p+anhC2YSOeM9SRSNu+tk884ycW2VIwljbp5DM1d8bGY2MmUaBncwzmmUvF//zeimGN/1MqCRFrtjiUJhKgjHJCyBDoTlDObWEMi1sVsLGVFOGtqayLcFb/vIqaddr3mWt/nBVbdwWdZTgFM7gAjy4hgbcQxNawCCBZ3iFNyd1Xpx352MxuuYUOyfwB87nDxTCkbU=</latexit>

h3
<latexit sha1_base64="tcmbnyrU7YIlDLder76C5hK6Hxw=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsy0gi6LblxWsA/oDCWTZtrQJDMkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1XGqCO2QmMeqH2JNOZO0Y5jhtJ8oikXIaS+c3uV+74kqzWL5aGYJDQQeSxYxgo2VfF9gMwmjbDIfNofVmlt3F0DrxCtIDQq0h9UvfxSTVFBpCMdaDzw3MUGGlWGE03nFTzVNMJniMR1YKrGgOsgWmefowiojFMXKPmnQQv29kWGh9UyEdjLPqFe9XPzPG6QmugkyJpPUUEmWh6KUIxOjvAA0YooSw2eWYKKYzYrIBCtMjK2pYkvwVr+8TrqNutesNx6uaq3boo4ynME5XIIH19CCe2hDBwgk8Ayv8Oakzovz7nwsR0tOsXMKf+B8/gAWRpG2</latexit>

h4
<latexit sha1_base64="JMRuYfRddu1nREKnaBZ3SjxOrpM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiS1oMuiG5cV7AOaUCbTSTt0MgnzEErob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEKWdKu+63U9rY3NreKe9W9vYPDo+qxyddlRhJaIckPJH9ECvKmaAdzTSn/VRSHIec9sLpXe73nqhULBGPepbSIMZjwSJGsLaS78dYT8Iom8yHzWG15tbdBdA68QpSgwLtYfXLHyXExFRowrFSA89NdZBhqRnhdF7xjaIpJlM8pgNLBY6pCrJF5jm6sMoIRYm0T2i0UH9vZDhWahaHdjLPqFa9XPzPGxgd3QQZE6nRVJDlochwpBOUF4BGTFKi+cwSTCSzWRGZYImJtjVVbAne6pfXSbdR967qjYdmrXVb1FGGMziHS/DgGlpwD23oAIEUnuEV3hzjvDjvzsdytOQUO6fwB87nDxfKkbc=</latexit>

Wrec
<latexit sha1_base64="+G7nmYsIhOoUlR5xo10E3u/OqwA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65lzn3BAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5nkpLct+tOw1kArRO3JHUo0fbtr+EoJmlEhSYcKzVwnUR7GZaaEU7z2jBVNMFkisd0YKjAEVVetkieowujjFAYS/OERgv190aGI6XmUWAmi5xq1SvE/7xBqsNbL2MiSTUVZPlRmHKkY1TUgEbMHKv53BBMJDNZEZlgiYk2ZdVMCe7qyeuk22y4V43m43W9dVfWUYUzOIdLcOEGWvAAbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/I/qT+Q==</latexit>

Wrec
<latexit sha1_base64="+G7nmYsIhOoUlR5xo10E3u/OqwA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65lzn3BAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5nkpLct+tOw1kArRO3JHUo0fbtr+EoJmlEhSYcKzVwnUR7GZaaEU7z2jBVNMFkisd0YKjAEVVetkieowujjFAYS/OERgv190aGI6XmUWAmi5xq1SvE/7xBqsNbL2MiSTUVZPlRmHKkY1TUgEbMHKv53BBMJDNZEZlgiYk2ZdVMCe7qyeuk22y4V43m43W9dVfWUYUzOIdLcOEGWvAAbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/I/qT+Q==</latexit>

Wrec
<latexit sha1_base64="+G7nmYsIhOoUlR5xo10E3u/OqwA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65lzn3BAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5nkpLct+tOw1kArRO3JHUo0fbtr+EoJmlEhSYcKzVwnUR7GZaaEU7z2jBVNMFkisd0YKjAEVVetkieowujjFAYS/OERgv190aGI6XmUWAmi5xq1SvE/7xBqsNbL2MiSTUVZPlRmHKkY1TUgEbMHKv53BBMJDNZEZlgiYk2ZdVMCe7qyeuk22y4V43m43W9dVfWUYUzOIdLcOEGWvAAbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/I/qT+Q==</latexit>

Wrec
<latexit sha1_base64="+G7nmYsIhOoUlR5xo10E3u/OqwA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65lzn3BAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5nkpLct+tOw1kArRO3JHUo0fbtr+EoJmlEhSYcKzVwnUR7GZaaEU7z2jBVNMFkisd0YKjAEVVetkieowujjFAYS/OERgv190aGI6XmUWAmi5xq1SvE/7xBqsNbL2MiSTUVZPlRmHKkY1TUgEbMHKv53BBMJDNZEZlgiYk2ZdVMCe7qyeuk22y4V43m43W9dVfWUYUzOIdLcOEGWvAAbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/I/qT+Q==</latexit>

Win
<latexit sha1_base64="IZgXoz9/SHtXabN5kpsfKI2GeCg=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmQg15EvcuFDErZ/izr9x0mahrQcGDufcy5x7goQzpR3n21pb39jc2q7sVHf39g9q9uFRV8WpJLRDYh7LfoAV5UzQjmaa034iKY4CTnvB9Lbwe49UKhaLBz1LqBfhsWAhI1gbybdrwwjrSRBmvdzPmMh9u+40nDnQKnFLUocSbd/+Go5ikkZUaMKxUgPXSbSXYakZ4TSvDlNFE0ymeEwHhgocUeVl8+A5OjPKCIWxNE9oNFd/b2Q4UmoWBWayiKmWvUL8zxukOrz2zD1Jqqkgi4/ClCMdo6IFNGKSEs1nhmAimcmKyARLTLTpqmpKcJdPXiXdZsO9aDTvL+utm7KOCpzAKZyDC1fQgjtoQwcIpPAMr/BmPVkv1rv1sRhds8qdY/gD6/MHYoaTjA==</latexit>

Win
<latexit sha1_base64="IZgXoz9/SHtXabN5kpsfKI2GeCg=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmQg15EvcuFDErZ/izr9x0mahrQcGDufcy5x7goQzpR3n21pb39jc2q7sVHf39g9q9uFRV8WpJLRDYh7LfoAV5UzQjmaa034iKY4CTnvB9Lbwe49UKhaLBz1LqBfhsWAhI1gbybdrwwjrSRBmvdzPmMh9u+40nDnQKnFLUocSbd/+Go5ikkZUaMKxUgPXSbSXYakZ4TSvDlNFE0ymeEwHhgocUeVl8+A5OjPKCIWxNE9oNFd/b2Q4UmoWBWayiKmWvUL8zxukOrz2zD1Jqqkgi4/ClCMdo6IFNGKSEs1nhmAimcmKyARLTLTpqmpKcJdPXiXdZsO9aDTvL+utm7KOCpzAKZyDC1fQgjtoQwcIpPAMr/BmPVkv1rv1sRhds8qdY/gD6/MHYoaTjA==</latexit>

Wout
<latexit sha1_base64="iPAzFRg3r/b6lZNFV6ED/8kxUE8=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65l3vmBAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5ncapz3647DWcBtE7cktShRNu3v4ajmKQRFZpwrNTAdRLtZVhqRjjNa8NU0QSTKR7TgaECR1R52SJ5ji6MMkJhLM0TGi3U3xsZjpSaR4GZLHKqVa8Q//MGqQ5vvYyJJNVUkOWhMOVIx6ioAY2YpETzuSGYSGayIjLBEhNtyqqZEtzVL6+TbrPhXjWaj9f11l1ZRxXO4BwuwYUbaMEDtKEDBGbwDK/wZmXWi/VufSxHK1a5cwp/YH3+AFGalBc=</latexit> Wout

<latexit sha1_base64="iPAzFRg3r/b6lZNFV6ED/8kxUE8=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0JUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65l3vmBAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizXu5ncapz3647DWcBtE7cktShRNu3v4ajmKQRFZpwrNTAdRLtZVhqRjjNa8NU0QSTKR7TgaECR1R52SJ5ji6MMkJhLM0TGi3U3xsZjpSaR4GZLHKqVa8Q//MGqQ5vvYyJJNVUkOWhMOVIx6ioAY2YpETzuSGYSGayIjLBEhNtyqqZEtzVL6+TbrPhXjWaj9f11l1ZRxXO4BwuwYUbaMEDtKEDBGbwDK/wZmXWi/VufSxHK1a5cwp/YH3+AFGalBc=</latexit>



Non-linear processing of the sequence

My father’s green hat

Le chapeau vert de mon père



Non-linear processing of the sequence

My father’s green hat

Le chapeau vert de mon père



Non-linear processing of the sequence

My father’s green hat

Le chapeau vert de mon père



Attention
“It is the taking possession by the mind […] of one out of what seem several 

simultaneously possible objects or trains of thought.”

William James, 1890

Modern analogy:

It is a “spotlight"



An artificial attentional 
mechanism for translation

My father’s green hat

+

Bahdanau-Cho-Bengio, Neural machine translation by jointly learning to align and translate, 
ICLR 2015



An artificial attentional 
mechanism for translation

My father’s green hat

+

withct =
X

j

↵tjxj

<latexit sha1_base64="Ib9c5+D6bMgUuFASAOwKAwNH5MA=">AAACFnicbVDLSsNAFJ34rPVVdelmsAhuLEkVdKMU3LisYB/QhDCZTtppJw9mbsQS8hVu/BU3LhRxK+78G6dtBG09MHA451zm3uPFgiswzS9jYXFpeWW1sFZc39jc2i7t7DZVlEjKGjQSkWx7RDHBQ9YADoK1Y8lI4AnW8oZXY791x6TiUXgLo5g5AemF3OeUgJbc0rEdEOh7fkozF/AFtlUSuANsExH3iZvCIPsJ3GfuwC2VzYo5AZ4nVk7KKEfdLX3a3YgmAQuBCqJUxzJjcFIigVPBsqKdKBYTOiQ91tE0JAFTTjo5K8OHWuliP5L6hYAn6u+JlARKjQJPJ8c7qllvLP7ndRLwz52Uh3ECLKTTj/xEYIjwuCPc5ZJRECNNCJVc74ppn0hCQTdZ1CVYsyfPk2a1Yp1Uqjen5dplXkcB7aMDdIQsdIZq6BrVUQNR9ICe0At6NR6NZ+PNeJ9GF4x8Zg/9gfHxDVfEoB4=</latexit>

X

j

↵tj = 1

<latexit sha1_base64="/QoSoPYj9KRmX/JUwYIoecOOnHQ=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkpSBb0oBS8eK9gPaELYbLfttrtJ2J0IJfbgX/HiQRGv/g1v/hu3bQ7a+mDg8d4MM/PCRHANjvNtLS2vrK6tFzaKm1vbO7v23n5Dx6mirE5jEatWSDQTPGJ14CBYK1GMyFCwZji8mfjNB6Y0j6N7GCXMl6QX8S6nBIwU2IeeTmUwwB4RSZ8EGQzG+Aq7gV1yys4UeJG4OSmhHLXA/vI6MU0li4AKonXbdRLwM6KAU8HGRS/VLCF0SHqsbWhEJNN+Nr1/jE+M0sHdWJmKAE/V3xMZkVqPZGg6JYG+nvcm4n9eO4XupZ/xKEmBRXS2qJsKDDGehIE7XDEKYmQIoYqbWzHtE0UomMiKJgR3/uVF0qiU3bNy5e68VL3O4yigI3SMTpGLLlAV3aIaqiOKHtEzekVv1pP1Yr1bH7PWJSufOUB/YH3+APlBlWY=</latexit>

↵tj 2 [0, 1]
<latexit sha1_base64="MwCs6obkn9Ez9zyyPHIBTBW2uRU=">AAAB/3icbVBNS8NAEJ3Ur1q/qoIXL4tF8CAlqYKepODFYwX7AUkIm+22XbvZhN2NUGIP/hUvHhTx6t/w5r9x2+agrQ8GHu/NMDMvTDhT2ra/rcLS8srqWnG9tLG5tb1T3t1rqTiVhDZJzGPZCbGinAna1Exz2kkkxVHIaTscXk/89gOVisXiTo8S6ke4L1iPEayNFJQPPMyTAQ4yfT9GHhPItU+R4wflil21p0CLxMlJBXI0gvKX141JGlGhCcdKuY6daD/DUjPC6bjkpYommAxxn7qGChxR5WfT+8fo2Chd1IulKaHRVP09keFIqVEUms4I64Ga9ybif56b6t6lnzGRpJoKMlvUSznSMZqEgbpMUqL5yBBMJDO3IjLAEhNtIiuZEJz5lxdJq1Z1zqq12/NK/SqPowiHcAQn4MAF1OEGGtAEAo/wDK/wZj1ZL9a79TFrLVj5zD78gfX5A036lPY=</latexit>

↵t1
<latexit sha1_base64="nrwF+WPgSV/HssEtBdFKtc4fLhs=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KkkV9CQFLx4r2A9IQ5lsN+3SzSbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0NwTDpVC8hQIl76aaQxxK3gnHdzO/88S1EYl6xEnKgxiGSkSCAVrJ74FMR9DP0Zv2K1W35s5BV4lXkCop0OxXvnqDhGUxV8gkGON7bopBDhoFk3xa7mWGp8DGMOS+pQpiboJ8fvKUnltlQKNE21JI5+rviRxiYyZxaDtjwJFZ9mbif56fYXQT5EKlGXLFFouiTFJM6Ox/OhCaM5QTS4BpYW+lbAQaGNqUyjYEb/nlVdKu17zLWv3hqtq4LeIokVNyRi6IR65Jg9yTJmkRRhLyTF7Jm4POi/PufCxa15xi5oT8gfP5A1ZxkUY=</latexit>

↵t2
<latexit sha1_base64="1nq6Wouk9eKWxyf5IZGMVB1miKY=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KkkV9CQFLx4r2A9IQ5lsN+3SzSbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0NwTDpVC8hQIl76aaQxxK3gnHdzO/88S1EYl6xEnKgxiGSkSCAVrJ74FMR9DPsT7tV6puzZ2DrhKvIFVSoNmvfPUGCctirpBJMMb33BSDHDQKJvm03MsMT4GNYch9SxXE3AT5/OQpPbfKgEaJtqWQztXfEznExkzi0HbGgCOz7M3E/zw/w+gmyIVKM+SKLRZFmaSY0Nn/dCA0ZygnlgDTwt5K2Qg0MLQplW0I3vLLq6Rdr3mXtfrDVbVxW8RRIqfkjFwQj1yTBrknTdIijCTkmbySNwedF+fd+Vi0rjnFzAn5A+fzB1f2kUc=</latexit>

↵t3
<latexit sha1_base64="kfIIp8vHoEklZbS978U7qDFR0sw=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKewmgp4k4MVjBPOAzRJ6J7PJkNmdZaZXCEs+w4sHRbz6Nd78GyePgyYWNBRV3XR3hakUBl332ylsbG5t7xR3S3v7B4dH5eOTtlGZZrzFlFS6G4LhUiS8hQIl76aaQxxK3gnHdzO/88S1ESp5xEnKgxiGiYgEA7SS3wOZjqCfY33aL1fcqjsHXSfeklTIEs1++as3UCyLeYJMgjG+56YY5KBRMMmnpV5meApsDEPuW5pAzE2Qz0+e0gurDGiktK0E6Vz9PZFDbMwkDm1nDDgyq95M/M/zM4xuglwkaYY8YYtFUSYpKjr7nw6E5gzlxBJgWthbKRuBBoY2pZINwVt9eZ20a1WvXq09XFUat8s4iuSMnJNL4pFr0iD3pElahBFFnskreXPQeXHenY9Fa8FZzpySP3A+fwBZe5FI</latexit>

↵t4
<latexit sha1_base64="CQGQosQkgrgaUwB5TUfLH1Vh0jg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lqQU9S8OKxgv2ANpTJdtMu3WzC7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwEYLoXiLRQoeTfRHKJA8k4wuZv7nSeujYjVI04T7kcwUiIUDNBKvT7IZAyDDOuzQbniVt0F6DrxclIhOZqD8ld/GLM04gqZBGN6npugn4FGwSSflfqp4QmwCYx4z1IFETd+tjh5Ri+sMqRhrG0ppAv190QGkTHTKLCdEeDYrHpz8T+vl2J442dCJSlyxZaLwlRSjOn8fzoUmjOUU0uAaWFvpWwMGhjalEo2BG/15XXSrlW9q2rtoV5p3OZxFMkZOSeXxCPXpEHuSZO0CCMxeSav5M1B58V5dz6WrQUnnzklf+B8/gBbAJFJ</latexit>



An artificial attentional 
mechanism for translation

My father’s green hat

+

withct =
X

j

↵tjxj

<latexit sha1_base64="Ib9c5+D6bMgUuFASAOwKAwNH5MA=">AAACFnicbVDLSsNAFJ34rPVVdelmsAhuLEkVdKMU3LisYB/QhDCZTtppJw9mbsQS8hVu/BU3LhRxK+78G6dtBG09MHA451zm3uPFgiswzS9jYXFpeWW1sFZc39jc2i7t7DZVlEjKGjQSkWx7RDHBQ9YADoK1Y8lI4AnW8oZXY791x6TiUXgLo5g5AemF3OeUgJbc0rEdEOh7fkozF/AFtlUSuANsExH3iZvCIPsJ3GfuwC2VzYo5AZ4nVk7KKEfdLX3a3YgmAQuBCqJUxzJjcFIigVPBsqKdKBYTOiQ91tE0JAFTTjo5K8OHWuliP5L6hYAn6u+JlARKjQJPJ8c7qllvLP7ndRLwz52Uh3ECLKTTj/xEYIjwuCPc5ZJRECNNCJVc74ppn0hCQTdZ1CVYsyfPk2a1Yp1Uqjen5dplXkcB7aMDdIQsdIZq6BrVUQNR9ICe0At6NR6NZ+PNeJ9GF4x8Zg/9gfHxDVfEoB4=</latexit>

X

j

↵tj = 1

<latexit sha1_base64="/QoSoPYj9KRmX/JUwYIoecOOnHQ=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkpSBb0oBS8eK9gPaELYbLfttrtJ2J0IJfbgX/HiQRGv/g1v/hu3bQ7a+mDg8d4MM/PCRHANjvNtLS2vrK6tFzaKm1vbO7v23n5Dx6mirE5jEatWSDQTPGJ14CBYK1GMyFCwZji8mfjNB6Y0j6N7GCXMl6QX8S6nBIwU2IeeTmUwwB4RSZ8EGQzG+Aq7gV1yys4UeJG4OSmhHLXA/vI6MU0li4AKonXbdRLwM6KAU8HGRS/VLCF0SHqsbWhEJNN+Nr1/jE+M0sHdWJmKAE/V3xMZkVqPZGg6JYG+nvcm4n9eO4XupZ/xKEmBRXS2qJsKDDGehIE7XDEKYmQIoYqbWzHtE0UomMiKJgR3/uVF0qiU3bNy5e68VL3O4yigI3SMTpGLLlAV3aIaqiOKHtEzekVv1pP1Yr1bH7PWJSufOUB/YH3+APlBlWY=</latexit>

↵tj 2 [0, 1]
<latexit sha1_base64="MwCs6obkn9Ez9zyyPHIBTBW2uRU=">AAAB/3icbVBNS8NAEJ3Ur1q/qoIXL4tF8CAlqYKepODFYwX7AUkIm+22XbvZhN2NUGIP/hUvHhTx6t/w5r9x2+agrQ8GHu/NMDMvTDhT2ra/rcLS8srqWnG9tLG5tb1T3t1rqTiVhDZJzGPZCbGinAna1Exz2kkkxVHIaTscXk/89gOVisXiTo8S6ke4L1iPEayNFJQPPMyTAQ4yfT9GHhPItU+R4wflil21p0CLxMlJBXI0gvKX141JGlGhCcdKuY6daD/DUjPC6bjkpYommAxxn7qGChxR5WfT+8fo2Chd1IulKaHRVP09keFIqVEUms4I64Ga9ybif56b6t6lnzGRpJoKMlvUSznSMZqEgbpMUqL5yBBMJDO3IjLAEhNtIiuZEJz5lxdJq1Z1zqq12/NK/SqPowiHcAQn4MAF1OEGGtAEAo/wDK/wZj1ZL9a79TFrLVj5zD78gfX5A036lPY=</latexit>

Le chapeau

output network



An artificial attentional 
mechanism for translation

My father’s green hat

+

withct =
X

j

↵tjxj

<latexit sha1_base64="Ib9c5+D6bMgUuFASAOwKAwNH5MA=">AAACFnicbVDLSsNAFJ34rPVVdelmsAhuLEkVdKMU3LisYB/QhDCZTtppJw9mbsQS8hVu/BU3LhRxK+78G6dtBG09MHA451zm3uPFgiswzS9jYXFpeWW1sFZc39jc2i7t7DZVlEjKGjQSkWx7RDHBQ9YADoK1Y8lI4AnW8oZXY791x6TiUXgLo5g5AemF3OeUgJbc0rEdEOh7fkozF/AFtlUSuANsExH3iZvCIPsJ3GfuwC2VzYo5AZ4nVk7KKEfdLX3a3YgmAQuBCqJUxzJjcFIigVPBsqKdKBYTOiQ91tE0JAFTTjo5K8OHWuliP5L6hYAn6u+JlARKjQJPJ8c7qllvLP7ndRLwz52Uh3ECLKTTj/xEYIjwuCPc5ZJRECNNCJVc74ppn0hCQTdZ1CVYsyfPk2a1Yp1Uqjen5dplXkcB7aMDdIQsdIZq6BrVUQNR9ICe0At6NR6NZ+PNeJ9GF4x8Zg/9gfHxDVfEoB4=</latexit>

X

j

↵tj = 1

<latexit sha1_base64="/QoSoPYj9KRmX/JUwYIoecOOnHQ=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkpSBb0oBS8eK9gPaELYbLfttrtJ2J0IJfbgX/HiQRGv/g1v/hu3bQ7a+mDg8d4MM/PCRHANjvNtLS2vrK6tFzaKm1vbO7v23n5Dx6mirE5jEatWSDQTPGJ14CBYK1GMyFCwZji8mfjNB6Y0j6N7GCXMl6QX8S6nBIwU2IeeTmUwwB4RSZ8EGQzG+Aq7gV1yys4UeJG4OSmhHLXA/vI6MU0li4AKonXbdRLwM6KAU8HGRS/VLCF0SHqsbWhEJNN+Nr1/jE+M0sHdWJmKAE/V3xMZkVqPZGg6JYG+nvcm4n9eO4XupZ/xKEmBRXS2qJsKDDGehIE7XDEKYmQIoYqbWzHtE0UomMiKJgR3/uVF0qiU3bNy5e68VL3O4yigI3SMTpGLLlAV3aIaqiOKHtEzekVv1pP1Yr1bH7PWJSufOUB/YH3+APlBlWY=</latexit>

↵tj 2 [0, 1]
<latexit sha1_base64="MwCs6obkn9Ez9zyyPHIBTBW2uRU=">AAAB/3icbVBNS8NAEJ3Ur1q/qoIXL4tF8CAlqYKepODFYwX7AUkIm+22XbvZhN2NUGIP/hUvHhTx6t/w5r9x2+agrQ8GHu/NMDMvTDhT2ra/rcLS8srqWnG9tLG5tb1T3t1rqTiVhDZJzGPZCbGinAna1Exz2kkkxVHIaTscXk/89gOVisXiTo8S6ke4L1iPEayNFJQPPMyTAQ4yfT9GHhPItU+R4wflil21p0CLxMlJBXI0gvKX141JGlGhCcdKuY6daD/DUjPC6bjkpYommAxxn7qGChxR5WfT+8fo2Chd1IulKaHRVP09keFIqVEUms4I64Ga9ybif56b6t6lnzGRpJoKMlvUSznSMZqEgbpMUqL5yBBMJDO3IjLAEhNtIiuZEJz5lxdJq1Z1zqq12/NK/SqPowiHcAQn4MAF1OEGGtAEAo/wDK/wZj1ZL9a79TFrLVj5zD78gfX5A036lPY=</latexit>

Le chapeau

output network

{↵t+1,j}
<latexit sha1_base64="71jAnN0/1mNJBdERtHpGzfjADHk=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRZBUEpSBT1JwYvHCvYDmhAm2027drMJuxuxhPwVLx4U8eof8ea/cdvmoK0PBh7vzTAzL0gYlcq2v43Syura+kZ5s7K1vbO7Z+5XOzJOBSZtHLNY9AKQhFFO2ooqRnqJIBAFjHSD8c3U7z4SIWnM79UkIV4EQ05DikFpyTerbuYCS0bgZ+rUOXvI3dw3a3bdnsFaJk5BaqhAyze/3EGM04hwhRlI2XfsRHkZCEUxI3nFTSVJAI9hSPqacoiI9LLZ7bl1rJWBFcZCF1fWTP09kUEk5SQKdGcEaiQXvan4n9dPVXjlZZQnqSIczxeFKbNUbE2DsAZUEKzYRBPAgupbLTwCAVjpuCo6BGfx5WXSadSd83rj7qLWvC7iKKNDdIROkIMuURPdohZqI4ye0DN6RW9GbrwY78bHvLVkFDMH6A+Mzx+qSpQu</latexit>

controller RNN



An artificial attentional 
mechanism for translation

An artificial attentional 
mechanism for translation

Inherently opens a window on the model’s internal process!!



Visual attention for image captioning
Xu et al., Show, Attend and Tell: Neural Image Caption Generation with Visual Attention, 2015





Transformers

[Vaswani et al 2017]



Transformers: self-attention

My father’s green hat

+ + …



+ + …

+ + …

Transformers: self-attention



Transformers: working 
definition of attention

"An attention function can be described as mapping a query and a set of key-value pairs 
to an output […] The output is computed as a weighted sum of the values, where the weight 
assigned to each value is computed by a compatibility function of the query with the 
corresponding key.”

value 1,

key1

output 1

value 2,

key2

value 3,

key 3

AttentionQuery 1

Query 2 ↵1
<latexit sha1_base64="FgwWpVFQ8WwtgAVpVA0F0hHZPwE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIR9r1+uuFV3DrJKvJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfja/d0rOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmkBBwDO8wpvz6Lw4787HorXg5DPH8AfO5w+2H4/A</latexit> ↵2

<latexit sha1_base64="GbbpWyoE/JRAgiEztdpncYk5rm0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIT9Wr9ccavuHGSVeDmpQI5Gv/zVG8Q0jZg0VKDWXc9NjJ+hMpwKNi31Us0SpGMcsq6lEiOm/Wx+75ScWWVAwljZkobM1d8TGUZaT6LAdkZoRnrZm4n/ed3UhNd+xmWSGibpYlGYCmJiMnueDLhi1IiJJUgVt7cSOkKF1NiISjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIGCgGd4hTfn0Xlx3p2PRWvByWeO4Q+czx+3o4/B</latexit>

↵3
<latexit sha1_base64="AiBhB8Lk0NCUPro+UKIWRFnl+20=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FLx4r2FZpQ5lsN+3S3U3Y3Qil9Fd48aCIV3+ON/+NSZuDtj4YeLw3w8y8IBbcWNf9dgpr6xubW8Xt0s7u3v5B+fCobaJEU9aikYj0Q4CGCa5Yy3Ir2EOsGcpAsE4wvsn8zhPThkfq3k5i5kscKh5yijaVHnso4hH266V+ueJW3TnIKvFyUoEczX75qzeIaCKZslSgMV3Pja0/RW05FWxW6iWGxUjHOGTdlCqUzPjT+cEzcpYqAxJGOi1lyVz9PTFFacxEBmmnRDsyy14m/ud1Exte+VOu4sQyRReLwkQQG5HsezLgmlErJilBqnl6K6Ej1EhtmlEWgrf88ipp16pevVq7u6g0rvM4inACp3AOHlxCA26hCS2gIOEZXuHN0c6L8+58LFoLTj5zDH/gfP4A8DWP1g==</latexit>

↵i,j = softmax(qT
i ki)vi

<latexit sha1_base64="kWsfM0zWF3ZduLPvYwGeUPLCJBI="></latexit>



Transformers: working 
definition of attention

"An attention function can be described as mapping a query and a set of key-value pairs 
to an output […] The output is computed as a weighted sum of the values, where the weight 
assigned to each value is computed by a compatibility function of the query with the 
corresponding key.”

value 1,

key1

output 1

value 2,

key2

value 3,

key 3

AttentionQuery 1

Query 2 ↵1
<latexit sha1_base64="FgwWpVFQ8WwtgAVpVA0F0hHZPwE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIR9r1+uuFV3DrJKvJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfja/d0rOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmkBBwDO8wpvz6Lw4787HorXg5DPH8AfO5w+2H4/A</latexit> ↵2

<latexit sha1_base64="GbbpWyoE/JRAgiEztdpncYk5rm0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIT9Wr9ccavuHGSVeDmpQI5Gv/zVG8Q0jZg0VKDWXc9NjJ+hMpwKNi31Us0SpGMcsq6lEiOm/Wx+75ScWWVAwljZkobM1d8TGUZaT6LAdkZoRnrZm4n/ed3UhNd+xmWSGibpYlGYCmJiMnueDLhi1IiJJUgVt7cSOkKF1NiISjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIGCgGd4hTfn0Xlx3p2PRWvByWeO4Q+czx+3o4/B</latexit>

↵3
<latexit sha1_base64="AiBhB8Lk0NCUPro+UKIWRFnl+20=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FLx4r2FZpQ5lsN+3S3U3Y3Qil9Fd48aCIV3+ON/+NSZuDtj4YeLw3w8y8IBbcWNf9dgpr6xubW8Xt0s7u3v5B+fCobaJEU9aikYj0Q4CGCa5Yy3Ir2EOsGcpAsE4wvsn8zhPThkfq3k5i5kscKh5yijaVHnso4hH266V+ueJW3TnIKvFyUoEczX75qzeIaCKZslSgMV3Pja0/RW05FWxW6iWGxUjHOGTdlCqUzPjT+cEzcpYqAxJGOi1lyVz9PTFFacxEBmmnRDsyy14m/ud1Exte+VOu4sQyRReLwkQQG5HsezLgmlErJilBqnl6K6Ej1EhtmlEWgrf88ipp16pevVq7u6g0rvM4inACp3AOHlxCA26hCS2gIOEZXuHN0c6L8+58LFoLTj5zDH/gfP4A8DWP1g==</latexit>

↵i,j = softmax(qT
i ki)vi

<latexit sha1_base64="kWsfM0zWF3ZduLPvYwGeUPLCJBI="></latexit>



Transformers: working 
definition of attention

"An attention function can be described as mapping a query and a set of key-value pairs 
to an output […] The output is computed as a weighted sum of the values, where the weight 
assigned to each value is computed by a compatibility function of the query with the 
corresponding key.”

value 1,

key1

output 2

value 2,

key2

value 3,

key 3

Attention

Query 1

Query 2

↵1
<latexit sha1_base64="FgwWpVFQ8WwtgAVpVA0F0hHZPwE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIR9r1+uuFV3DrJKvJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfja/d0rOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmkBBwDO8wpvz6Lw4787HorXg5DPH8AfO5w+2H4/A</latexit> ↵2

<latexit sha1_base64="GbbpWyoE/JRAgiEztdpncYk5rm0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIT9Wr9ccavuHGSVeDmpQI5Gv/zVG8Q0jZg0VKDWXc9NjJ+hMpwKNi31Us0SpGMcsq6lEiOm/Wx+75ScWWVAwljZkobM1d8TGUZaT6LAdkZoRnrZm4n/ed3UhNd+xmWSGibpYlGYCmJiMnueDLhi1IiJJUgVt7cSOkKF1NiISjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIGCgGd4hTfn0Xlx3p2PRWvByWeO4Q+czx+3o4/B</latexit>

↵3
<latexit sha1_base64="AiBhB8Lk0NCUPro+UKIWRFnl+20=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FLx4r2FZpQ5lsN+3S3U3Y3Qil9Fd48aCIV3+ON/+NSZuDtj4YeLw3w8y8IBbcWNf9dgpr6xubW8Xt0s7u3v5B+fCobaJEU9aikYj0Q4CGCa5Yy3Ir2EOsGcpAsE4wvsn8zhPThkfq3k5i5kscKh5yijaVHnso4hH266V+ueJW3TnIKvFyUoEczX75qzeIaCKZslSgMV3Pja0/RW05FWxW6iWGxUjHOGTdlCqUzPjT+cEzcpYqAxJGOi1lyVz9PTFFacxEBmmnRDsyy14m/ud1Exte+VOu4sQyRReLwkQQG5HsezLgmlErJilBqnl6K6Ej1EhtmlEWgrf88ipp16pevVq7u6g0rvM4inACp3AOHlxCA26hCS2gIOEZXuHN0c6L8+58LFoLTj5zDH/gfP4A8DWP1g==</latexit>

↵i,j = softmax(qT
i ki)vi

<latexit sha1_base64="kWsfM0zWF3ZduLPvYwGeUPLCJBI="></latexit>



Transformers: working 
definition of attention

qi = WQxi
<latexit sha1_base64="5PJ3klMBjpIEyFBRv+fNhCPP6+w=">AAACB3icbZDLSsNAFIZPvNZ6i7oUZLAIrkpSBd0IRTcuW7AXaEOYTCft0MnFmYlYQndufBU3LhRx6yu4822ctBG09YeBn++cw5zzezFnUlnWl7GwuLS8slpYK65vbG5tmzu7TRklgtAGiXgk2h6WlLOQNhRTnLZjQXHgcdryhldZvXVHhWRReKNGMXUC3A+ZzwhWGrnmQTfAauD56e3YZegCtdz6D7nXxDVLVtmaCM0bOzclyFVzzc9uLyJJQENFOJayY1uxclIsFCOcjovdRNIYkyHu0462IQ6odNLJHWN0pEkP+ZHQL1RoQn9PpDiQchR4ujPbUc7WMvhfrZMo/9xJWRgnioZk+pGfcKQilIWCekxQovhIG0wE07siMsACE6WjK+oQ7NmT502zUrZPypX6aal6mcdRgH04hGOw4QyqcA01aACBB3iCF3g1Ho1n4814n7YuGPnMHvyR8fEN/kGZZA==</latexit>

ki = WKxi
<latexit sha1_base64="gKGOtDRP3QAvkMzF2D/Qu4QN7EE=">AAACB3icbZDLSsNAFIZP6q3WW9SlIINFcFWSKuhGKLoR3FSwF2hDmEwn7dDJhZmJWEJ3bnwVNy4UcesruPNtnLQRtPWHgZ/vnMOc83sxZ1JZ1pdRWFhcWl4prpbW1jc2t8ztnaaMEkFog0Q8Em0PS8pZSBuKKU7bsaA48DhtecPLrN66o0KyKLxVo5g6Ae6HzGcEK41cc78bYDXw/HQ4dhk6Ry33+ofca+KaZatiTYTmjZ2bMuSqu+ZntxeRJKChIhxL2bGtWDkpFooRTselbiJpjMkQ92lH2xAHVDrp5I4xOtSkh/xI6BcqNKG/J1IcSDkKPN2Z7Shnaxn8r9ZJlH/mpCyME0VDMv3ITzhSEcpCQT0mKFF8pA0mguldERlggYnS0ZV0CPbsyfOmWa3Yx5XqzUm5dpHHUYQ9OIAjsOEUanAFdWgAgQd4ghd4NR6NZ+PNeJ+2Fox8Zhf+yPj4ButLmVg=</latexit>

vi = WV xi
<latexit sha1_base64="P2+0leHZfEWdb/JPkZXP4qeFC34=">AAACB3icbZDLSsNAFIZP6q3WW9SlIINFcFWSKuhGKLpxWcFeoA1hMp20QycXZibFErpz46u4caGIW1/BnW/jpI2grT8M/HznHOac34s5k8qyvozC0vLK6lpxvbSxubW9Y+7uNWWUCEIbJOKRaHtYUs5C2lBMcdqOBcWBx2nLG15n9daICsmi8E6NY+oEuB8ynxGsNHLNw26A1cDz09HEZegStdzmD7nXxDXLVsWaCi0aOzdlyFV3zc9uLyJJQENFOJayY1uxclIsFCOcTkrdRNIYkyHu0462IQ6odNLpHRN0rEkP+ZHQL1RoSn9PpDiQchx4ujPbUc7XMvhfrZMo/8JJWRgnioZk9pGfcKQilIWCekxQovhYG0wE07siMsACE6WjK+kQ7PmTF02zWrFPK9Xbs3LtKo+jCAdwBCdgwznU4Abq0AACD/AEL/BqPBrPxpvxPmstGPnMPvyR8fENDh2Zbg==</latexit>

http://jalammar.github.io/illustrated-transformer/



In matrix form



Transformers: self-attention

[Jesse Vig, 2019]



Interpretability through 
attention

[Jesse Vig, 2019]



Self-attention can process 
variable-length inputs

a(·, {. . . }) : xi, {x1, . . . ,xN} ! yi
<latexit sha1_base64="ogxIDwctW3YDeOr0Uy+lBixw3ao="></latexit>



Gritty details: multi-head 
attention



Gritty details: multi-head 
attention

other issue: information can get mixed across tokens layer by layer, and attention doesn’t 
necessarily represent attention to the corresponding word anymore 


(see Darcet et al 2023 for example).



Gritty details: encoder-
decoders

Encoder: e.g. BERT

Typical task: Masked language modelling

https://medium.com/@gabell/encoder-decoder-models-and-transformers-5c1500c22c22



Gritty details: encoder-
decoders

Decoder: e.g. GPT

Typical task: Autoregressive language modelling



Gritty details: encoder-
decoders
Encoder-decoder: e.g. T5


Typical task: Sequence-to-sequence modelling



Gritty details: encoder-
decoders



Gritty details: encoder-
decoders



Gritty details: positional 
embeddings



FF layers & attention



How to make sense? 
Embeddings

[eg.  Mikolov et al. 2013]

Semantic geometrical encoding



How to make sense? 
Embeddings

[Lample et al. 2018, Word translation without parallel data]



Context-dependent 
embeddings (BERT)

[Coenen et al., 2019]

Semantic geometrical encoding



FF layers as key-value 
stores

[Geva et al., 2021]



Causal scrubbing

[Meng et al., 2022]



Manipulating key-value 
associations

[Meng et al., 2022]



Just ask the model??

[Huang et al., 2023]



Inner workings: overcomplete 
representations

[Bricken et al., 2023]



Inner workings: overcomplete 
representations



Inner workings: overcomplete 
representations


