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CS 589 Fall 2020 

Attention mechanism 

Encoder representation models

Instructor: Susan Liu 
TA: Huihui Liu

Stevens Institute of Technology

Most slides come from Stanford CS276



Today’s lecture
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• Machine translation and attention mechanism 

• Transformer 

• Encoder representation network 
• Elmo 
• BERT



Review of language models

3

• Language modeling is the task of predicting what word comes next 

• Given a sequence of words x1, x2, …, xt, compute the probability distribution 
for the next word xt+1 

    where xt+1 can be any word in the vocabulary
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<latexit sha1_base64="teuLz/pnsu/loP3r99752ZG1RpI=">AAACCXicbVDLSgMxFM34rPVVdekmWISKpcwURZdFNy4r2Ae0ZchkMm1oJjMkd6Rl7NaNv+LGhSJu/QN3/o3pY6GtBy6cnHMvufd4seAabPvbWlpeWV1bz2xkN7e2d3Zze/t1HSWKshqNRKSaHtFMcMlqwEGwZqwYCT3BGl7/euw37pnSPJJ3MIxZJyRdyQNOCRjJzeG4MHBTOHVGDwPXKeKBWy7iNvUj0OMHnLi5vF2yJ8CLxJmRPJqh6ua+2n5Ek5BJoIJo3XLsGDopUcCpYKNsO9EsJrRPuqxlqCQh0510cskIHxvFx0GkTEnAE/X3REpCrYehZzpDAj09743F/7xWAsFlJ+UyToBJOv0oSASGCI9jwT5XjIIYGkKo4mZXTHtEEQomvKwJwZk/eZHUyyXnvGTfnuUrV7M4MugQHaECctAFqqAbVEU1RNEjekav6M16sl6sd+tj2rpkzWYO0B9Ynz/ZsZiE</latexit>

p(xt+1|x1, x2, · · · , xt)
<latexit sha1_base64="Njcc7m6cvZGKicKsLbVpZNw6zPg=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBRSmJKLoRim5cVrBpoQlhMpm0QycPZiaWkgbc+CtuXCji1p9w5984bbPQ1gMXDufcy733eAmjQhrGt1ZaWl5ZXSuvVzY2t7Z39N09S8Qpx6SFYxbzjocEYTQiLUklI52EExR6jLS9wc3Ebz8QLmgc3ctRQpwQ9SIaUIykklz9wLqys6Fr1qCN/ViKGhy62dga53bu6lWjbkwBF4lZkCoo0HT1L9uPcRqSSGKGhOiaRiKdDHFJMSN5xU4FSRAeoB7pKhqhkAgnm/6Qw2Ol+DCIuapIwqn6eyJDoRCj0FOdIZJ9Me9NxP+8biqDSyejUZJKEuHZoiBlUMZwEgj0KSdYspEiCHOqboW4jzjCUsVWUSGY8y8vEuu0bp7XjbuzauO6iKMMDsEROAEmuAANcAuaoAUweATP4BW8aU/ai/aufcxaS1oxsw/+QPv8AQ9qlyo=</latexit>

V = {w1, · · · , w|V |}
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• You can train an RNN-LM on any kind of text, then generate in that style 

• RNN trained on the first 4 Harry Porter books:

“Sorry,” Harry shouted, panicking  
— “I’ll leave those brooms in London, are they?” 
“No idea,” said Nearly Headless Nick, casting low close by Cedric, 
carrying the last bit of treacle Charms, from Harry’s shoulder, and to 
answer him the common room perched upon it, four arms held a 
shining knob from when the spider hadn’t felt it seemed. He reached 
the teams too. 

source: https://medium.com/deep-writing/harry-potter-written-by-artificial-intelligence-8a9431803da6



Machine translation
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source: https://medium.com/deep-writing/harry-potter-written-by-artificial-intelligence-8a9431803da6

• Translating a sentence from one language (source language) to another 
language (target language)



Neural machine translation
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… est         dans         les            fers     <START> 

<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
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<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

 he          

… est         dans         les            fers     <START>      he  
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… est         dans         les            fers     <START>      he            hit

<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

 he           hit            
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… est         dans         les            fers     <START>      he            hit            me ….

<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

 he           hit             me      
h4 encodes the info of input French sentence

encoder RNN decoder RNN
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• Translating a sentence from one language (source language) to another 
language (target language)

<latexit sha1_base64="lea88AgHzpDe0C5WHOFoPZUj8t0="></latexit>

P (y | x) = P (y1 | x)P (y2 | y1, x)P (y3 | y1, y2, x) . . . P (yT | y1, . . . , yT�1, x)

<latexit sha1_base64="RQCJU1w7+/xQgUhiKe1rVowMTx0=">AAAB83icbVBNSwMxEJ31s9avqkcvwSLUS9kVRY9FLx4r2A9ol5JNs21okl2SrHRZ+ze8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8IOZMG9f9dlZW19Y3Ngtbxe2d3b390sFhU0eJIrRBIh6pdoA15UzShmGG03asKBYBp61gdDv1W49UaRbJB5PG1Bd4IFnICDZW6go87qWoXkmfxme9UtmtujOgZeLlpAw56r3SV7cfkURQaQjHWnc8NzZ+hpVhhNNJsZtoGmMywgPasVRiQbWfzW6eoFOr9FEYKVvSoJn6eyLDQutUBLZTYDPUi95U/M/rJCa89jMm48RQSeaLwoQjE6FpAKjPFCWGp5Zgopi9FZEhVpgYG1PRhuAtvrxMmudV77Lq3l+Uazd5HAU4hhOogAdXUIM7qEMDCMTwDK/w5iTOi/PufMxbV5x85gj+wPn8AWRQkUI=</latexit>

maxyP (y|x)

<latexit sha1_base64="gU5NvcM+9+G+yZy1qGRPFgxZpIk=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0VsQUoiii6LblxWsA9o0jCZTtqhM0mYmUhD7Ce48VfcuFDErUt3/o3Tx0JbD1w4nHMv997jx4xKZVnfRm5peWV1Lb9e2Njc2t4xd/caMkoEJnUcsUi0fCQJoyGpK6oYacWCIO4z0vQH12O/eU+EpFF4p9KYuBz1QhpQjJSWPPOYo6GXQkcm3MtKww49gWmHlkfQYVEP1kqpRx+GHi17ZtGqWBPARWLPSBHMUPPML6cb4YSTUGGGpGzbVqzcDAlFMSOjgpNIEiM8QD3S1jREnEg3mzw0gkda6cIgErpCBSfq74kMcSlT7utOjlRfzntj8T+vnajg0s1oGCeKhHi6KEgYVBEcpwO7VBCsWKoJwoLqWyHuI4Gw0hkWdAj2/MuLpHFasc8r1u1ZsXo1iyMPDsAhKAEbXIAquAE1UAcYPIJn8ArejCfjxXg3PqatOWM2sw/+wPj8AT8HnBM=</latexit>

maxy

X

(xi,yi)

logP (yi|xi)train: 

predict: 
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… est         dans         les            fers    

<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

h4 encodes the info of input French sentence

encoder RNN

<latexit sha1_base64="uSHbnmEUuLGHNKH3YMBFCD9mCnQ="></latexit>

c̃t = tanh (W cht�1 +U cxt + bc)

ct = f t � ct�1 + it � c̃t
ht = ot � tanh ct

LSTM encoder:

Other encoders: 
GRU 
LSTM/GRU + attention 
Elmo 
BERT 
…
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 <START>      he            hit            me ….

 he           hit             me      

decoder RNN

• Decoder selects the word to 
generate in the target 
sentence 

• Greedy decoding 

• Disadvantage of greedy 
decoding: cannot undo 
decisions 

• Exhaustive search? 
exponential search space

<latexit sha1_base64="DpQVuNRQ08kngoVx3R6+l7yEeEQ=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoUEsiii6LblxWsA9oQ5hMpu3QySTMTKQh5hfc+CtuXCji1p07/8Zpm4W2Hrjcwzn3MnOPFzEqlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryTAWmDRxyELR8ZAkjHLSVFQx0okEQYHHSNsbXU/89j0Rkob8TiURcQI04LRPMVJacs1KgMZumrg0g42Kbg+Ja1dhD/uhklWYuCk9sbMqHB+7ZtmqWVPARWLnpAxyNFzzq+eHOA4IV5ghKbu2FSknRUJRzEhW6sWSRAiP0IB0NeUoINJJpxdl8EgrPuyHQhdXcKr+3khRIGUSeHoyQGoo572J+J/XjVX/0kkpj2JFOJ491I8ZVCGcxAN9KghWLNEEYUH1XyEeIoGw0iGWdAj2/MmLpHVas89r1u1ZuX6Vx1EEB+AQVIANLkAd3IAGaAIMHsEzeAVvxpPxYrwbH7PRgpHv7IM/MD5/AGItnBA=</latexit>

maxyiP (yi|y1, · · · , yi�1, x)



Beam search decoding
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• A trade-off between greedy decoding + exhaustive search 

• In each step of the decoder, keep track of the k most probable partial 
translations (hypotheses)

<START>

he

I

<latexit sha1_base64="1SUj/njr1sAxnryjcpPAJ1wMaR4="></latexit>

�0.7 = logPLM (he |< START >)

<latexit sha1_base64="CRpJsTd/FA46C+58+QD6CJq3Mc8="></latexit>

�0.9 = logPLM (I |< START >)

…



Beam search decoding

14

• A trade-off between greedy decoding + exhaustive search 

• In each step of the decoder, keep track of the k most probable partial 
translations (hypotheses)

<START>

he

I

hit

struck

was

got



Beam search decoding
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• A trade-off between greedy decoding + exhaustive search 

• In each step of the decoder, keep track of the k most probable partial 
translations (hypotheses)

<START>

he

I

hit

struck

was

got

<latexit sha1_base64="bquAUA7fEzHwe7BntqNVws6x4Ak="></latexit>

�1.7 = logPLM (hit |< START > he) +�0.7

<latexit sha1_base64="HeahYWo6gwkJuVMM9J/JqTwsqHo="></latexit>

�2.9 = logPLM (struck |< START > he) +�0.7

<latexit sha1_base64="wyIasyaMkLmEgs0NzvF7a6Sx3p0="></latexit>

�1.6 = logP1M (was |< START > I) +�0.9

<latexit sha1_base64="bQGHe2XhtVHfHTz86DI9/xBacfo="></latexit>

�1.8 = log PLM(got |< START > I) +�0.9



Beam search decoding
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• A trade-off between greedy decoding + exhaustive search 

• In each step of the decoder, keep track of the k most probable partial 
translations (hypotheses)

<START>

he

I

hit

struck

was

got

<latexit sha1_base64="bquAUA7fEzHwe7BntqNVws6x4Ak="></latexit>

�1.7 = logPLM (hit |< START > he) +�0.7

<latexit sha1_base64="HeahYWo6gwkJuVMM9J/JqTwsqHo="></latexit>

�2.9 = logPLM (struck |< START > he) +�0.7

<latexit sha1_base64="wyIasyaMkLmEgs0NzvF7a6Sx3p0="></latexit>

�1.6 = logP1M (was |< START > I) +�0.9

<latexit sha1_base64="bQGHe2XhtVHfHTz86DI9/xBacfo="></latexit>

�1.8 = log PLM(got |< START > I) +�0.9



Beam search decoding: Stopping criterion
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• In sequence to sequence, when do we stop the generation? 
• Append an <END> token to every target sentence in the training data 
• Train the model, so it knows when to predict <END> 
• During decoding, stop a hypothesis if <END> is predicted 

• We continue beam search util 
• We reach time step T, or 
• We have at least n completed hypotheses



Beam search decoding: Selecting output hypothesis
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• Each hypothesis has a log probability score 

• Longer hypothesis always have lower scores 

• Solution: normalize hypotheses by length

<latexit sha1_base64="DML3yS+VrWDN4xuzxmnKrMi5HJs="></latexit>

1

t

tX

i=1

logPLM (yi | y1, . . . , yi�1, x)



Machine translation timeline
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• Statistical machine translation: 
• IBM model 1-5 [Brown et al. 1993]  

• 2014: first seq2seq paper was published 

• 2016: Google Translate switched from SMT to NMT 

• The SMT system, built by hundreds of engineers over many years, 
outperformed by the NMT systems trained by a handful of engineers in a few 
months



Machine translation timeline

20source: https://paperswithcode.com/sota/machine-translation-on-iwslt2014-german



Evaluating machine translation
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• How to evaluate the correctness of a translated sentence? 
• We need to compare the similarity between two sentences 
• The two sentences may be semantically equivalent yet contain different 

tokens 

• BLEU (Bilingual Evaluation Understudy) 
• BLEU compares the machine-written translation to one or several human-

written translation(s), and computes a similarity score based on:  
• n-gram precision (usually for 1, 2, 3 and 4-grams)  
• a penalty for too-short system translations  

• BLEU is useful but imperfect (non-overlapping ngrams)



Attention mechanism
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<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

 he           hit             me      
h4 needs to capture all information about the source sentence

encoder RNN decoder RNN

… est         dans         les            fers     <START>      he            hit            me ….
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• Attention mechanism is designed for each word to focus on one or a just a 
few words in the source sentences

<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

… est         dans         les            <START>

en
co

de
r

at
te

nt
io

n

dot product [Luong et al. 2015]; 
RNNSearch [Bahdanau et al. 2014]

https://arxiv.org/search/cs?searchtype=author&query=Bahdanau%2C+D


24

<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

… est         dans         les            <START>

en
co
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n

attention output

<latexit sha1_base64="MKoubwE6XVL55BYTNKiRG7QPBDM="></latexit>

h̃t = tanh (W c [ct;ht])

<latexit sha1_base64="zemDOwhml8slyZEgYVtz0e/4mck="></latexit>

p (yt | y<t, x) = softmax
⇣
W sh̃t

⌘

<latexit sha1_base64="yDXkB4whfYEtKeNWKyTj4gp+Dko="></latexit>

ct+1 =
NX

i=1

softmax(score(hi,ht))hi 2 Rh

For t = 1,…, T:
<latexit sha1_base64="8wKR2pWuVqwbA0d0BCKsSPkgros="></latexit>

score (ht,hi) = h>
t hi

dot product attention
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<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>
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Pre-trained word embeddings

• In RNN, we randomly initialize the weight, 
use the back propagation to update this 
weight 

• The random initialization may not give us a 
good starting point 

• We can choose a better starting point with 
embedding vectors pertained in a large 
unlabelled corpus to help the 
initialization [Mikolov et al. 13] mary has a little

<latexit sha1_base64="AtJtjzw5Di51mrbGp6Uv55+E150=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6f+p5vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+i6t6dV2rXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AENAo2k</latexit>x1
<latexit sha1_base64="ZXSuBGkmMKn4rpnM6x5dT2R25j4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindRce/Oy7XrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEOho2l</latexit>x2

<latexit sha1_base64="NGq5xJYg8Qt6ZP8Ue8ATey4qnyU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5id9CZDZmeXmVkxLPkELx4U8eoXefNvnCR70GhBQ1HVTXdXkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3HlBpHst7M07Qj+hA8pAzaqx099g77ZUrbtWdgfwlXk4qkKPeK392+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiFHVumTMFa2pCEz9edERiOtx1FgOyNqhnrRm4r/eZ3UhJd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLf0nzpOqdV93bs0rtKo+jCAdwCMfgwQXU4Abq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H98QCo2m</latexit>x3
<latexit sha1_base64="7JA0lCSV0hL9BDUBA8FnNlcfajs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPvvFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2Lqnt3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcRjo2n</latexit>x4

<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="NqIqkExHySGxz1zB18NYRUKERqY=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8Re+Xge+qFb9xreAugv8UtShxKt0P0cxJJkCRWGcKx13/dSE+RYGUY4ndcGmaYpJhM8on1LBU6oDvJF8jk6s0qMhlLZIwxaqD83cpzoIpydTLAZ61WvEP/z+pkZ3gQ5E2lmqCDLh4YZR0aiogYUM0WJ4TNLMFHMZkVkjBUmxpZVsyX4q1/+SzoXDf+q4T1c1pu3ZR1VOIFTOAcfrqEJ99CCNhCYwhO8wKuTO8/Om/O+HK045c4x/ILz8Q3ktJPS</latexit>

h1
<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="3Y8igZ3J/puW9pUuO7BrwzMTr0U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbTbt0swm7EyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUijeQoGSdxLNaRRI3g7GN1O//cS1EbF6wCzhfkSHSoSCUbTSfdb3+tWaW3dnIMvEK0gNCjT71a/eIGZpxBUySY3pem6Cfk41Cib5pNJLDU8oG9Mh71qqaMSNn89OnZATqwxIGGtbCslM/T2R08iYLApsZ0RxZBa9qfif100xvPJzoZIUuWLzRWEqCcZk+jcZCM0ZyswSyrSwtxI2opoytOlUbAje4svL5PGs7l3U3bvzWuO6iKMMR3AMp+DBJTTgFprQAgZDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPw6IjaU=</latexit>y1
<latexit sha1_base64="rdWZB+cjwTh9yV8cDHT2H6mcFOs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbRqVe+y6t5fVOo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AEQDI2m</latexit>y2

<latexit sha1_base64="jdzIOGTlh/6OxlGdpVyEWINz8LE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD+Peea9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8q3qXVff+olK7yeMowhEcwyl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w8RkI2n</latexit>y3
<latexit sha1_base64="pC9j/+WxUWuJfbv30ZFxcTe/XO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbQuqt5l1b2vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AETFI2o</latexit>y4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

<latexit sha1_base64="GBRYhyNs5JBNFTb7MfeNMbizXuw=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReOZ2HfujWvYa3APpL/JLUoUQrdD8HsSRZQoUhHGvd973UBDlWhhFO57VBpmmKyQSPaN9SgROqg3yRfI7OrBKjoVT2CIMW6s+NHCe6CGcnE2zGetUrxP+8fmaGN0HORJoZKsjyoWHGkZGoqAHFTFFi+MwSTBSzWREZY4WJsWXVbAn+6pf/ks5Fw79qeA+X9eZtWUcVTuAUzsGHa2jCPbSgDQSm8AQv8OrkzrPz5rwvRytOuXMMv+B8fAPgH5PP</latexit>e1
<latexit sha1_base64="OEC+R55YtNjW4J4tlYV2YXG+tFg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrpzO/aZv152GswBaJ25J6lCi7dtfwzAhWUyFJhwrNXCdVHs5lpoRTue1YaZoiskEj+jAUIFjqrx8kXyOLowSoiiR5giNFurvjRzHqghnJmOsx2rVK8T/vEGmo1svZyLNNBVk+VCUcaQTVNSAQiYp0XxmCCaSmayIjLHERJuyaqYEd/XL66TbbLjXDefxqt66K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/ho5PQ</latexit>e2

<latexit sha1_base64="5mwq+CN8AR7cFKzMJnahFyXA4/s=">AAAB+XicbVC7TsMwFHXKq5RXgJHFokJiqhIegrGChbFI9CG1UeQ4N61Vx4lsp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fIOVMacf5tipr6xubW9Xt2s7u3v6BfXjUUUkmKbRpwhPZC4gCzgS0NdMceqkEEgccusH4vvC7E5CKJeJJT1PwYjIULGKUaCP5tj0IEh6qaWyuHGb+pW/XnYYzB14lbknqqETLt78GYUKzGISmnCjVd51UezmRmlEOs9ogU5ASOiZD6BsqSAzKy+fJZ/jMKCGOEmmO0Hiu/t7ISayKcGYyJnqklr1C/M/rZzq69XIm0kyDoIuHooxjneCiBhwyCVTzqSGESmayYjoiklBtyqqZEtzlL6+SzkXDvW44j1f15l1ZRxWdoFN0jlx0g5roAbVQG1E0Qc/oFb1ZufVivVsfi9GKVe4coz+wPn8A4yeT0Q==</latexit>e3
<latexit sha1_base64="4cxtTBR4hyNcWDEliwjuXr1jCCg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrpzO/aZv152GswBaJ25J6lCi7dtfwzAhWUyFJhwrNXCdVHs5lpoRTue1YaZoiskEj+jAUIFjqrx8kXyOLowSoiiR5giNFurvjRzHqghnJmOsx2rVK8T/vEGmo1svZyLNNBVk+VCUcaQTVNSAQiYp0XxmCCaSmayIjLHERJuyaqYEd/XL66R71XCvG85js966K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/kq5PS</latexit>e4

<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e

<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ



From pretrained embedding to pretrained encoder

• Pretrained embeddings: fixed vectors 

• Pretrained encoder representation:  
• Neural network layers which takes an input sentence and encodes it into a 

layer output to be fed into another network, the encoder representation can 
be fine tuned 

• A pretrained LSTM on auto encoder & next word prediction can be used as 
a starting point to improve the performance of downstream supervised 
LSTM tasks [Dai & Le 2015] 

• ELMo [Peters et al. 2018]



ELMo [Peters et al. 2018]

• Train an L-layered bidirectional LSTM model, 
i.e., predicting the next word & the previous 
word 

• Collapse all the 2L+1 representations into a 
single layer  

• Concatenate the ELMo weights into task 
specific models 
• Concatenate with input 
• Concatenate with output 

ELMotask
k = E

�
Rk;⇥

task
�
= �task

LX

i=0

staskj hLM
k,j



Transformer

• Non-recurrent sequence to sequence encoder-
decoder model 

• Encoder and decoder architectures 

• Multi-head self attention [Lin et al. 2017] 

• Position encoding [Gehring et al. 2017]



Encoder/decoder in transformer

• Encoder: 6 identical layers 
• First layer: multi-head self attention 
• Second layer: fully connected feed forward 

network, followed by layer normalization 

• Decoder: 6 identical layers 
• First & second: multi-head self attention 
• Third layer: fully connected feed forward



Self attention [Lin et al. 2017]

source: https://pretteyandnerdy.wordpress.com/2019/04/26/attention-is-all-you-need/

• What do we mean by self attention? 
• In dot-product attention, target 

attends to source only 
• Source shall never attend to 

target (why?) 
• In self attention, target can 

attend to source, source itself 
can also attend to source, 
target can also attend to 
target, so called internal 
attention
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<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>
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<latexit sha1_base64="yDXkB4whfYEtKeNWKyTj4gp+Dko="></latexit>

ct+1 =
NX

i=1

softmax(score(hi,ht))hi 2 Rh

For t = 1,…, T:
<latexit sha1_base64="8wKR2pWuVqwbA0d0BCKsSPkgros="></latexit>

score (ht,hi) = h>
t hi

dot product attention
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• The vector at each position is replicated as 3 vectors: Q, K, V vectors

Self attention [Lin et al. 2017]
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Self attention [Lin et al. 2017]

mary         has            a             little
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Self attention [Lin et al. 2017]

• Self attention can capture the relation between long-distant words 

• Capturing domain knowledge using self-attention, e.g., “C” vs. “Al” in chemistry 
[Shaw et al. 2018]

bi =
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Position embedding

• So far we have not considered the order between words 
• Word orders are important for encoding sentence semantics 
• How to solve the problem? Position embedding 

• For example, with 4-dimensional embedding, dmodel = 6:

e0w = ew +
h
sin

⇣ pos

100000

⌘
, cos
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⌘
, sin

⇣ pos

100002/6

⌘
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100002/6

⌘i

= ew +
h
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100

⌘
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⇣pos
100

⌘i



Competition of pretrained language models

source: https://www.microsoft.com/en-us/research/blog/turing-nlg-a-17-billion-parameter-language-model-by-
microsoft/



BERT: Bidirectional Encoder Representations

Pre-training BERT 

• Task #1: Masked LM

• Mask out k% input words 
• Predict the masked words given all its context (“cloze” style) 
• Enables representation to fuse the left and right context

39



BERT: Bidirectional Encoder Representations

Pre-training BERT 

• Task #1: Masked LM

• Problem: pre-training and fine-tuning mismatch 
• [MASK] will never appear in downstream task training 

• Solution: not always use [MASK] 
• 80% use [MASK] 
• 10% use a random token 
• 10% use the original token

40



BERT: Bidirectional Encoder Representations

Pre-training BERT 

• Task #1: Masked LM 
• Task #2: Next Sentence Prediction (NSP)

• Predict whether B is the actual sentence that proceeds A (True / 
False) 

• To learn relationship between sentences
41



Pre-training BERT 

• Input: unlabeled sentence pair 
• Training 

• Masked LM 
• NSP (label position [CLS])

BERT: Bidirectional Encoder Representations

42



BERT: Bidirectional Encoder Representations

Fine-tuning BERT

43



BERT experimental results
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Effects of pretraining tasks

45

• Masked LM (compared to left-
to-right LM) is very important on 
some tasks, Next Sentence 
Prediction is important on other 
tasks 

• Left-to-right model does very 
poorly on word-level task 
(SQuAD), although this is 
mitigated by BiLSTM



Effects of dimensionality and training time

• Masked LM takes slightly 
longer to converge because 
we only predict 15% instead of 
100%  

• But absolute results are much 
better almost immediately
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Effects of dimensionality and training time

• Big models help a lot  

• Going from 110M -> 340M 
params helps even on 
datasets with 3,600 labeled 
examples  

• Improvements have not 
asymptoted 
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BERT: Open source release

One reason for BERT’s success was 
the open source release 

• Minimum dependency 
• Abstracted so people could 

including a single file to use model 
• Thorough README 
• Idiomatic code 
• Well-documented code 
• Good support (for the first few 

months)

48

from transformers import 
AutoTokenizer, 
AutoModelForMaskedLM

tokenizer = 
AutoTokenizer.from_pretrain
ed("bert-base-uncased")

model = 
AutoModelForMaskedLM.from_p
retrained("bert-base-
uncased")



Homework 4

• Using Google colab to train a text 
classification model 
• Supports keras, tensor flow 

and pytorch 
• Free Tesla K80 GPU 

• Homework 4: StackOverflow tag 
prediction using hugging face’s 
transformer library
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