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Many materials from CSE447@UW (Taylor Sorensen) and COS484@Princeton with special thanks!
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Announcements

• Assignment 1 is due on Mar 4!  
• Will provide a short coding tutorial next Friday 
• Book a TA slot via the link on the course page 
• Also you can always ask questions on Slack! 

• We record a tutorial on PyTorch and Transformers as the make up 
lecture on Jan 28. Check it out on the course page.
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Latest AI news

• Grok 3 blog: Grok 3 Beta — The Age of Reasoning Agents 
• Try Grok 2 for free: https://x.com/i/grok  

• OpenAI roadmap update for GPT-4.5 and GPT-5 
• Qwen2.5-VL technical report is online

https://x.ai/blog/grok-3
https://x.com/i/grok
https://x.com/sama/status/1889755723078443244
https://arxiv.org/abs/2502.13923
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Lecture plan

• Neural language models: overview 
• Running examples of neural language models 
• (Very quick) Deep learning review 
• Language modeling with neural networks: RNNs
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Neural language models: overview
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Neural language models: inputs/outputs

• Input: sequences of words (or tokens) 
• Output: probability distribution over the next word (token) 

START I went to the park . STOP

Neural Network

The 3
When 2.5%
They 2%

… …
I 1%

… …
Banana 0.1%

think 11%
was 5%
went 2%
am 1%
will 1%
like 0.5%
… …

to 35%
back 8%
into 5%

through 4%
out 3%
on 2%
… …%

the 29%
a 9%

see 5%
my 3%
bed 2%

school 1%
… …

bathroo
m

3%
doctor 2%

%hospita
l

2%
store 1.5%

… …
park 0.5%
… …

and 14%
with 9

, 8%
to 7%
… …
. 6%

… …

I 21%
It 6

The 3%
There 3%

… …
STOP 1%

… …

<latexit sha1_base64="MftO+SMqnPwqfD2tsYonKEJyGUQ=">AAAB+nicbVDLTsJAFJ36RHwVXbppJCa4Ia3xtUTduETllUBDpsMUJkynzcytQgqf4saFxrj1S9z5Nw7QhYInucnJOffm3nu8iDMFtv1tLC2vrK6tZzaym1vbO7tmbq+mwlgSWiUhD2XDw4pyJmgVGHDaiCTFgcdp3evfTPz6I5WKhaICw4i6Ae4K5jOCQUttMxcVBqMW0AEkD5Wr+8r4uG3m7aI9hbVInJTkUYpy2/xqdUISB1QA4VippmNH4CZYAiOcjrOtWNEIkz7u0qamAgdUucn09LF1pJWO5YdSlwBrqv6eSHCg1DDwdGeAoafmvYn4n9eMwb90EyaiGKggs0V+zC0IrUkOVodJSoAPNcFEMn2rRXpYYgI6rawOwZl/eZHUTorOefHs7jRfuk7jyKADdIgKyEEXqIRuURlVEUFP6Bm9ojdjZLwY78bHrHXJSGf20R8Ynz/UPJO7</latexit>

p(x|START)
<latexit sha1_base64="WcUxOGfkP4cx+E9QpV1PwAaAgeg=">AAAB/HicbVDJTgJBEO1xRdxGOXrpSEzwQmaM2xH1ojdUtgQmpKfpgQ49S7prDGTEX/HiQWO8+iHe/BsbmIOCL6nk5b2qVNVzI8EVWNa3sbC4tLyymlnLrm9sbm2bO7s1FcaSsioNRSgbLlFM8IBVgYNgjUgy4ruC1d3+1divPzCpeBhUYBgxxyfdgHucEtBS28xFhcFjC9gAkvvKxV0F34wO22beKloT4HlipySPUpTb5lerE9LYZwFQQZRq2lYETkIkcCrYKNuKFYsI7ZMua2oaEJ8pJ5kcP8IHWulgL5S6AsAT9fdEQnylhr6rO30CPTXrjcX/vGYM3rmT8CCKgQV0usiLBYYQj5PAHS4ZBTHUhFDJ9a2Y9ogkFHReWR2CPfvyPKkdFe3T4sntcb50mcaRQXtoHxWQjc5QCV2jMqoiioboGb2iN+PJeDHejY9p64KRzuTQHxifP8oVlDg=</latexit>

p(x|START I)
<latexit sha1_base64="LRjKiWw0jRv+buME4YuEQgqShlY=">AAACAXicbVDJSgNBFOyJW4zbqBfBS2MQ4iXMiNsx6MVjBLNAZgg9PT1Jk56F7jeaMMaLv+LFgyJe/Qtv/o2d5aCJBQ1F1Stev/ISwRVY1reRW1hcWl7JrxbW1jc2t8ztnbqKU0lZjcYilk2PKCZ4xGrAQbBmIhkJPcEaXu9q5DfumFQ8jm5hkDA3JJ2IB5wS0FLb3EtK/QfsUD8GhR1gfcjuWQTDo7ZZtMrWGHie2FNSRFNU2+aX48c0DXWaCqJUy7YScDMigVPBhgUnVSwhtEc6rKVpREKm3Gx8wRAfasXHQSz1iwCP1d+JjIRKDUJPT4YEumrWG4n/ea0Uggs341GSAovoZFGQCgwxHtWBfS4ZBTHQhFDJ9V8x7RJJKOjSCroEe/bkeVI/Lttn5dObk2LlclpHHu2jA1RCNjpHFXSNqqiGKHpEz+gVvRlPxovxbnxMRnPGNLOL/sD4/AFzzZbq</latexit>

p(x| · · ·went)
<latexit sha1_base64="67dkCAqZgv/VHFmTH8BhrvEriJg=">AAACAHicbVDJTgJBEO3BDXFDPXjw0pGY4IXMGLcj0YtHTGRJGEJ6mgI69CzprjGQkYu/4sWDxnj1M7z5NzYwBwVfUsnLe1WpqudFUmi07W8rs7S8srqWXc9tbG5t7+R392o6jBWHKg9lqBoe0yBFAFUUKKERKWC+J6HuDW4mfv0BlBZhcI+jCFo+6wWiKzhDI7XzB1Fx+Ehd3glRUxdhiAn2YXzSzhfskj0FXSROSgokRaWd/3I7IY99CJBLpnXTsSNsJUyh4BLGOTfWEDE+YD1oGhowH3QrmT4wpsdG6dBuqEwFSKfq74mE+VqPfM90+gz7et6biP95zRi7V61EBFGMEPDZom4sKYZ0kgbtCAUc5cgQxpUwt1LeZ4pxNJnlTAjO/MuLpHZaci5K53dnhfJ1GkeWHJIjUiQOuSRlcksqpEo4GZNn8krerCfrxXq3PmatGSud2Sd/YH3+AIfzlmM=</latexit>

p(x| · · · the)
<latexit sha1_base64="rGCue0TUWf3/AXEt1i3jVqq9cWE=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAYhXsKMuB2DXjxGMAskQ+jp6SRNerqH7hpJmOTgr3jxoIhXf8Obf2NnOWjig4LHe1VU1QtiwQ247reztLyyurae2chubm3v7Ob29qtGJZqyClVC6XpADBNcsgpwEKwea0aiQLBa0Lsd+7VHpg1X8gEGMfMj0pG8zSkBK7Vyh3GhP8RNGiowuAmsDymo0Wkrl3eL7gR4kXgzkkczlFu5r2aoaBIxCVQQYxqeG4OfEg2cCjbKNhPDYkJ7pMMalkoSMeOnk/tH+MQqIW4rbUsCnqi/J1ISGTOIAtsZEeiaeW8s/uc1Emhf+ymXcQJM0umidiIwKDwOA4dcMwpiYAmhmttbMe0STSjYyLI2BG/+5UVSPSt6l8WL+/N86WYWRwYdoWNUQB66QiV0h8qogigaomf0it6cJ+fFeXc+pq1LzmzmAP2B8/kDy8aV+w==</latexit>

p(x| · · · to)
<latexit sha1_base64="lCxZUSI2bDJyt4tQii3hgQuEeiE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSxC3ZREfC2LblxWsA9oQplMJu3QyYOZG2mJdeOvuHGhiFv/wp1/47TNQlsPXDiccy/33uMlgiuwrG9jYXFpeWW1sFZc39jc2jZ3dhsqTiVldRqLWLY8opjgEasDB8FaiWQk9ARrev3rsd+8Z1LxOLqDYcLckHQjHnBKQEsdcz8pDx6wQ/0YFHaADSBLiOyPjjtmyapYE+B5YuekhHLUOuaX48c0DVkEVBCl2raVgJsRCZwKNio6qWIJoX3SZW1NIxIy5WaTD0b4SCs+DmKpKwI8UX9PZCRUahh6ujMk0FOz3lj8z2unEFy6GY+SFFhEp4uCVGCI8TgO7HPJKIihJoRKrm/FtEckoaBDK+oQ7NmX50njpGKfV85uT0vVqzyOAjpAh6iMbHSBqugG1VAdUfSIntErejOejBfj3fiYti4Y+cwe+gPj8wdbVJba</latexit>

p(x| · · · park)
<latexit sha1_base64="MUKBCiIEN6kov3qjSDDj2XGDctE=">AAACDnicbVC5TgMxEPVyhnAtUNJYREihiXYRVxmggS5ADqQkirzOhFjxHrJnIdGSL6DhV2goQIiWmo6/wTkKIDzJ0tN7M+OZ50VSaHScL2tqemZ2bj61kF5cWl5ZtdfWyzqMFYcSD2Worj2mQYoASihQwnWkgPmehIrXOR34lVtQWoRBEXsR1H12E4iW4AyN1LC3o2z3vobQxeSqeHxZpOf0DgKkGFJsA42Y6uT6Ow074+ScIegkccckQ8YoNOzPWjPksW9Gccm0rrpOhPWEKRRcQj9dizVEjHfYDVQNDZgPup4Mz+nTbaM0aStU5plVhurPjoT5Wvd8z1T6DNv6rzcQ//OqMbaO6okIohgh4KOPWrEcHmuyoU2hgKPsGcK4EmZXyttMMY4mwbQJwf178iQp7+bcg9z+xV4mfzKOI0U2yRbJEpcckjw5IwVSIpw8kCfyQl6tR+vZerPeR6VT1rhng/yC9fENjmebKg==</latexit>

p(x|START I went to the park.)
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Neural language models
But neural networks take in real-valued vectors, not words… 
• Use one-hot or learned embeddings to map from words to vectors! 

• Learned embeddings become part of parameters  
Neural networks output vectors, not probability distributions… 
• Apply the softmax to the outputs! 
• What should the size of our output distribution be? 

• Same size as our vocabulary 

<latexit sha1_base64="RnyzIg4Iy64zhhoBANN9EcBOI5Y=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmY2Z1lplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6rF/fnldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKc3jzI=</latexit>

✓

<latexit sha1_base64="f0Eq4chOXdaCL4akh6X1BvQxXWM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqy6LblxWsA9oQ5lMJ+3QySTMTISa9kvcuFDErZ/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrW9sbhW3Szu7e/tl++CwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fJv57UcqFYvEg57E1AvxULCAEayN1LfLU9QLsR4RzNPWDE37dsWpOnOgVeLmpAI5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnQefoVOjDFAQSfOERnP190aKQ6UmoW8ms5Bq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpaQAMmKdF8YggmkpmsiIywxESbrkqmBHf5y6ukdV51L6u1+4tK/SavowjHcAJn4MIV1OEOGtAEAgk8wyu8WU/Wi/VufSxGC1a+cwR/YH3+AIm1kwc=</latexit>

|V|
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Tokenization to input vectors

Neural Network 

<latexit sha1_base64="MftO+SMqnPwqfD2tsYonKEJyGUQ=">AAAB+nicbVDLTsJAFJ36RHwVXbppJCa4Ia3xtUTduETllUBDpsMUJkynzcytQgqf4saFxrj1S9z5Nw7QhYInucnJOffm3nu8iDMFtv1tLC2vrK6tZzaym1vbO7tmbq+mwlgSWiUhD2XDw4pyJmgVGHDaiCTFgcdp3evfTPz6I5WKhaICw4i6Ae4K5jOCQUttMxcVBqMW0AEkD5Wr+8r4uG3m7aI9hbVInJTkUYpy2/xqdUISB1QA4VippmNH4CZYAiOcjrOtWNEIkz7u0qamAgdUucn09LF1pJWO5YdSlwBrqv6eSHCg1DDwdGeAoafmvYn4n9eMwb90EyaiGKggs0V+zC0IrUkOVodJSoAPNcFEMn2rRXpYYgI6rawOwZl/eZHUTorOefHs7jRfuk7jyKADdIgKyEEXqIRuURlVEUFP6Bm9ojdjZLwY78bHrHXJSGf20R8Ynz/UPJO7</latexit>

p(x|START)
<latexit sha1_base64="WcUxOGfkP4cx+E9QpV1PwAaAgeg=">AAAB/HicbVDJTgJBEO1xRdxGOXrpSEzwQmaM2xH1ojdUtgQmpKfpgQ49S7prDGTEX/HiQWO8+iHe/BsbmIOCL6nk5b2qVNVzI8EVWNa3sbC4tLyymlnLrm9sbm2bO7s1FcaSsioNRSgbLlFM8IBVgYNgjUgy4ruC1d3+1divPzCpeBhUYBgxxyfdgHucEtBS28xFhcFjC9gAkvvKxV0F34wO22beKloT4HlipySPUpTb5lerE9LYZwFQQZRq2lYETkIkcCrYKNuKFYsI7ZMua2oaEJ8pJ5kcP8IHWulgL5S6AsAT9fdEQnylhr6rO30CPTXrjcX/vGYM3rmT8CCKgQV0usiLBYYQj5PAHS4ZBTHUhFDJ9a2Y9ogkFHReWR2CPfvyPKkdFe3T4sntcb50mcaRQXtoHxWQjc5QCV2jMqoiioboGb2iN+PJeDHejY9p64KRzuTQHxifP8oVlDg=</latexit>

p(x|START I)
<latexit sha1_base64="LRjKiWw0jRv+buME4YuEQgqShlY=">AAACAXicbVDJSgNBFOyJW4zbqBfBS2MQ4iXMiNsx6MVjBLNAZgg9PT1Jk56F7jeaMMaLv+LFgyJe/Qtv/o2d5aCJBQ1F1Stev/ISwRVY1reRW1hcWl7JrxbW1jc2t8ztnbqKU0lZjcYilk2PKCZ4xGrAQbBmIhkJPcEaXu9q5DfumFQ8jm5hkDA3JJ2IB5wS0FLb3EtK/QfsUD8GhR1gfcjuWQTDo7ZZtMrWGHie2FNSRFNU2+aX48c0DXWaCqJUy7YScDMigVPBhgUnVSwhtEc6rKVpREKm3Gx8wRAfasXHQSz1iwCP1d+JjIRKDUJPT4YEumrWG4n/ea0Uggs341GSAovoZFGQCgwxHtWBfS4ZBTHQhFDJ9V8x7RJJKOjSCroEe/bkeVI/Lttn5dObk2LlclpHHu2jA1RCNjpHFXSNqqiGKHpEz+gVvRlPxovxbnxMRnPGNLOL/sD4/AFzzZbq</latexit>

p(x| · · ·went)
<latexit sha1_base64="67dkCAqZgv/VHFmTH8BhrvEriJg=">AAACAHicbVDJTgJBEO3BDXFDPXjw0pGY4IXMGLcj0YtHTGRJGEJ6mgI69CzprjGQkYu/4sWDxnj1M7z5NzYwBwVfUsnLe1WpqudFUmi07W8rs7S8srqWXc9tbG5t7+R392o6jBWHKg9lqBoe0yBFAFUUKKERKWC+J6HuDW4mfv0BlBZhcI+jCFo+6wWiKzhDI7XzB1Fx+Ehd3glRUxdhiAn2YXzSzhfskj0FXSROSgokRaWd/3I7IY99CJBLpnXTsSNsJUyh4BLGOTfWEDE+YD1oGhowH3QrmT4wpsdG6dBuqEwFSKfq74mE+VqPfM90+gz7et6biP95zRi7V61EBFGMEPDZom4sKYZ0kgbtCAUc5cgQxpUwt1LeZ4pxNJnlTAjO/MuLpHZaci5K53dnhfJ1GkeWHJIjUiQOuSRlcksqpEo4GZNn8krerCfrxXq3PmatGSud2Sd/YH3+AIfzlmM=</latexit>

p(x| · · · the)
<latexit sha1_base64="rGCue0TUWf3/AXEt1i3jVqq9cWE=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAYhXsKMuB2DXjxGMAskQ+jp6SRNerqH7hpJmOTgr3jxoIhXf8Obf2NnOWjig4LHe1VU1QtiwQ247reztLyyurae2chubm3v7Ob29qtGJZqyClVC6XpADBNcsgpwEKwea0aiQLBa0Lsd+7VHpg1X8gEGMfMj0pG8zSkBK7Vyh3GhP8RNGiowuAmsDymo0Wkrl3eL7gR4kXgzkkczlFu5r2aoaBIxCVQQYxqeG4OfEg2cCjbKNhPDYkJ7pMMalkoSMeOnk/tH+MQqIW4rbUsCnqi/J1ISGTOIAtsZEeiaeW8s/uc1Emhf+ymXcQJM0umidiIwKDwOA4dcMwpiYAmhmttbMe0STSjYyLI2BG/+5UVSPSt6l8WL+/N86WYWRwYdoWNUQB66QiV0h8qogigaomf0it6cJ+fFeXc+pq1LzmzmAP2B8/kDy8aV+w==</latexit>

p(x| · · · to)
<latexit sha1_base64="lCxZUSI2bDJyt4tQii3hgQuEeiE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSxC3ZREfC2LblxWsA9oQplMJu3QyYOZG2mJdeOvuHGhiFv/wp1/47TNQlsPXDiccy/33uMlgiuwrG9jYXFpeWW1sFZc39jc2jZ3dhsqTiVldRqLWLY8opjgEasDB8FaiWQk9ARrev3rsd+8Z1LxOLqDYcLckHQjHnBKQEsdcz8pDx6wQ/0YFHaADSBLiOyPjjtmyapYE+B5YuekhHLUOuaX48c0DVkEVBCl2raVgJsRCZwKNio6qWIJoX3SZW1NIxIy5WaTD0b4SCs+DmKpKwI8UX9PZCRUahh6ujMk0FOz3lj8z2unEFy6GY+SFFhEp4uCVGCI8TgO7HPJKIihJoRKrm/FtEckoaBDK+oQ7NmX50njpGKfV85uT0vVqzyOAjpAh6iMbHSBqugG1VAdUfSIntErejOejBfj3fiYti4Y+cwe+gPj8wdbVJba</latexit>

p(x| · · · park)
<latexit sha1_base64="MUKBCiIEN6kov3qjSDDj2XGDctE=">AAACDnicbVC5TgMxEPVyhnAtUNJYREihiXYRVxmggS5ADqQkirzOhFjxHrJnIdGSL6DhV2goQIiWmo6/wTkKIDzJ0tN7M+OZ50VSaHScL2tqemZ2bj61kF5cWl5ZtdfWyzqMFYcSD2Worj2mQYoASihQwnWkgPmehIrXOR34lVtQWoRBEXsR1H12E4iW4AyN1LC3o2z3vobQxeSqeHxZpOf0DgKkGFJsA42Y6uT6Ow074+ScIegkccckQ8YoNOzPWjPksW9Gccm0rrpOhPWEKRRcQj9dizVEjHfYDVQNDZgPup4Mz+nTbaM0aStU5plVhurPjoT5Wvd8z1T6DNv6rzcQ//OqMbaO6okIohgh4KOPWrEcHmuyoU2hgKPsGcK4EmZXyttMMY4mwbQJwf178iQp7+bcg9z+xV4mfzKOI0U2yRbJEpcckjw5IwVSIpw8kCfyQl6tR+vZerPeR6VT1rhng/yC9fENjmebKg==</latexit>

p(x|START I went to the park.)

START I went to the park . STOP

Mapping each tokenized id into its corresponding embeddings 

Tokenization: 
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Example: BERT for sentiment classification

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/

Task: 

Data: 
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Example: BERT for sentiment classification

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/
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BERT for sentiment classification: overview

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/
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BERT for sentiment classification: overview

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/
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BERT for sentiment classification: overview

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/
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BERT for sentiment classification: prediction

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/
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Prediction step 1: tokenization

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/,  run the code on Colab!

https://colab.research.google.com/github/jalammar/jalammar.github.io/blob/master/notebooks/bert/A_Visual_Notebook_to_Using_BERT_for_the_First_Time.ipynb
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Prediction step 1: tokenization

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/,  run the code on Colab!

https://colab.research.google.com/github/jalammar/jalammar.github.io/blob/master/notebooks/bert/A_Visual_Notebook_to_Using_BERT_for_the_First_Time.ipynb
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Prediction step 2: input into BERT

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/,  run the code on Colab!

https://colab.research.google.com/github/jalammar/jalammar.github.io/blob/master/notebooks/bert/A_Visual_Notebook_to_Using_BERT_for_the_First_Time.ipynb
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Prediction step 3: run BERT to get outputs

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/,  run the code on Colab!

https://colab.research.google.com/github/jalammar/jalammar.github.io/blob/master/notebooks/bert/A_Visual_Notebook_to_Using_BERT_for_the_First_Time.ipynb
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Example overview so far

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/,  run the code on Colab!

https://colab.research.google.com/github/jalammar/jalammar.github.io/blob/master/notebooks/bert/A_Visual_Notebook_to_Using_BERT_for_the_First_Time.ipynb
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Recapping a sentence’s journey

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/,  run the code on Colab!

https://colab.research.google.com/github/jalammar/jalammar.github.io/blob/master/notebooks/bert/A_Visual_Notebook_to_Using_BERT_for_the_First_Time.ipynb
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Slicing the important part

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/,  run the code on Colab!

https://colab.research.google.com/github/jalammar/jalammar.github.io/blob/master/notebooks/bert/A_Visual_Notebook_to_Using_BERT_for_the_First_Time.ipynb
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Final BERT output features

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/,  run the code on Colab!

https://colab.research.google.com/github/jalammar/jalammar.github.io/blob/master/notebooks/bert/A_Visual_Notebook_to_Using_BERT_for_the_First_Time.ipynb
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Dataset for logistic regression

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/,  run the code on Colab!

https://colab.research.google.com/github/jalammar/jalammar.github.io/blob/master/notebooks/bert/A_Visual_Notebook_to_Using_BERT_for_the_First_Time.ipynb
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Prediction step 4: get final predictions 

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/,  run the code on Colab!

Train a logistic regression classifier

Run the trained logistic regression classifier

https://colab.research.google.com/github/jalammar/jalammar.github.io/blob/master/notebooks/bert/A_Visual_Notebook_to_Using_BERT_for_the_First_Time.ipynb
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Example overview: BERT for sentiment classification

https://jalammar.github.io/a-visual-guide-to-using-bert-for-the-first-time/,  run the code on Colab!

https://colab.research.google.com/github/jalammar/jalammar.github.io/blob/master/notebooks/bert/A_Visual_Notebook_to_Using_BERT_for_the_First_Time.ipynb
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BERT is a encoder-only language model

Credits: ChatGPT
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How about BERT vs. GPT-3?

Credits: ChatGPT
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Usage example: GPT-3

https://jalammar.github.io/how-gpt3-works-visualizations-animations/
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Usage example: GPT-3

https://jalammar.github.io/how-gpt3-works-visualizations-animations/
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Usage example: GPT-3

https://jalammar.github.io/how-gpt3-works-visualizations-animations/
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(Very quick) Deep learning review
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Neural networks

Goal: Approximate some function  
Essential elements: 
• Input: Vector  , Output:  
• Hidden representation layers  
• Non-linear, differentiable (almost everywhere) 

activation function  (applied element-wise) 
• Weights connecting layers:  and bias 

term  
• Set of all parameters is often referred to as 

<latexit sha1_base64="R3wkHKpBO2NHUzQ3XvYOfK+Lr3s=">AAACCnicbVC7TsMwFL0pr1JeAUYWQ4XEVCWIl5gqWBgLog+pCZXjOq1V5yHbQaqiziz8CgsDCLHyBWz8DU6bobQcydLROffK9xwv5kwqy/oxCguLS8srxdXS2vrG5pa5vdOQUSIIrZOIR6LlYUk5C2ldMcVpKxYUBx6nTW9wnfnNRyoki8J7NYypG+BeyHxGsNJSx9z3L5ETYNX3vPRu9DBAjoqmhW6pY5atijUGmid2TsqQo9Yxv51uRJKAhopwLGXbtmLlplgoRjgdlZxE0hiTAe7RtqYhDqh003GUETrUShf5kdAvVGisTm+kOJByGHh6MjtSznqZ+J/XTpR/4aYsjBNFQzL5yE840nGzXlCXCUoUH2qCiWD6VkT6WGCidHtZCfZs5HnSOK7YZ5XT25Ny9Sqvowh7cABHYMM5VOEGalAHAk/wAm/wbjwbr8aH8TkZLRj5zi78gfH1CziGmfs=</latexit>

f : Rk ! Rd

<latexit sha1_base64="BZH8qWvUi0/ZNSKyv/JUJA77Xk0=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgXmMFC2NB9CE1oXJct7XqOJHtoFZRfoWFAYRY+RE2/gan7QAtR7J0dM69uscniDlT2nG+rcLK6tr6RnGztLW9s7tn75ebKkokoQ0S8Ui2A6woZ4I2NNOctmNJcRhw2gpGN7nfeqJSsUg86ElM/RAPBOszgrWRunZ5jDwmkBdiPQyC9D57HHXtilN1pkDLxJ2TCsxR79pfXi8iSUiFJhwr1XGdWPsplpoRTrOSlygaYzLCA9oxVOCQKj+dZs/QsVF6qB9J84RGU/X3RopDpSZhYCbzjGrRy8X/vE6i+1d+ykScaCrI7FA/4UhHKC8C9ZikRPOJIZhIZrIiMsQSE23qKpkS3MUvL5PmadW9qJ7fnVVq1/M6inAIR3ACLlxCDW6hDg0gMIZneIU3K7NerHfrYzZasOY7B/AH1ucPnnmUMQ==</latexit>

x 2 Rk
<latexit sha1_base64="1wkcrsS56MDYhSZq3fEJyaLZzOw=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgXmMFC2NB9CE1pXJcp7XqOJHtIKIov8LCAEKs/Agbf4PTdoDCkSwdnXOv7vHxY86Udpwvq7S0vLK6Vl6vbGxube/Yu9W2ihJJaItEPJJdHyvKmaAtzTSn3VhSHPqcdvzJVeF3HqhULBJ3Oo1pP8QjwQJGsDbSwK6myGMCeSHWY9/PbvP74cCuOXVnCvSXuHNSgzmaA/vTG0YkCanQhGOleq4T636GpWaE07ziJYrGmEzwiPYMFTikqp9Ns+fo0ChDFETSPKHRVP25keFQqTT0zWSRUS16hfif10t0cNHPmIgTTQWZHQoSjnSEiiLQkElKNE8NwUQykxWRMZaYaFNXxZTgLn75L2kf192z+unNSa1xOa+jDPtwAEfgwjk04Bqa0AICj/AEL/Bq5daz9Wa9z0ZL1nxnD37B+vgGlXKUKw==</latexit>

y 2 Rd

<latexit sha1_base64="iSGw9PORJeOPSLpxd9zU+N4g/5g=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEfC2LblxWsQ9oYphMJu3QySTMTIQS4sZfceNCEbf+hTv/xkmbhbYeuHA4517uvcdPGJXKsr6NysLi0vJKdbW2tr6xuWVu73RknApM2jhmsej5SBJGOWkrqhjpJYKgyGek64+uCr/7QISkMb9T44S4ERpwGlKMlJY8c2/oUehQDp0IqaHvZ7f5fRZ4NPfMutWwJoDzxC5JHZRoeeaXE8Q4jQhXmCEp+7aVKDdDQlHMSF5zUkkShEdoQPqachQR6WaTD3J4qJUAhrHQxRWcqL8nMhRJOY583VncKWe9QvzP66cqvHAzypNUEY6ni8KUQRXDIg4YUEGwYmNNEBZU3wrxEAmElQ6tpkOwZ1+eJ53jhn3WOL05qTcvyziqYB8cgCNgg3PQBNegBdoAg0fwDF7Bm/FkvBjvxse0tWKUM7vgD4zPH17+lt4=</latexit>

hi 2 Rdi

<latexit sha1_base64="MNoUxgTtwYwVNhmdVAApc6DHNQ0=">AAACC3icbVC7TsMwFL0pr1JeAUYWqxUSU5UgXmKqYGEsiD6kJqoc122t2klkO0hV1J2FX2FhACFWfoCNv8FpM5TCkSwdn3Ov7r0niDlT2nG+rcLS8srqWnG9tLG5tb1j7+41VZRIQhsk4pFsB1hRzkLa0Exz2o4lxSLgtBWMrjO/9UClYlF4r8cx9QUehKzPCNZG6tplT7GBwJfIE1gPgyC9myBPR3PfUteuOFVnCvSXuDmpQI561/7yehFJBA014VipjuvE2k+x1IxwOil5iaIxJiM8oB1DQyyo8tPpLRN0aJQe6kfSvFCjqTrfkWKh1FgEpjJbUS16mfif10l0/8JPWRgnmoZkNqifcGSOzYJBPSYp0XxsCCaSmV0RGWKJiTbxZSG4iyf/Jc3jqntWPb09qdSu8jiKcABlOAIXzqEGN1CHBhB4hGd4hTfryXqx3q2PWWnBynv24Reszx8qhJqB</latexit>

� : R ! R
<latexit sha1_base64="fT+uP9RVm6URjH85Q3En/59L+s8=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiCUBLxtSy6cVnFPqCJYTKZtEMnkzAzEUrIH7jxV9y4UMStW3f+jZM2C209cOFwzr3ce4+fMCqVZX0bc/MLi0vLlZXq6tr6xqa5td2WcSowaeGYxaLrI0kY5aSlqGKkmwiCIp+Rjj+8KvzOAxGSxvxOjRLiRqjPaUgxUlryzIMOdCiHToTUwPez2/w+C7yMHtk5dBSNiISBR/OqZ9asujUGnCV2SWqgRNMzv5wgxmlEuMIMSdmzrUS5GRKKYkbyqpNKkiA8RH3S05QjvcrNxv/kcF8rAQxjoYsrOFZ/T2QoknIU+bqzuFtOe4X4n9dLVXjhZpQnqSIcTxaFKYMqhkU4MKCCYMVGmiAsqL4V4gESCCsdYRGCPf3yLGkf1+2z+unNSa1xWcZRAbtgDxwCG5yDBrgGTdACGDyCZ/AK3own48V4Nz4mrXNGObMD/sD4/AG6zZvZ</latexit>

W 2 Rdi+1⇥di

<latexit sha1_base64="Tv8AKsudbVIKLhiCSwgCOdvzi2E=">AAACA3icbVDLSsNAFJ34rPUVdaebwSIIQknE17LoxmUV+4Amhslk0g6dTMLMRCgh4MZfceNCEbf+hDv/xkmbhbYeuHA4517uvcdPGJXKsr6NufmFxaXlykp1dW19Y9Pc2m7LOBWYtHDMYtH1kSSMctJSVDHSTQRBkc9Ixx9eFX7ngQhJY36nRglxI9TnNKQYKS155q4PHcqhEyE18P3sNr/PAi+jR3aee2bNqltjwFlil6QGSjQ988sJYpxGhCvMkJQ920qUmyGhKGYkrzqpJAnCQ9QnPU05ioh0s/EPOTzQSgDDWOjiCo7V3xMZiqQcRb7uLG6V014h/uf1UhVeuBnlSaoIx5NFYcqgimERCAyoIFixkSYIC6pvhXiABMJKx1bVIdjTL8+S9nHdPquf3pzUGpdlHBWwB/bBIbDBOWiAa9AELYDBI3gGr+DNeDJejHfjY9I6Z5QzO+APjM8fhYqXeA==</latexit>

b 2 Rdi+1

<latexit sha1_base64="RnyzIg4Iy64zhhoBANN9EcBOI5Y=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmY2Z1lplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6rF/fnldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKc3jzI=</latexit>

✓

<latexit sha1_base64="vHygv6sVUn2QNLvTi0OYuoDFseA="></latexit>

ŷ = W2�(W1x+ b1) + b2

where x 2 R3, ŷ 2 R2,W1 2 R4⇥3,

W2 2 R2⇥4, b1 2 R4, and b2 2 R2

https://en.wikipedia.org/wiki/Artificial_neural_network

https://en.wikipedia.org/wiki/Artificial_neural_network
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Common activation functions
Sigmoid

Tanh

ReLU

GeLU

<latexit sha1_base64="VFdO9y/HzVPa+EoCb+aeuTxuCGs=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEQSyJ+FoW3bisYB/Q1jKZ3rRDJ5MwMxFLCPgrblwo4tbvcOffOGmz0OqBC4dz7uXee7yIM6Ud58sqzM0vLC4Vl0srq2vrG/bmVkOFsaRQpyEPZcsjCjgTUNdMc2hFEkjgcWh6o6vMb96DVCwUt3ocQTcgA8F8Rok2Us/e6fiS0MRNExcfYrhLjh7StNSzy07FmQD/JW5OyihHrWd/dvohjQMQmnKiVNt1It1NiNSMckhLnVhBROiIDKBtqCABqG4yOT/F+0bpYz+UpoTGE/XnREICpcaBZzoDoodq1svE/7x2rP2LbsJEFGsQdLrIjznWIc6ywH0mgWo+NoRQycytmA6JyUObxLIQ3NmX/5LGccU9q5zenJSrl3kcRbSL9tABctE5qqJrVEN1RFGCntALerUerWfrzXqfthasfGYb/YL18Q2lWJSm</latexit>

1

1 + e�x

<latexit sha1_base64="VBFwWQK3UUuM6Qt2umuQjHPn7Ss=">AAACDXicbVDLSgMxFM34rPU16tJNsAqCtMyIr2XRjcsK9gHttGTSO21o5kGSkZZhfsCNv+LGhSJu3bvzb0zbWWjrgZCTc+7l5h434kwqy/o2FhaXlldWc2v59Y3NrW1zZ7cmw1hQqNKQh6LhEgmcBVBVTHFoRAKI73Kou4ObsV9/ACFZGNyrUQSOT3oB8xglSksd87DlCUITwG08xEWs76Q4TNME2kN8gmH66pgFq2RNgOeJnZECylDpmF+tbkhjHwJFOZGyaVuRchIiFKMc0nwrlhAROiA9aGoaEB+kk0y2SfGRVrrYC4U+gcIT9XdHQnwpR76rK32i+nLWG4v/ec1YeVdOwoIoVhDQ6SAv5liFeBwN7jIBVPGRJoQKpv+KaZ/oeJQOMK9DsGdXnie105J9UTq/OyuUr7M4cmgfHaBjZKNLVEa3qIKqiKJH9Ixe0ZvxZLwY78bHtHTByHr20B8Ynz9EoZpz</latexit>

ex � e�x

ex + e�x

<latexit sha1_base64="BGY2IOg6wi+f5MnNRr6waBVczzc=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0WoICURX8uiG5cV7APSUCbTSTt0HmFmIi2hn+HGhSJu/Rp3/o2TNgttPXDhcM693HtPGDOqjet+O4WV1bX1jeJmaWt7Z3evvH/Q0jJRmDSxZFJ1QqQJo4I0DTWMdGJFEA8ZaYeju8xvPxGlqRSPZhKTgKOBoBHFyFjJ73I0rrpncHxa6pUrbs2dAS4TLycVkKPRK391+xInnAiDGdLa99zYBClShmJGpqVuokmM8AgNiG+pQJzoIJ2dPIUnVunDSCpbwsCZ+nsiRVzrCQ9tJ0dmqBe9TPzP8xMT3QQpFXFiiMDzRVHCoJEw+x/2qSLYsIklCCtqb4V4iBTCxqaUheAtvrxMWuc176p2+XBRqd/mcRTBETgGVeCBa1AH96ABmgADCZ7BK3hzjPPivDsf89aCk88cgj9wPn8ALD+P4w==</latexit>

max(0, x)

<latexit sha1_base64="FVtxiC38aa/Fy19Qzw+HJzMrB2Y="></latexit>

1

2
x

✓
1 + erf

✓
xp
2

◆◆
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Learning

Required: 

• Training data  
• Model family: some specified function (e.g.,  ) 

• Number/size of hidden layers, activation function, etc. are FIXED 
here 

• (Differentiable) Loss function  
Learning Problem: 

<latexit sha1_base64="02V5s2KnbqxhYdXOtMkg6dpKi2U="></latexit>

D = {(x(1), y(1)), . . . , (x(n), y(n))}
<latexit sha1_base64="aVvvvPF0kWMJhzbR991+75NBysQ=">AAACEnicbVDLSsNAFJ34rPUVdelmsCgtQkmKr41QdOOygm0KTQiT6aQdOnkwMxFD6De48VfcuFDErSt3/o3TNAttPXC5h3PuZeYeL2ZUSMP41hYWl5ZXVktr5fWNza1tfWe3I6KEY9LGEYt410OCMBqStqSSkW7MCQo8RixvdD3xrXvCBY3CO5nGxAnQIKQ+xUgqydVrR/YQySwdw0touQ1oCzoIUNVyTfgAj6HnmrW8NaCrV4y6kQPOE7MgFVCg5epfdj/CSUBCiRkSomcasXQyxCXFjIzLdiJIjPAIDUhP0RAFRDhZftIYHiqlD/2IqwolzNXfGxkKhEgDT00GSA7FrDcR//N6ifQvnIyGcSJJiKcP+QmDMoKTfGCfcoIlSxVBmFP1V4iHiCMsVYplFYI5e/I86TTq5ln99Pak0rwq4iiBfXAAqsAE56AJbkALtAEGj+AZvII37Ul70d61j+noglbs7IE/0D5/AF9ymhw=</latexit>

ŷ = W2�(W1x+ b1) + b2

<latexit sha1_base64="CGjFsOfem608YioRGYMvnV5v+GY=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0WoICURX7ix6MaFiyr2AU0sk8m0HTp5MDMRQsjnuPFX3Igo0q1f4qTNorYeGDiccy9zz3FCRoU0jJFWWFhcWl4prpbW1jc2t/TtnaYIIo5JAwcs4G0HCcKoTxqSSkbaISfIcxhpOcObzG89Ey5o4D/KOCS2h/o+7VGMpJK6+tVdJT6C1gDJJE4PL6HlITlwnOQhfXKhJalHxKwWTAmlrl42qsYYcJ6YOSmDHPWu/mG5AY484kvMkBAd0wilnSAuKWYkLVmRICHCQ9QnHUV9pC6wk3HQFB4oxYW9gKvnSzhWpzcS5AkRe46azE4Us14m/ud1Itm7sBPqh5EkPp581IsYVGGz1qBLOcGSxYogzKm6FeIB4ghL1W1WgjkbeZ40j6vmWfX0/qRcu87rKII9sA8qwATnoAZuQR00AAYv4A18gi/tVXvXvrXRZLSg5Tu74A+0n1/3AqX4</latexit>

L(y, ŷ) : Rd ⇥ Rd ! R

<latexit sha1_base64="aeLIVwrr2GT/zo7wnqpYzvzQZEY="></latexit>

✓̂ = argmin
✓

1

N

NX

i=1

L(y(i), ŷ(i) = f✓(x
(i)))
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Common loss functions

• Regression problems: 
• Euclidean Distance/Mean Squared Error/L2 loss: 

 
• Mean Absolute Error/L1 loss:  

• 2-way classification: 
• Binary Cross Entropy Loss: 

• Multi-class classification: (for example, words…) 
• Cross Entropy Loss: 

(Very related to perplexity!)

<latexit sha1_base64="K5eu7dn31emfS6waXwc6yRZ5NL4="></latexit>

L2(y, ŷ) = ||y � ŷ||22 =
1

2

kX

i=1

(yi � ŷi)
2

<latexit sha1_base64="+7IbFQtOKxO7SHLba3fuJ71PqM8="></latexit>

L1(y, ŷ) = ||y � ŷ||1 =
kX

i=1

|yi � ŷi|

<latexit sha1_base64="UnttTCtTrBY33FI1WTto1h2V6YQ="></latexit>

LBCE(y, ŷ) = �[y log(ŷ) + (1� y) log(1� ŷ)]

<latexit sha1_base64="4Xy3rLOEg0BYuWPOLsmojWErIaY="></latexit>

LCE(y, ŷ) = �
CX

i=1

yi log(ŷi)
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Gradient Descent
Learning Problem:  

 
• However, finding the global minimum is often impossible 

in practice (need to search over all of !) 
• Instead, get a local minimum with gradient descent 
Gradient Descent 
• Learning rate  (often quite small e.g., 3e-4) 
• Randomly initialize  

• Iteratively get better estimate with:  

<latexit sha1_base64="aeLIVwrr2GT/zo7wnqpYzvzQZEY="></latexit>

✓̂ = argmin
✓

1

N

NX

i=1

L(y(i), ŷ(i) = f✓(x
(i)))

<latexit sha1_base64="9ILyy26CKSH4w7gO/kU17MlUu+0=">AAACCXicbVC5TsNAEF2HK4TLQEmzIkIKTWQjrjKChjIgckhxiNabSbLK+tDuGBFZbmn4FRoKEKLlD+j4G+wkBSQ8aaSn92Y0M88NpdBoWd9GbmFxaXklv1pYW9/Y3DK3d+o6iBSHGg9koJou0yCFDzUUKKEZKmCeK6HhDi8zv3EPSovAv8VRCG2P9X3RE5xhKnVM6ngMB64b3yR3sYPwgHFXeEnJwQEgO0wKHbNola0x6Dyxp6RIpqh2zC+nG/DIAx+5ZFq3bCvEdswUCi4hKTiRhpDxIetDK6U+80C34/EnCT1IlS7tBSotH+lY/T0RM0/rkeemndndetbLxP+8VoS983Ys/DBC8PlkUS+SFAOaxUK7QgFHOUoJ40qkt1I+YIpxTMPLQrBnX54n9aOyfVo+uT4uVi6mceTJHtknJWKTM1IhV6RKaoSTR/JMXsmb8WS8GO/Gx6Q1Z0xndskfGJ8/9h2afw==</latexit>

Rdim(✓)

<latexit sha1_base64="gP8jUMO7JqSZMetfa6XOem/Bo+g=">AAACC3icbVDLSsNAFL3xWesr6tLN0CK4kJKIr5UU3bisYh/QhDKZTtuhk0mYmQgldO/GX3HjQhG3/oA7/8ZJm4W2HrhwOOde7r0niDlT2nG+rYXFpeWV1cJacX1jc2vb3tltqCiRhNZJxCPZCrCinAla10xz2oolxWHAaTMYXmd+84FKxSJxr0cx9UPcF6zHCNZG6tglD/N4gJHHBPJCrAdBkN6Nj1AuXyKn2LHLTsWZAM0TNydlyFHr2F9eNyJJSIUmHCvVdp1Y+ymWmhFOx0UvUTTGZIj7tG2owCFVfjr5ZYwOjNJFvUiaEhpN1N8TKQ6VGoWB6czOVbNeJv7ntRPdu/BTJuJEU0Gmi3oJRzpCWTCoyyQlmo8MwUQycysiAywx0Sa+LAR39uV50jiuuGeV09uTcvUqj6MA+1CCQ3DhHKpwAzWoA4FHeIZXeLOerBfr3fqYti5Y+cwe/IH1+QNi1plY</latexit>

↵ 2 R,↵ > 0
<latexit sha1_base64="lZEcENlTL18KxfoRjQ8bAURJd70=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BItQLyURv45FLx4r2A9oYtlsN+3SzSbsToQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IBFco+N8W4WV1bX1jeJmaWt7Z3evvH/Q0nGqKGvSWMSqExDNBJesiRwF6ySKkSgQrB2Mbqd++4kpzWP5gOOE+REZSB5yStBInodDhuQxqzqnk1654tScGexl4uakAjkavfKX149pGjGJVBCtu66ToJ8RhZwKNil5qWYJoSMyYF1DJYmY9rPZzRP7xCh9O4yVKYn2TP09kZFI63EUmM6I4FAvelPxP6+bYnjtZ1wmKTJJ54vCVNgY29MA7D5XjKIYG0Ko4uZWmw6JIhRNTCUTgrv48jJpndXcy9rF/XmlfpPHUYQjOIYquHAFdbiDBjSBQgLP8ApvVmq9WO/Wx7y1YOUzh/AH1ucPYnCRRQ==</latexit>

✓(0)
<latexit sha1_base64="BnG2oFXYTa/9OoG7ThqBxvuWo84="></latexit>

✓(i+1) = ✓(i) � ↵ ⇤ @L

@✓
(✓(i))

“Loss landscape” - loss w.r.t   
https://www.cs.umd.edu/~tomg/projects/landscapes/

<latexit sha1_base64="RnyzIg4Iy64zhhoBANN9EcBOI5Y=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmY2Z1lplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6rF/fnldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKc3jzI=</latexit>

✓

Next estimate

Previous Estimate

Learning rate (step size)

 Gradient is: 
• the vector of partial   

derivatives of the 
parameters with respect to 
the loss function 

• A linear approximation of 
the loss function at 

<latexit sha1_base64="x/nquJtU97VwLOZyjMcUnXqzyAk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BItQLyURv45FLx4r2A9oYtlsN+3SzSbsToQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IBFco+N8W4WV1bX1jeJmaWt7Z3evvH/Q0nGqKGvSWMSqExDNBJesiRwF6ySKkSgQrB2Mbqd++4kpzWP5gOOE+REZSB5yStBInodDhuQxq/LTSa9ccWrODPYycXNSgRyNXvnL68c0jZhEKojWXddJ0M+IQk4Fm5S8VLOE0BEZsK6hkkRM+9ns5ol9YpS+HcbKlER7pv6eyEik9TgKTGdEcKgXvan4n9dNMbz2My6TFJmk80VhKmyM7WkAdp8rRlGMDSFUcXOrTYdEEYomppIJwV18eZm0zmruZe3i/rxSv8njKMIRHEMVXLiCOtxBA5pAIYFneIU3K7VerHfrY95asPKZQ/gD6/MHuUaRfg==</latexit>

✓(i)

<latexit sha1_base64="FXOarCVUJH151h4m8zu6eoiU24s="></latexit>

@L

@✓
(✓(i)) =

2

666664

@L

@✓(i)
1

@L

@✓(i)
2

...
@L

@✓(i)
n

3

777775



Lecture 4: Embeddings and RNNs37

Stochastic gradient descent
Gradient Descent:  

  
• Problem: calculating the true gradient can be very expensive (requires running model 

on entire dataset!) 
• Solution: Stochastic Gradient Descent 

• Sample a subset of the data of fixed size (batch size) 
• Take the gradient with respect to that subset 
• Take a step in that direction; repeat 

• Not only is it more computationally efficient, but it often finds better minima than 
vanilla gradient descent 
• Why? Possibly because it does a better job skipping past plateaus in loss landscape

<latexit sha1_base64="BnG2oFXYTa/9OoG7ThqBxvuWo84="></latexit>

✓(i+1) = ✓(i) � ↵ ⇤ @L

@✓
(✓(i))
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Backpropagation
One efficient way to calculate the gradient is with backpropagation. 
Leverages the Chain Rule: 

<latexit sha1_base64="Ssu9sNrYtK9rqv/0KOgdWyohH64=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQhJKIr41QdOOygn1AG8pkMmmHTh7MQwwhH+HGX3HjQhG3Ltz5N07TCLX1wMC559zLnXvcmFEhLevbKC0sLi2vlFcra+sbm1vm9k5LRIpj0sQRi3jHRYIwGpKmpJKRTswJClxG2u7oeuy37wkXNArvZBITJ0CDkPoUI6mlvnnU8znCqZdkqfeQwUs4Vavst1K52zerVs3KAeeJXZAqKNDom189L8IqIKHEDAnRta1YOinikmJGskpPCRIjPEID0tU0RAERTpoflcEDrXjQj7h+oYS5Oj2RokCIJHB1Z4DkUMx6Y/E/r6ukf+GkNIyVJCGeLPIVgzKC44SgRznBkiWaIMyp/ivEQ6RzkDrHig7Bnj15nrSOa/ZZ7fT2pFq/KuIogz2wDw6BDc5BHdyABmgCDB7BM3gFb8aT8WK8Gx+T1pJRzOyCPzA+fwCoB5/c</latexit>

dy

dx
=

dy

du

du

dx

2. Calculate Loss
<latexit sha1_base64="JBCjza+kTAxS7kCJrgmLHx0JF4s=">AAAB9HicbVDJSgNBEK1xjXGLevTSGIQIEmbE7Rj04sFDBLNAMoSeTidp0rPYXRMYhnyHFw+KePVjvPk3dpI5aOKDgsd7VVTV8yIpNNr2t7W0vLK6tp7byG9ube/sFvb26zqMFeM1FspQNT2quRQBr6FAyZuR4tT3JG94w9uJ3xhxpUUYPGIScden/UD0BKNoJPe+lJyS9oBimoxPOoWiXbanIIvEyUgRMlQ7ha92N2SxzwNkkmrdcuwI3ZQqFEzycb4dax5RNqR93jI0oD7Xbjo9ekyOjdIlvVCZCpBM1d8TKfW1TnzPdPoUB3rem4j/ea0Ye9duKoIoRh6w2aJeLAmGZJIA6QrFGcrEEMqUMLcSNqCKMjQ55U0IzvzLi6R+VnYuyxcP58XKTRZHDg7hCErgwBVU4A6qUAMGT/AMr/BmjawX6936mLUuWdnMAfyB9fkDuwyRcg==</latexit>

L(y, ŷ)

1. Forward Pass
<latexit sha1_base64="vJRL+qdbJplsKaChHjhD1lkzrRE="></latexit>

h1 = W1x+ b2

h2 = �(h1)

ŷ = W2h2 + b2

3. Backwards Pass 
Calculate the gradient  
of the loss w.r.t. each 
parameter using the chain 
rule and intermediate outputs
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Backpropagation

3. Backwards Pass
<latexit sha1_base64="Tu4zjq8SZUrTccCBq8GApHXgNww="></latexit>

�ŷ :=
@L

@ŷ

@L

@W2
=

@L

@ŷ
· @ŷ

@W2
=

@L

@ŷ
· @(W2h2 + b2)

@W2
= �ŷ · hT

2

@L

@b2
=

@L

@ŷ
· @ŷ

@b2
=

@L

@ŷ
· @(W2h2 + b2)

@b2
= �ŷ

�h2 :=
@L

@h2
=

@L

@ŷ
· @ŷ

@h2
=

@L

@ŷ
· @(W2h2 + b2)

@h2
= �ŷ ·WT

2

�h1 :=
@L

@h1
=

@L

@h2
· @h2

@h1
= �h2 ·

@�(h1)

@h1

@L

@W1
=

@L

@h1
· @h1

@W1
= �h1 ·

@(W1x+ b)

@W1
= �h1 · xT

@L

@b1
=

@L

@h1
· @h1

@b1
= �h1 ·

@(W1x+ b)

@b1
= �h1

(Long, messy exact derivation below)

<latexit sha1_base64="Ssu9sNrYtK9rqv/0KOgdWyohH64=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQhJKIr41QdOOygn1AG8pkMmmHTh7MQwwhH+HGX3HjQhG3Ltz5N07TCLX1wMC559zLnXvcmFEhLevbKC0sLi2vlFcra+sbm1vm9k5LRIpj0sQRi3jHRYIwGpKmpJKRTswJClxG2u7oeuy37wkXNArvZBITJ0CDkPoUI6mlvnnU8znCqZdkqfeQwUs4Vavst1K52zerVs3KAeeJXZAqKNDom189L8IqIKHEDAnRta1YOinikmJGskpPCRIjPEID0tU0RAERTpoflcEDrXjQj7h+oYS5Oj2RokCIJHB1Z4DkUMx6Y/E/r6ukf+GkNIyVJCGeLPIVgzKC44SgRznBkiWaIMyp/ivEQ6RzkDrHig7Bnj15nrSOa/ZZ7fT2pFq/KuIogz2wDw6BDc5BHdyABmgCDB7BM3gFb8aT8WK8Gx+T1pJRzOyCPzA+fwCoB5/c</latexit>

dy

dx
=

dy

du

du

dx

1. Forward Pass
<latexit sha1_base64="vJRL+qdbJplsKaChHjhD1lkzrRE="></latexit>

h1 = W1x+ b2

h2 = �(h1)

ŷ = W2h2 + b2

2. Calculate Loss
<latexit sha1_base64="JBCjza+kTAxS7kCJrgmLHx0JF4s=">AAAB9HicbVDJSgNBEK1xjXGLevTSGIQIEmbE7Rj04sFDBLNAMoSeTidp0rPYXRMYhnyHFw+KePVjvPk3dpI5aOKDgsd7VVTV8yIpNNr2t7W0vLK6tp7byG9ube/sFvb26zqMFeM1FspQNT2quRQBr6FAyZuR4tT3JG94w9uJ3xhxpUUYPGIScden/UD0BKNoJPe+lJyS9oBimoxPOoWiXbanIIvEyUgRMlQ7ha92N2SxzwNkkmrdcuwI3ZQqFEzycb4dax5RNqR93jI0oD7Xbjo9ekyOjdIlvVCZCpBM1d8TKfW1TnzPdPoUB3rem4j/ea0Ye9duKoIoRh6w2aJeLAmGZJIA6QrFGcrEEMqUMLcSNqCKMjQ55U0IzvzLi6R+VnYuyxcP58XKTRZHDg7hCErgwBVU4A6qUAMGT/AMr/BmjawX6936mLUuWdnMAfyB9fkDuwyRcg==</latexit>

L(y, ŷ)
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Classification with deep learning

• For classification problems (like next word-prediction…) we want to 
predict a probability distribution over the label space 

• However, neural networks’ output  is not guaranteed (or likely) to 
be a probability distribution 

• To force the output to be a probability distribution, we apply the 
softmax function  

 
• The values  before applying the softmax are often called “logits”

<latexit sha1_base64="1wkcrsS56MDYhSZq3fEJyaLZzOw=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgXmMFC2NB9CE1pXJcp7XqOJHtIKIov8LCAEKs/Agbf4PTdoDCkSwdnXOv7vHxY86Udpwvq7S0vLK6Vl6vbGxube/Yu9W2ihJJaItEPJJdHyvKmaAtzTSn3VhSHPqcdvzJVeF3HqhULBJ3Oo1pP8QjwQJGsDbSwK6myGMCeSHWY9/PbvP74cCuOXVnCvSXuHNSgzmaA/vTG0YkCanQhGOleq4T636GpWaE07ziJYrGmEzwiPYMFTikqp9Ns+fo0ChDFETSPKHRVP25keFQqTT0zWSRUS16hfif10t0cNHPmIgTTQWZHQoSjnSEiiLQkElKNE8NwUQykxWRMZaYaFNXxZTgLn75L2kf192z+unNSa1xOa+jDPtwAEfgwjk04Bqa0AICj/AEL/Bq5daz9Wa9z0ZL1nxnD37B+vgGlXKUKw==</latexit>

y 2 Rd

<latexit sha1_base64="HF0JmxyJbvmDVBKrFChTqZPF5II="></latexit>

softmax(y)i =
exp(yi)Pd
j=1 exp(yj)

<latexit sha1_base64="tmEvmksfb9cWDAa5xB1ckWUhUbQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVx71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH6v2NBw==</latexit>y
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Language modeling with neural networks: RNNs
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Inputs/Outputs

• Input: sequences of words (or tokens) 
• Output: probability distribution over the next word (token) 

START I went to the park . STOP

Neural Network

The 3
When 2.5%
They 2%

… …
I 1%

… …
Banana 0.1%

think 11%
was 5%
went 2%
am 1%
will 1%
like 0.5%
… …

to 35%
back 8%
into 5%

through 4%
out 3%
on 2%
… …%

the 29%
a 9%

see 5%
my 3%
bed 2%

school 1%
… …

bathroo
m

3%
doctor 2%

%hospita
l

2%
store 1.5%

… …
park 0.5%
… …

and 14%
with 9

, 8%
to 7%
… …
. 6%

… …

I 21%
It 6

The 3%
There 3%

… …
STOP 1%

… …

<latexit sha1_base64="MftO+SMqnPwqfD2tsYonKEJyGUQ=">AAAB+nicbVDLTsJAFJ36RHwVXbppJCa4Ia3xtUTduETllUBDpsMUJkynzcytQgqf4saFxrj1S9z5Nw7QhYInucnJOffm3nu8iDMFtv1tLC2vrK6tZzaym1vbO7tmbq+mwlgSWiUhD2XDw4pyJmgVGHDaiCTFgcdp3evfTPz6I5WKhaICw4i6Ae4K5jOCQUttMxcVBqMW0AEkD5Wr+8r4uG3m7aI9hbVInJTkUYpy2/xqdUISB1QA4VippmNH4CZYAiOcjrOtWNEIkz7u0qamAgdUucn09LF1pJWO5YdSlwBrqv6eSHCg1DDwdGeAoafmvYn4n9eMwb90EyaiGKggs0V+zC0IrUkOVodJSoAPNcFEMn2rRXpYYgI6rawOwZl/eZHUTorOefHs7jRfuk7jyKADdIgKyEEXqIRuURlVEUFP6Bm9ojdjZLwY78bHrHXJSGf20R8Ynz/UPJO7</latexit>

p(x|START)
<latexit sha1_base64="WcUxOGfkP4cx+E9QpV1PwAaAgeg=">AAAB/HicbVDJTgJBEO1xRdxGOXrpSEzwQmaM2xH1ojdUtgQmpKfpgQ49S7prDGTEX/HiQWO8+iHe/BsbmIOCL6nk5b2qVNVzI8EVWNa3sbC4tLyymlnLrm9sbm2bO7s1FcaSsioNRSgbLlFM8IBVgYNgjUgy4ruC1d3+1divPzCpeBhUYBgxxyfdgHucEtBS28xFhcFjC9gAkvvKxV0F34wO22beKloT4HlipySPUpTb5lerE9LYZwFQQZRq2lYETkIkcCrYKNuKFYsI7ZMua2oaEJ8pJ5kcP8IHWulgL5S6AsAT9fdEQnylhr6rO30CPTXrjcX/vGYM3rmT8CCKgQV0usiLBYYQj5PAHS4ZBTHUhFDJ9a2Y9ogkFHReWR2CPfvyPKkdFe3T4sntcb50mcaRQXtoHxWQjc5QCV2jMqoiioboGb2iN+PJeDHejY9p64KRzuTQHxifP8oVlDg=</latexit>

p(x|START I)
<latexit sha1_base64="LRjKiWw0jRv+buME4YuEQgqShlY=">AAACAXicbVDJSgNBFOyJW4zbqBfBS2MQ4iXMiNsx6MVjBLNAZgg9PT1Jk56F7jeaMMaLv+LFgyJe/Qtv/o2d5aCJBQ1F1Stev/ISwRVY1reRW1hcWl7JrxbW1jc2t8ztnbqKU0lZjcYilk2PKCZ4xGrAQbBmIhkJPcEaXu9q5DfumFQ8jm5hkDA3JJ2IB5wS0FLb3EtK/QfsUD8GhR1gfcjuWQTDo7ZZtMrWGHie2FNSRFNU2+aX48c0DXWaCqJUy7YScDMigVPBhgUnVSwhtEc6rKVpREKm3Gx8wRAfasXHQSz1iwCP1d+JjIRKDUJPT4YEumrWG4n/ea0Uggs341GSAovoZFGQCgwxHtWBfS4ZBTHQhFDJ9V8x7RJJKOjSCroEe/bkeVI/Lttn5dObk2LlclpHHu2jA1RCNjpHFXSNqqiGKHpEz+gVvRlPxovxbnxMRnPGNLOL/sD4/AFzzZbq</latexit>

p(x| · · ·went)
<latexit sha1_base64="67dkCAqZgv/VHFmTH8BhrvEriJg=">AAACAHicbVDJTgJBEO3BDXFDPXjw0pGY4IXMGLcj0YtHTGRJGEJ6mgI69CzprjGQkYu/4sWDxnj1M7z5NzYwBwVfUsnLe1WpqudFUmi07W8rs7S8srqWXc9tbG5t7+R392o6jBWHKg9lqBoe0yBFAFUUKKERKWC+J6HuDW4mfv0BlBZhcI+jCFo+6wWiKzhDI7XzB1Fx+Ehd3glRUxdhiAn2YXzSzhfskj0FXSROSgokRaWd/3I7IY99CJBLpnXTsSNsJUyh4BLGOTfWEDE+YD1oGhowH3QrmT4wpsdG6dBuqEwFSKfq74mE+VqPfM90+gz7et6biP95zRi7V61EBFGMEPDZom4sKYZ0kgbtCAUc5cgQxpUwt1LeZ4pxNJnlTAjO/MuLpHZaci5K53dnhfJ1GkeWHJIjUiQOuSRlcksqpEo4GZNn8krerCfrxXq3PmatGSud2Sd/YH3+AIfzlmM=</latexit>

p(x| · · · the)
<latexit sha1_base64="rGCue0TUWf3/AXEt1i3jVqq9cWE=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAYhXsKMuB2DXjxGMAskQ+jp6SRNerqH7hpJmOTgr3jxoIhXf8Obf2NnOWjig4LHe1VU1QtiwQ247reztLyyurae2chubm3v7Ob29qtGJZqyClVC6XpADBNcsgpwEKwea0aiQLBa0Lsd+7VHpg1X8gEGMfMj0pG8zSkBK7Vyh3GhP8RNGiowuAmsDymo0Wkrl3eL7gR4kXgzkkczlFu5r2aoaBIxCVQQYxqeG4OfEg2cCjbKNhPDYkJ7pMMalkoSMeOnk/tH+MQqIW4rbUsCnqi/J1ISGTOIAtsZEeiaeW8s/uc1Emhf+ymXcQJM0umidiIwKDwOA4dcMwpiYAmhmttbMe0STSjYyLI2BG/+5UVSPSt6l8WL+/N86WYWRwYdoWNUQB66QiV0h8qogigaomf0it6cJ+fFeXc+pq1LzmzmAP2B8/kDy8aV+w==</latexit>

p(x| · · · to)
<latexit sha1_base64="lCxZUSI2bDJyt4tQii3hgQuEeiE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSxC3ZREfC2LblxWsA9oQplMJu3QyYOZG2mJdeOvuHGhiFv/wp1/47TNQlsPXDiccy/33uMlgiuwrG9jYXFpeWW1sFZc39jc2jZ3dhsqTiVldRqLWLY8opjgEasDB8FaiWQk9ARrev3rsd+8Z1LxOLqDYcLckHQjHnBKQEsdcz8pDx6wQ/0YFHaADSBLiOyPjjtmyapYE+B5YuekhHLUOuaX48c0DVkEVBCl2raVgJsRCZwKNio6qWIJoX3SZW1NIxIy5WaTD0b4SCs+DmKpKwI8UX9PZCRUahh6ujMk0FOz3lj8z2unEFy6GY+SFFhEp4uCVGCI8TgO7HPJKIihJoRKrm/FtEckoaBDK+oQ7NmX50njpGKfV85uT0vVqzyOAjpAh6iMbHSBqugG1VAdUfSIntErejOejBfj3fiYti4Y+cwe+gPj8wdbVJba</latexit>

p(x| · · · park)
<latexit sha1_base64="MUKBCiIEN6kov3qjSDDj2XGDctE=">AAACDnicbVC5TgMxEPVyhnAtUNJYREihiXYRVxmggS5ADqQkirzOhFjxHrJnIdGSL6DhV2goQIiWmo6/wTkKIDzJ0tN7M+OZ50VSaHScL2tqemZ2bj61kF5cWl5ZtdfWyzqMFYcSD2Worj2mQYoASihQwnWkgPmehIrXOR34lVtQWoRBEXsR1H12E4iW4AyN1LC3o2z3vobQxeSqeHxZpOf0DgKkGFJsA42Y6uT6Ow074+ScIegkccckQ8YoNOzPWjPksW9Gccm0rrpOhPWEKRRcQj9dizVEjHfYDVQNDZgPup4Mz+nTbaM0aStU5plVhurPjoT5Wvd8z1T6DNv6rzcQ//OqMbaO6okIohgh4KOPWrEcHmuyoU2hgKPsGcK4EmZXyttMMY4mwbQJwf178iQp7+bcg9z+xV4mfzKOI0U2yRbJEpcckjw5IwVSIpw8kCfyQl6tR+vZerPeR6VT1rhng/yC9fENjmebKg==</latexit>

p(x|START I went to the park.)
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Neural language models
But neural networks take in real-valued vectors, not words… 
• Use one-hot or learned embeddings to map from words to vectors! 

• Learned embeddings become part of parameters  
Neural networks output vectors, not probability distributions… 
• Apply the softmax to the outputs! 
• What should the size of our output distribution be? 

• Same size as our vocabulary  
Don’t neural networks need a fixed-size vector as input? And isn’t text 
variable length? 
• Ideas?

<latexit sha1_base64="RnyzIg4Iy64zhhoBANN9EcBOI5Y=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmY2Z1lplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6rF/fnldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKc3jzI=</latexit>

✓

<latexit sha1_base64="f0Eq4chOXdaCL4akh6X1BvQxXWM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqy6LblxWsA9oQ5lMJ+3QySTMTISa9kvcuFDErZ/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrW9sbhW3Szu7e/tl++CwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fJv57UcqFYvEg57E1AvxULCAEayN1LfLU9QLsR4RzNPWDE37dsWpOnOgVeLmpAI5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnQefoVOjDFAQSfOERnP190aKQ6UmoW8ms5Bq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpaQAMmKdF8YggmkpmsiIywxESbrkqmBHf5y6ukdV51L6u1+4tK/SavowjHcAJn4MIV1OEOGtAEAgk8wyu8WU/Wi/VufSxGC1a+cwR/YH3+AIm1kwc=</latexit>

|V|



Lecture 4: Embeddings and RNNs44

Sliding window
Don’t neural networks need a fixed-size vector as input? And isn’t text 
variable length? 
Idea 1: Sliding window of size N 
• Cannot look more than N words back 
• Basically, neural approximation of an N-gram model

START I went to the park . STOP

Neural Network

Neural Network

…
<latexit sha1_base64="/8JAjGu+tCoQUAxCv5n3FGZA9U8=">AAACAXicbVC5TgMxFPRyhnAt0CDRWERIoYl2EVcZoIEuQC4pWUVex5tY8R6y30KiJTT8Cg0FCNHyF3T8Dc5RQMJIlkYzb/T8xo0EV2BZ38bM7Nz8wmJqKb28srq2bm5sllUYS8pKNBShrLpEMcEDVgIOglUjyYjvClZxOxcDv3LHpOJhUIRexByftALucUpASw1zO8p2H+rAupDcFs9uivgK37MA+vsNM2PlrCHwNLHHJIPGKDTMr3ozpLGv01QQpWq2FYGTEAmcCtZP12PFIkI7pMVqmgbEZ8pJhhf08Z5WmtgLpX4B4KH6O5EQX6me7+pJn0BbTXoD8T+vFoN36iQ8iGJgAR0t8mKBIcSDOnCTS0ZB9DQhVHL9V0zbRBIKurS0LsGePHmalA9y9nHu6Powkz8f15FCO2gXZZGNTlAeXaICKiGKHtEzekVvxpPxYrwbH6PRGWOc2UJ/YHz+AH4Ulkg=</latexit>

p(x|START I went)

<latexit sha1_base64="RG+GOvxWO54qdcGVhJrhpItlZzk=">AAAB/nicbVDJSgNBFHwTtxi3UfHkZTAI8RJmxO0Y9KK3CGaBZAg9nZ6kSc9C9xtNGAP+ihcPinj1O7z5N3aWgyYWNBT1lq5XXiy4Qtv+NjILi0vLK9nV3Nr6xuaWub1TVVEiKavQSESy7hHFBA9ZBTkKVo8lI4EnWM3rXY3qtXsmFY/COxzEzA1IJ+Q+pwS11DL34kL/sYmsj+mN9cBCtDAaHrXMvF20x7DmiTMleZii3DK/mu2IJoFeQAVRquHYMbopkcipYMNcM1EsJrRHOqyhaUgCptx0bH9oHWqlbfmR1E8bGKu/J1ISKDUIPN0ZEOyq2dpI/K/WSNC/cFMexgmykE4+8hOhT7RGWVhtLhlFMdCEUMm1V4t2iSQUdWI5HYIze/I8qR4XnbPi6e1JvnQ5jSML+3AABXDgHEpwDWWoAIUUnuEV3own48V4Nz4mrRljOrMLf2B8/gD14JV/</latexit>

p(x|I went to)

<latexit sha1_base64="028MYg5i4tDwn1hUthyUoNytvB0=">AAAB/nicbVDJSgNBEO2JW4xbVDx5aQxCvIQZcTsGvXiMYBZIhtDTqSRNeha6ayRhDPgrXjwo4tXv8Obf2EnmoIkPCh7vVVFVz4uk0Gjb31ZmaXlldS27ntvY3Nreye/u1XQYKw5VHspQNTymQYoAqihQQiNSwHxPQt0b3Ez8+gMoLcLgHkcRuD7rBaIrOEMjtfMHUXH42EIYYoJ9oBFTg9L4pJ0v2CV7CrpInJQUSIpKO//V6oQ89iFALpnWTceO0E2YQsEljHOtWEPE+ID1oGlowHzQbjI9f0yPjdKh3VCZCpBO1d8TCfO1Hvme6fQZ9vW8NxH/85oxdq/cRARRjBDw2aJuLCmGdJIF7QgFHOXIEMaVMLdS3meKcTSJ5UwIzvzLi6R2WnIuSud3Z4XydRpHlhySI1IkDrkkZXJLKqRKOEnIM3klb9aT9WK9Wx+z1oyVzuyTP7A+fwAU1pWS</latexit>

p(x|the park.)

Neural Network



<latexit sha1_base64="MftO+SMqnPwqfD2tsYonKEJyGUQ=">AAAB+nicbVDLTsJAFJ36RHwVXbppJCa4Ia3xtUTduETllUBDpsMUJkynzcytQgqf4saFxrj1S9z5Nw7QhYInucnJOffm3nu8iDMFtv1tLC2vrK6tZzaym1vbO7tmbq+mwlgSWiUhD2XDw4pyJmgVGHDaiCTFgcdp3evfTPz6I5WKhaICw4i6Ae4K5jOCQUttMxcVBqMW0AEkD5Wr+8r4uG3m7aI9hbVInJTkUYpy2/xqdUISB1QA4VippmNH4CZYAiOcjrOtWNEIkz7u0qamAgdUucn09LF1pJWO5YdSlwBrqv6eSHCg1DDwdGeAoafmvYn4n9eMwb90EyaiGKggs0V+zC0IrUkOVodJSoAPNcFEMn2rRXpYYgI6rawOwZl/eZHUTorOefHs7jRfuk7jyKADdIgKyEEXqIRuURlVEUFP6Bm9ojdjZLwY78bHrHXJSGf20R8Ynz/UPJO7</latexit>

p(x|START)
<latexit sha1_base64="WcUxOGfkP4cx+E9QpV1PwAaAgeg=">AAAB/HicbVDJTgJBEO1xRdxGOXrpSEzwQmaM2xH1ojdUtgQmpKfpgQ49S7prDGTEX/HiQWO8+iHe/BsbmIOCL6nk5b2qVNVzI8EVWNa3sbC4tLyymlnLrm9sbm2bO7s1FcaSsioNRSgbLlFM8IBVgYNgjUgy4ruC1d3+1divPzCpeBhUYBgxxyfdgHucEtBS28xFhcFjC9gAkvvKxV0F34wO22beKloT4HlipySPUpTb5lerE9LYZwFQQZRq2lYETkIkcCrYKNuKFYsI7ZMua2oaEJ8pJ5kcP8IHWulgL5S6AsAT9fdEQnylhr6rO30CPTXrjcX/vGYM3rmT8CCKgQV0usiLBYYQj5PAHS4ZBTHUhFDJ9a2Y9ogkFHReWR2CPfvyPKkdFe3T4sntcb50mcaRQXtoHxWQjc5QCV2jMqoiioboGb2iN+PJeDHejY9p64KRzuTQHxifP8oVlDg=</latexit>

p(x|START I)
<latexit sha1_base64="MUKBCiIEN6kov3qjSDDj2XGDctE=">AAACDnicbVC5TgMxEPVyhnAtUNJYREihiXYRVxmggS5ADqQkirzOhFjxHrJnIdGSL6DhV2goQIiWmo6/wTkKIDzJ0tN7M+OZ50VSaHScL2tqemZ2bj61kF5cWl5ZtdfWyzqMFYcSD2Worj2mQYoASihQwnWkgPmehIrXOR34lVtQWoRBEXsR1H12E4iW4AyN1LC3o2z3vobQxeSqeHxZpOf0DgKkGFJsA42Y6uT6Ow074+ScIegkccckQ8YoNOzPWjPksW9Gccm0rrpOhPWEKRRcQj9dizVEjHfYDVQNDZgPup4Mz+nTbaM0aStU5plVhurPjoT5Wvd8z1T6DNv6rzcQ//OqMbaO6okIohgh4KOPWrEcHmuyoU2hgKPsGcK4EmZXyttMMY4mwbQJwf178iQp7+bcg9z+xV4mfzKOI0U2yRbJEpcckjw5IwVSIpw8kCfyQl6tR+vZerPeR6VT1rhng/yC9fENjmebKg==</latexit>

p(x|START I went to the park.)<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · · <latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·

START I went to the park . STOP

<latexit sha1_base64="+apeH9ipiz9IiZQJUuITiDzB5rY=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFKni/CEGZ0Me26vXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTd DPmEbBJUxK3dRAwviIDaBjqWIRGD+bnTyhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR/2hcaOMqxJYxrYW+lfMg042hTKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4SQmz+SVvDnovDjvzse8teDkM4fkD5zPHxR0kSI=</latexit>

h0
<latexit sha1_base64="Zi3ZS9qNul1uBq/jW8BOSJwALqI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFKni/CEGZ0Me16vXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTdDPmEbBJUxK3dRAwviIDaBjqWIRGD+bnTyhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR/2hcaOMqxJYxrYW+lfMg042hTKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4SQmz+SVvDnovDjvzse8teDkM4fkD5zPHxX4kSM=</latexit>

h1
<latexit sha1_base64="KJjiEXDY3ZxmCM+35t8fSPVQcMY=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGCecBmCbOTSTJkdnaZ6RXDks/w4kERr36NN//GSbIHTSxoKKq66e4KEykMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3Q2q4FIo3UKDk7URzGoWSt8LR7dRvPXJtRKwecJzwIKIDJfqCUbSS30H+hBmZDLvVbqnsVtwZyDLxclKGHPVu6avTi1kacYVMUmN8z00wyKhGwSSfFDup4QllIzrgvqWKRtwE2ezkCTm1So/0Y21LIZmpvycyGhkzjkLbGVEcmkVvKv7n+Sn2r4NMqCRFrth8UT+VBGMy/Z/0hOYM5dgSyrSwtxI2pJoytCkVbQje4svLpFmteJeVi/vzcu0mj6MAx3ACZ+DBFdTgDurQAAYxPMMrvDnovDjvzse8dcXJZ47gD5zPHxd8kSQ=</latexit>

h2
<latexit sha1_base64="iXCJF6D52UzW6Z8T26ryxwHAEmI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKez6Pga9eIxgHrBZwuykkwyZnV1mesWw5DO8eFDEq1/jzb9xkuxBowUNRVU33V1hIoVB1/1yCkvLK6trxfXSxubW9k55d69p4lRzaPBYxrodMgNSKGigQAntRAOLQgmtcHQz9VsPoI2I1T2OEwgiNlCiLzhDK/kdhEfM6GTYPe2WK27VnYH+JV5OKiRHvVv+7PRinkagkEtmjO+5CQYZ0yi4hEmpkxpIGB+xAfiWKhaBCbLZyRN6ZJUe7cfalkI6U39OZCwyZhyFtjNiODSL3lT8z/NT7F8FmVBJiqD4fFE/lRRjOv2f9oQGjnJsCeNa2FspHzLNONqUSjYEb/Hlv6R5UvUuqud3Z5XadR5HkRyQQ3JMPHJJauSW1EmDcBKTJ/JCXh10np03533eWnDymX3yC87HNxkAkSU=</latexit>

h3
<latexit sha1_base64="YWbATA5wr23ltlRG6j6j0HjzKUk=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gGbJcxOJsmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Wj26nfeuTaiFg94DjhQUQHSvQFo2glv4P8CTMyGXbPu+WKW3VnIMvEy0kFctS75a9OL2ZpxBUySY3xPTfBIKMaBZN8UuqkhieUjeiA+5YqGnETZLOTJ+TEKj3Sj7UthWSm/p7IaGTMOAptZ0RxaBa9qfif56fYvw4yoZIUuWLzRf1UEozJ9H/SE5ozlGNLKNPC3krYkGrK0KZUsiF4iy8vk+ZZ1busXtyfV2o3eRxFOIJjOAUPrqAGd1CHBjCI4Rle4c1B58V5dz7mrQUnnzmEP3A+fwAahJEm</latexit>

h4
<latexit sha1_base64="2ejGC9CK3NtellZtCErdy0LGgCs=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolY9Vj04rGC/YA2lM120y7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0O/Vbj1wboeIHHCfcj+ggFqFgFK3U6SJ/woxMhr1qr1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7OTJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1WqvcX5dpNHkcBjuEEzsCDK6jBHdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPHxwIkSc=</latexit>

h5
<latexit sha1_base64="oiKwQiCqod9tkHCuqEqDt5XJ5F4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4Komo9Vj04rGC/YA2lM120y7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0O/Vbj1wboeIHHCfcj+ggFqFgFK3U6SJ/woxMhr1qr1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7OTJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1VLu8vyrWbPI4CHMMJnIEHVajBHdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPHx8QkSk=</latexit>

h7
<latexit sha1_base64="CbsNCfKL0Vz0lvLVFSQI1k+U64A=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hV3xkWPQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxjdTv3WI2gjYvWA4wT8iA2UCAVnaKVOF+EJMzoZ9qq9UtmtuDPQZeLlpExy1Hulr24/5mkECrlkxnQ8N0E/YxoFlzApdlMDCeMjNoCOpYpFYPxsdvKEnlqlT8NY21JIZ+rviYxFxoyjwHZGDIdm0ZuK/3mdFMOqnwmVpAiKzxeFqaQY0+n/tC80cJRjSxjXwt5K+ZBpxtGmVLQheIsvL5PmecW7qlzeX5RrN3kcBXJMTsgZ8cg1qZE7UicNwklMnskreXPQeXHenY9564qTzxyRP3A+fwAglJEq</latexit>

h8RNN RNN RNN RNN RNN RNN RNN RNN

Lecture 4: Embeddings and RNNs45

Recurrent neural networks
Idea 2: Recurrent Neural Networks (RNNs) 
Essential components: 
• One network is applied recursively to the sequence 
• Inputs: previous hidden state , observation  
• Outputs: next hidden state , (optionally) output  
• Memory about history is passed through hidden states

<latexit sha1_base64="6s4wtx19wKJ3l0Luz3D8OMJGBrg=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwY0nE17LoxmUF+4A2hMl00g6dTMLMTbGE/IkbF4q49U/c+TdO2yy09cCFwzn3cu89QSK4Bsf5tkorq2vrG+XNytb2zu6evX/Q0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2M7qZ+e8yU5rF8hEnCvIgMJA85JWAk37Z7wJ4gwzgf+hmcublvV52aMwNeJm5BqqhAw7e/ev2YphGTQAXRuus6CXgZUcCpYHmll2qWEDoiA9Y1VJKIaS+bXZ7jE6P0cRgrUxLwTP09kZFI60kUmM6IwFAvelPxP6+bQnjjZVwmKTBJ54vCVGCI8TQG3OeKURATQwhV3NyK6ZAoQsGEVTEhuIsvL5PWec29ql0+XFTrt0UcZXSEjtEpctE1qqN71EBNRNEYPaNX9GZl1ov1bn3MW0tWMXOI/sD6/AH62JM/</latexit>

ht�1
<latexit sha1_base64="o9UNsoOAgncWYzMvqd8qSmfUt0I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcMSz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJFIYdN0vp7C0vLK6VlwvbWxube+Ud/eaJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR9dRvPXBtRKzucZxwP6IDJULBKFrp7rGHvXLFrbozkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn81OnZAjq/RJGGtbCslM/TmR0ciYcRTYzoji0Cx6U/E/r5NieOlnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTsiF4iy//Jc2TqndePbs9rdSu8jiKcACHcAweXEANbqAODWAwgCd4gVdHOs/Om/M+by04+cw+/ILz8Q10fI3t</latexit>xt

<latexit sha1_base64="0BOSFLVX0uBdychWteQUx/nIHrc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSw7CHvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBcHI3d</latexit>

ht
<latexit sha1_base64="N7/vLpdBdjjgswC9tl/BHNibaUg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSw7iHvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gB2Ao3u</latexit>yt



Lecture 4: Embeddings and RNNs46

Example RNN

START

RNN
<latexit sha1_base64="+apeH9ipiz9IiZQJUuITiDzB5rY=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFKni/CEGZ0Me26vXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTdDPmEbBJUxK3dRAwviIDaBjqWIRGD+bnTyhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR/2hcaOMqxJYxrYW+lfMg042hTKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4SQmz+SVvDnovDjvzse8teDkM4fkD5zPHxR0kSI=</latexit>

h0

I

<latexit sha1_base64="0BOSFLVX0uBdychWteQUx/nIHrc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSw7CHvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBcHI3d</latexit>

ht

<latexit sha1_base64="MftO+SMqnPwqfD2tsYonKEJyGUQ=">AAAB+nicbVDLTsJAFJ36RHwVXbppJCa4Ia3xtUTduETllUBDpsMUJkynzcytQgqf4saFxrj1S9z5Nw7QhYInucnJOffm3nu8iDMFtv1tLC2vrK6tZzaym1vbO7tmbq+mwlgSWiUhD2XDw4pyJmgVGHDaiCTFgcdp3evfTPz6I5WKhaICw4i6Ae4K5jOCQUttMxcVBqMW0AEkD5Wr+8r4uG3m7aI9hbVInJTkUYpy2/xqdUISB1QA4VippmNH4CZYAiOcjrOtWNEIkz7u0qamAgdUucn09LF1pJWO5YdSlwBrqv6eSHCg1DDwdGeAoafmvYn4n9eMwb90EyaiGKggs0V+zC0IrUkOVodJSoAPNcFEMn2rRXpYYgI6rawOwZl/eZHUTorOefHs7jRfuk7jyKADdIgKyEEXqIRuURlVEUFP6Bm9ojdjZLwY78bHrHXJSGf20R8Ynz/UPJO7</latexit>

p(x|START)

<latexit sha1_base64="WcUxOGfkP4cx+E9QpV1PwAaAgeg=">AAAB/HicbVDJTgJBEO1xRdxGOXrpSEzwQmaM2xH1ojdUtgQmpKfpgQ49S7prDGTEX/HiQWO8+iHe/BsbmIOCL6nk5b2qVNVzI8EVWNa3sbC4tLyymlnLrm9sbm2bO7s1FcaSsioNRSgbLlFM8IBVgYNgjUgy4ruC1d3+1divPzCpeBhUYBgxxyfdgHucEtBS28xFhcFjC9gAkvvKxV0F34wO22beKloT4HlipySPUpTb5lerE9LYZwFQQZRq2lYETkIkcCrYKNuKFYsI7ZMua2oaEJ8pJ5kcP8IHWulgL5S6AsAT9fdEQnylhr6rO30CPTXrjcX/vGYM3rmT8CCKgQV0usiLBYYQj5PAHS4ZBTHUhFDJ9a2Y9ogkFHReWR2CPfvyPKkdFe3T4sntcb50mcaRQXtoHxWQjc5QCV2jMqoiioboGb2iN+PJeDHejY9p64KRzuTQHxifP8oVlDg=</latexit>

p(x|START I)

<latexit sha1_base64="dcj0kWGbPnJrf2L9jCtOZGC/ki4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4jmAckS5idzCZDZmeXmV4hLPkILx4U8er3ePNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWM7qZ+64lrI2L1iOOE+xEdKBEKRtFKrWEvwzNv0itX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx27oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwxs/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahkg3BW3x5mTTPq95V9fLholK7zeMowhEcwyl4cA01uIc6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx/9LY9b</latexit>

ht�1

<latexit sha1_base64="o9UNsoOAgncWYzMvqd8qSmfUt0I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcMSz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJFIYdN0vp7C0vLK6VlwvbWxube+Ud/eaJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR9dRvPXBtRKzucZxwP6IDJULBKFrp7rGHvXLFrbozkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn81OnZAjq/RJGGtbCslM/TmR0ciYcRTYzoji0Cx6U/E/r5NieOlnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTsiF4iy//Jc2TqndePbs9rdSu8jiKcACHcAweXEANbqAODWAwgCd4gVdHOs/Om/M+by04+cw+/ILz8Q10fI3t</latexit>xt

Embedding

<latexit sha1_base64="aRlxUI9kBYjOyovoXz9dq9KOCss=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSyJeFsW3bisYNpCG8JkOmmGTi7MnIgldOHGV3HjQhG3PoQ738Zpm4W2/jDwzX/OYeb8fiq4Asv6NhYWl5ZXVktr5fWNza1tc2e3qZJMUubQRCSy7RPFBI+ZAxwEa6eSkcgXrOUPrsf11j2TiifxHQxT5kakH/OAUwLa8sxKywvxgwf4CDuaQi+HY3ukb74XembVqlkT4XmwC6iiQg3P/Or2EppFLAYqiFId20rBzYkETgUblbuZYimhA9JnHY0xiZhy88kSI3ygnR4OEqlPDHji/p7ISaTUMPJ1Z0QgVLO1sflfrZNBcOnmPE4zYDGdPhRkAkOCx4ngHpeMghhqIFRy/VdMQyIJBZ1bWYdgz648D82Tmn1eO7s9rdavijhKqIL20SGy0QWqoxvUQA6i6BE9o1f0ZjwZL8a78TFtXTCKmT30R8bnD345lhg=</latexit>

Whxt + Uhht�1 + bh

<latexit sha1_base64="0BOSFLVX0uBdychWteQUx/nIHrc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSw7CHvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBcHI3d</latexit>

ht

<latexit sha1_base64="YRa9Pz8t94K61ZhVux1siIAOQ84=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiAIQpgRt2PQi8cIZoFkGHo6naRJz2J3TWAY8h1ePCji1Y/x5t/YSeagiQ8KHu9VUVXPj6XQaNvfVmFldW19o7hZ2tre2d0r7x80dZQoxhsskpFq+1RzKULeQIGSt2PFaeBL3vJHd1O/NeZKiyh8xDTmbkAHoegLRtFIbstLydBDckZ8L/XKFbtqz0CWiZOTCuSoe+Wvbi9iScBDZJJq3XHsGN2MKhRM8kmpm2geUzaiA94xNKQB1242O3pCTozSI/1ImQqRzNTfExkNtE4D33QGFId60ZuK/3mdBPs3bibCOEEesvmifiIJRmSaAOkJxRnK1BDKlDC3EjakijI0OZVMCM7iy8ukeV51rqqXDxeV2m0eRxGO4BhOwYFrqME91KEBDJ7gGV7hzRpbL9a79TFvLVj5zCH8gfX5A1/kkTU=</latexit>

Wyht + by

<latexit sha1_base64="N7/vLpdBdjjgswC9tl/BHNibaUg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSw7iHvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gB2Ao3u</latexit>yt

<latexit sha1_base64="ofK9FnpvoWn5MJ1/bRUnXujE5hE=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSiK+lkU3LivYBzQhTKaTduhMEmZuiiH0T9y4UMStf+LOv3HaZqGtBy4czrmXe+8JU8E1OM63tbK6tr6xWdmqbu/s7u3bB4dtnWSKshZNRKK6IdFM8Ji1gINg3VQxIkPBOuHobup3xkxpnsSPkKfMl2QQ84hTAkYKbNsD9gQFnniaDyQJ8sCuOXVnBrxM3JLUUIlmYH95/YRmksVABdG65zop+AVRwKlgk6qXaZYSOiID1jM0JpJpv5hdPsGnRunjKFGmYsAz9fdEQaTWuQxNpyQw1IveVPzP62UQ3fgFj9MMWEzni6JMYEjwNAbc54pRELkhhCpubsV0SBShYMKqmhDcxZeXSfu87l7VLx8uao3bMo4KOkYn6Ay56Bo10D1qohaiaIye0St6swrrxXq3PuatK1Y5c4T+wPr8Ad3dk9M=</latexit>�y

<latexit sha1_base64="fyzx0o14mz4On4jcbYgiweo6W5w=">AAAB73icbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTkzTpZezuEcKQn/DiQRGv/o43/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1kntrmEDgXvDXrniV/0Z0DIJclKBHPVe+avbVyQVVFrCsTGdwE9smGFtGeF0UuqmhiaYjPCAdhyVWFATZrN7J+jEKX0UK+1KWjRTf09kWBgzFpHrFNgOzaI3Ff/zOqmNr8OMySS1VJL5ojjlyCo0fR71mabE8rEjmGjmbkVkiDUm1kVUciEEiy8vk+ZZNbisXtyfV2o3eRxFOIJjOIUArqAGd1CHBhDg8Ayv8OY9ei/eu/cxby14+cwh/IH3+QMccJAI</latexit>�h

Variables: 
: input (embedding) vector 
: output vector (logits) 
: probability over tokens 

: previous hidden vector 
: next hidden vector 
: activation function for 

hidden state 
: output activation function 

Equations: 
 

 

<latexit sha1_base64="o9UNsoOAgncWYzMvqd8qSmfUt0I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcMSz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJFIYdN0vp7C0vLK6VlwvbWxube+Ud/eaJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR9dRvPXBtRKzucZxwP6IDJULBKFrp7rGHvXLFrbozkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn81OnZAjq/RJGGtbCslM/TmR0ciYcRTYzoji0Cx6U/E/r5NieOlnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTsiF4iy//Jc2TqndePbs9rdSu8jiKcACHcAweXEANbqAODWAwgCd4gVdHOs/Om/M+by04+cw+/ILz8Q10fI3t</latexit>xt
<latexit sha1_base64="N7/vLpdBdjjgswC9tl/BHNibaUg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSw7iHvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gB2Ao3u</latexit>yt
<latexit sha1_base64="m3IVTCX7Ar3JVpOwRezC4fOjfYo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ9LDXrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6rF/fnldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwBoTI3l</latexit>pt
<latexit sha1_base64="dcj0kWGbPnJrf2L9jCtOZGC/ki4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4jmAckS5idzCZDZmeXmV4hLPkILx4U8er3ePNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWM7qZ+64lrI2L1iOOE+xEdKBEKRtFKrWEvwzNv0itX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx27oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwxs/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahkg3BW3x5mTTPq95V9fLholK7zeMowhEcwyl4cA01uIc6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx/9LY9b</latexit>

ht�1
<latexit sha1_base64="0BOSFLVX0uBdychWteQUx/nIHrc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSw7CHvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBcHI3d</latexit>

ht

<latexit sha1_base64="fyzx0o14mz4On4jcbYgiweo6W5w=">AAAB73icbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTkzTpZezuEcKQn/DiQRGv/o43/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1kntrmEDgXvDXrniV/0Z0DIJclKBHPVe+avbVyQVVFrCsTGdwE9smGFtGeF0UuqmhiaYjPCAdhyVWFATZrN7J+jEKX0UK+1KWjRTf09kWBgzFpHrFNgOzaI3Ff/zOqmNr8OMySS1VJL5ojjlyCo0fR71mabE8rEjmGjmbkVkiDUm1kVUciEEiy8vk+ZZNbisXtyfV2o3eRxFOIJjOIUArqAGd1CHBhDg8Ayv8OY9ei/eu/cxby14+cwh/IH3+QMccJAI</latexit>�h

<latexit sha1_base64="CAMGbvPo68FyxaI3Sg6LI2IcMSE=">AAAB73icbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCfUAbymQ6aYfOTOLMRAihP+HGhSJu/R13/o2TNgttPXDhcM693HtPEHOmjet+O6WV1bX1jfJmZWt7Z3evun/Q1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3OZ+54kqzSL5YNKY+gKPJAsZwcZK3b5mI4EH6aBac+vuDGiZeAWpQYHmoPrVH0YkEVQawrHWPc+NjZ9hZRjhdFrpJ5rGmEzwiPYslVhQ7Weze6foxCpDFEbKljRopv6eyLDQOhWB7RTYjPWil4v/eb3EhNd+xmScGCrJfFGYcGQilD+PhkxRYnhqCSaK2VsRGWOFibERVWwI3uLLy6R9Vvcu6xf357XGTRFHGY7gGE7BgytowB00oQUEODzDK7w5j86L8+58zFtLTjFzCH/gfP4ANjSQGQ==</latexit>�y

<latexit sha1_base64="P0aSi/E4RIDl+qjuwGDZpLXjobY=">AAACFXicbZDLSgMxFIYzXmu9jbp0EyxCRS0z4g1BKLpxWcFpC20ZMmnaCc1cSM6IZehLuPFV3LhQxK3gzrcxbWehrT8EvvznHJLze7HgCizr25iZnZtfWMwt5ZdXVtfWzY3NqooSSZlDIxHJukcUEzxkDnAQrB5LRgJPsJrXux7Wa/dMKh6Fd9CPWSsg3ZB3OCWgLdc88F3AF5e4qXg3IK5frLk+ftDePnY0+W4Kh/ZA3zzX33PNglWyRsLTYGdQQJkqrvnVbEc0CVgIVBClGrYVQyslEjgVbJBvJorFhPZIlzU0hiRgqpWOthrgXe20cSeS+oSAR+7viZQESvUDT3cGBHw1WRua/9UaCXTOWykP4wRYSMcPdRKBIcLDiHCbS0ZB9DUQKrn+K6Y+kYSCDjKvQ7AnV56G6lHJPi2d3B4XyldZHDm0jXZQEdnoDJXRDaogB1H0iJ7RK3oznowX4934GLfOGNnMFvoj4/MHBQacOQ==</latexit>

ht := �h(Whxt + Uhht�1 + bh)
<latexit sha1_base64="cDTqRcGzIjfbS6e08Lxf47ttfsk=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQEUoivhCEohuXFewD2hAm00k7dGYSZiZCCN258VfcuFDErb/gzr9x2mah1QMXDufcy733BDGjSjvOl1WYm19YXCoul1ZW19Y37M2tpooSiUkDRyyS7QApwqggDU01I+1YEsQDRlrB8Hrst+6JVDQSdzqNicdRX9CQYqSN5Nu7qa/hxSXsKtrnyE8rLT+FA6MdwsBPD3y77FSdCeBf4uakDHLUffuz24twwonQmCGlOq4Tay9DUlPMyKjUTRSJER6iPukYKhAnyssmf4zgvlF6MIykKaHhRP05kSGuVMoD08mRHqhZbyz+53USHZ57GRVxoonA00VhwqCO4DgU2KOSYM1SQxCW1NwK8QBJhLWJrmRCcGdf/kuaR1X3tHpye1yuXeVxFMEO2AMV4IIzUAM3oA4aAIMH8ARewKv1aD1bb9b7tLVg5TPb4Besj29EVpep</latexit>

yt := �y(Wyht + by)
<latexit sha1_base64="fGiPPfvGXB+XpItiZnJ3TsKSGyE=">AAACJnicbVDLSgMxFM3UV62vqks3wSLUTZkRX5tC0Y3LCvYBnTpk0kybNvMgyYhDmK9x46+4cVERceenmGkLauuBC4dz7uXee9yIUSFN89PILS2vrK7l1wsbm1vbO8XdvaYIY45JA4cs5G0XCcJoQBqSSkbaESfIdxlpuaPrzG89EC5oGNzJJCJdH/UD6lGMpJacYjVylHRoCqvQ9jjCyiaPUTmZisepskXsO4pWh+m96qXwxx1qt+AUS2bFnAAuEmtGSmCGulMc270Qxz4JJGZIiI5lRrKrEJcUM5IW7FiQCOER6pOOpgHyieiqyZspPNJKD3oh1xVIOFF/TyjkC5H4ru70kRyIeS8T//M6sfQuu4oGUSxJgKeLvJhBGcIsM9ijnGDJEk0Q5lTfCvEA6bSkTjYLwZp/eZE0TyrWeeXs9rRUu5rFkQcH4BCUgQUuQA3cgDpoAAyewAsYgzfj2Xg13o2PaWvOmM3sgz8wvr4Bsb6miA==</latexit>

pti =
exp(yti)Pd
i=j exp(ytj )

Softmax

<latexit sha1_base64="m3IVTCX7Ar3JVpOwRezC4fOjfYo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ9LDXrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6rF/fnldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwBoTI3l</latexit>pt

RNN
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Lecture 4: Embeddings and RNNs48

Recurrent neural networks
• How can information from time an earlier state (e.g., time 0) pass to a 

later state (time t?) 
• Through the hidden states! 
• Even though they are continuous vectors, can represent very rich 

information (up to the entire history from the beginning)

<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · · <latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·
<latexit sha1_base64="MftO+SMqnPwqfD2tsYonKEJyGUQ=">AAAB+nicbVDLTsJAFJ36RHwVXbppJCa4Ia3xtUTduETllUBDpsMUJkynzcytQgqf4saFxrj1S9z5Nw7QhYInucnJOffm3nu8iDMFtv1tLC2vrK6tZzaym1vbO7tmbq+mwlgSWiUhD2XDw4pyJmgVGHDaiCTFgcdp3evfTPz6I5WKhaICw4i6Ae4K5jOCQUttMxcVBqMW0AEkD5Wr+8r4uG3m7aI9hbVInJTkUYpy2/xqdUISB1QA4VippmNH4CZYAiOcjrOtWNEIkz7u0qamAgdUucn09LF1pJWO5YdSlwBrqv6eSHCg1DDwdGeAoafmvYn4n9eMwb90EyaiGKggs0V+zC0IrUkOVodJSoAPNcFEMn2rRXpYYgI6rawOwZl/eZHUTorOefHs7jRfuk7jyKADdIgKyEEXqIRuURlVEUFP6Bm9ojdjZLwY78bHrHXJSGf20R8Ynz/UPJO7</latexit>

p(x|START)
<latexit sha1_base64="WcUxOGfkP4cx+E9QpV1PwAaAgeg=">AAAB/HicbVDJTgJBEO1xRdxGOXrpSEzwQmaM2xH1ojdUtgQmpKfpgQ49S7prDGTEX/HiQWO8+iHe/BsbmIOCL6nk5b2qVNVzI8EVWNa3sbC4tLyymlnLrm9sbm2bO7s1FcaSsioNRSgbLlFM8IBVgYNgjUgy4ruC1d3+1divPzCpeBhUYBgxxyfdgHucEtBS28xFhcFjC9gAkvvKxV0F34wO22beKloT4HlipySPUpTb5lerE9LYZwFQQZRq2lYETkIkcCrYKNuKFYsI7ZMua2oaEJ8pJ5kcP8IHWulgL5S6AsAT9fdEQnylhr6rO30CPTXrjcX/vGYM3rmT8CCKgQV0usiLBYYQj5PAHS4ZBTHUhFDJ9a2Y9ogkFHReWR2CPfvyPKkdFe3T4sntcb50mcaRQXtoHxWQjc5QCV2jMqoiioboGb2iN+PJeDHejY9p64KRzuTQHxifP8oVlDg=</latexit>

p(x|START I)
<latexit sha1_base64="MUKBCiIEN6kov3qjSDDj2XGDctE=">AAACDnicbVC5TgMxEPVyhnAtUNJYREihiXYRVxmggS5ADqQkirzOhFjxHrJnIdGSL6DhV2goQIiWmo6/wTkKIDzJ0tN7M+OZ50VSaHScL2tqemZ2bj61kF5cWl5ZtdfWyzqMFYcSD2Worj2mQYoASihQwnWkgPmehIrXOR34lVtQWoRBEXsR1H12E4iW4AyN1LC3o2z3vobQxeSqeHxZpOf0DgKkGFJsA42Y6uT6Ow074+ScIegkccckQ8YoNOzPWjPksW9Gccm0rrpOhPWEKRRcQj9dizVEjHfYDVQNDZgPup4Mz+nTbaM0aStU5plVhurPjoT5Wvd8z1T6DNv6rzcQ//OqMbaO6okIohgh4KOPWrEcHmuyoU2hgKPsGcK4EmZXyttMMY4mwbQJwf178iQp7+bcg9z+xV4mfzKOI0U2yRbJEpcckjw5IwVSIpw8kCfyQl6tR+vZerPeR6VT1rhng/yC9fENjmebKg==</latexit>

p(x|START I went to the park.)<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · · <latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·

START I went to the park . STOP

<latexit sha1_base64="+apeH9ipiz9IiZQJUuITiDzB5rY=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFKni/CEGZ0Me26vXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTdDPmEbBJUxK3dRAwviIDaBjqWIRGD+bnTyhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR/2hcaOMqxJYxrYW+lfMg042hTKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4SQmz+SVvDnovDjvzse8teDkM4fkD5zPHxR0kSI=</latexit>

h0
<latexit sha1_base64="Zi3ZS9qNul1uBq/jW8BOSJwALqI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFKni/CEGZ0Me16vXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTdDPmEbBJUxK3dRAwviIDaBjqWIRGD+bnTyhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR/2hcaOMqxJYxrYW+lfMg042hTKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4SQmz+SVvDnovDjvzse8teDkM4fkD5zPHxX4kSM=</latexit>

h1
<latexit sha1_base64="KJjiEXDY3ZxmCM+35t8fSPVQcMY=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGCecBmCbOTSTJkdnaZ6RXDks/w4kERr36NN//GSbIHTSxoKKq66e4KEykMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3Q2q4FIo3UKDk7URzGoWSt8LR7dRvPXJtRKwecJzwIKIDJfqCUbSS30H+hBmZDLvVbqnsVtwZyDLxclKGHPVu6avTi1kacYVMUmN8z00wyKhGwSSfFDup4QllIzrgvqWKRtwE2ezkCTm1So/0Y21LIZmpvycyGhkzjkLbGVEcmkVvKv7n+Sn2r4NMqCRFrth8UT+VBGMy/Z/0hOYM5dgSyrSwtxI2pJoytCkVbQje4svLpFmteJeVi/vzcu0mj6MAx3ACZ+DBFdTgDurQAAYxPMMrvDnovDjvzse8dcXJZ47gD5zPHxd8kSQ=</latexit>

h2
<latexit sha1_base64="iXCJF6D52UzW6Z8T26ryxwHAEmI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKez6Pga9eIxgHrBZwuykkwyZnV1mesWw5DO8eFDEq1/jzb9xkuxBowUNRVU33V1hIoVB1/1yCkvLK6trxfXSxubW9k55d69p4lRzaPBYxrodMgNSKGigQAntRAOLQgmtcHQz9VsPoI2I1T2OEwgiNlCiLzhDK/kdhEfM6GTYPe2WK27VnYH+JV5OKiRHvVv+7PRinkagkEtmjO+5CQYZ0yi4hEmpkxpIGB+xAfiWKhaBCbLZyRN6ZJUe7cfalkI6U39OZCwyZhyFtjNiODSL3lT8z/NT7F8FmVBJiqD4fFE/lRRjOv2f9oQGjnJsCeNa2FspHzLNONqUSjYEb/Hlv6R5UvUuqud3Z5XadR5HkRyQQ3JMPHJJauSW1EmDcBKTJ/JCXh10np03533eWnDymX3yC87HNxkAkSU=</latexit>

h3
<latexit sha1_base64="YWbATA5wr23ltlRG6j6j0HjzKUk=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gGbJcxOJsmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Wj26nfeuTaiFg94DjhQUQHSvQFo2glv4P8CTMyGXbPu+WKW3VnIMvEy0kFctS75a9OL2ZpxBUySY3xPTfBIKMaBZN8UuqkhieUjeiA+5YqGnETZLOTJ+TEKj3Sj7UthWSm/p7IaGTMOAptZ0RxaBa9qfif56fYvw4yoZIUuWLzRf1UEozJ9H/SE5ozlGNLKNPC3krYkGrK0KZUsiF4iy8vk+ZZ1busXtyfV2o3eRxFOIJjOAUPrqAGd1CHBjCI4Rle4c1B58V5dz7mrQUnnzmEP3A+fwAahJEm</latexit>

h4
<latexit sha1_base64="2ejGC9CK3NtellZtCErdy0LGgCs=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolY9Vj04rGC/YA2lM120y7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0O/Vbj1wboeIHHCfcj+ggFqFgFK3U6SJ/woxMhr1qr1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7OTJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1WqvcX5dpNHkcBjuEEzsCDK6jBHdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPHxwIkSc=</latexit>

h5
<latexit sha1_base64="oiKwQiCqod9tkHCuqEqDt5XJ5F4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4Komo9Vj04rGC/YA2lM120y7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0O/Vbj1wboeIHHCfcj+ggFqFgFK3U6SJ/woxMhr1qr1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7OTJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1VLu8vyrWbPI4CHMMJnIEHVajBHdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPHx8QkSk=</latexit>

h7
<latexit sha1_base64="CbsNCfKL0Vz0lvLVFSQI1k+U64A=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hV3xkWPQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxjdTv3WI2gjYvWA4wT8iA2UCAVnaKVOF+EJMzoZ9qq9UtmtuDPQZeLlpExy1Hulr24/5mkECrlkxnQ8N0E/YxoFlzApdlMDCeMjNoCOpYpFYPxsdvKEnlqlT8NY21JIZ+rviYxFxoyjwHZGDIdm0ZuK/3mdFMOqnwmVpAiKzxeFqaQY0+n/tC80cJRjSxjXwt5K+ZBpxtGmVLQheIsvL5PmecW7qlzeX5RrN3kcBXJMTsgZ8cg1qZE7UicNwklMnskreXPQeXHenY9564qTzxyRP3A+fwAglJEq</latexit>

h8RNN RNN RNN RNN RNN RNN RNN RNN

= P(w1 ∣ h0) × P(w2 ∣ h1) × P(w3 ∣ h2) × … × P(wn ∣ hn−1)
No Markov 
assumption here!

P(w1, w2, …, wn) = P(w1) × P(w2 ∣ w1) × P(w3 ∣ w1, w2) × … × P(wn ∣ w1, w2, …, wn−1)



Lecture 4: Embeddings and RNNs49

Training procedure
E.g., if you wanted to train on “<START>I went to the park.<STOP>”…

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
x (input) y (output)
START I

START I went
START I went to

START I went to the
START I went to the park

START I went to the park .
START I went to the park. STOP

1. Input/Output Pairs



Lecture 4: Embeddings and RNNs50

Training procedure

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
x (input) y (output)
START I

START I went
START I went to

START I went to the
START I went to the park

START I went to the park .
START I went to the park. STOP

1. Input/Output Pairs

<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · · <latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·

START I went to the park . STOP

<latexit sha1_base64="+apeH9ipiz9IiZQJUuITiDzB5rY=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFKni/CEGZ0Me26vXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTd DPmEbBJUxK3dRAwviIDaBjqWIRGD+bnTyhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR/2hcaOMqxJYxrYW+lfMg042hTKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4SQmz+SVvDnovDjvzse8teDkM4fkD5zPHxR0kSI=</latexit>

h0
<latexit sha1_base64="Zi3ZS9qNul1uBq/jW8BOSJwALqI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFKni/CEGZ0Me16vXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTdDPmEbBJUxK3dRAwviIDaBjqWIRGD+bnTyhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR/2hcaOMqxJYxrYW+lfMg042hTKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4SQmz+SVvDnovDjvzse8teDkM4fkD5zPHxX4kSM=</latexit>

h1
<latexit sha1_base64="KJjiEXDY3ZxmCM+35t8fSPVQcMY=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGCecBmCbOTSTJkdnaZ6RXDks/w4kERr36NN//GSbIHTSxoKKq66e4KEykMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3Q2q4FIo3UKDk7URzGoWSt8LR7dRvPXJtRKwecJzwIKIDJfqCUbSS30H+hBmZDLvVbqnsVtwZyDLxclKGHPVu6avTi1kacYVMUmN8z00wyKhGwSSfFDup4QllIzrgvqWKRtwE2ezkCTm1So/0Y21LIZmpvycyGhkzjkLbGVEcmkVvKv7n+Sn2r4NMqCRFrth8UT+VBGMy/Z/0hOYM5dgSyrSwtxI2pJoytCkVbQje4svLpFmteJeVi/vzcu0mj6MAx3ACZ+DBFdTgDurQAAYxPMMrvDnovDjvzse8dcXJZ47gD5zPHxd8kSQ=</latexit>

h2
<latexit sha1_base64="iXCJF6D52UzW6Z8T26ryxwHAEmI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKez6Pga9eIxgHrBZwuykkwyZnV1mesWw5DO8eFDEq1/jzb9xkuxBowUNRVU33V1hIoVB1/1yCkvLK6trxfXSxubW9k55d69p4lRzaPBYxrodMgNSKGigQAntRAOLQgmtcHQz9VsPoI2I1T2OEwgiNlCiLzhDK/kdhEfM6GTYPe2WK27VnYH+JV5OKiRHvVv+7PRinkagkEtmjO+5CQYZ0yi4hEmpkxpIGB+xAfiWKhaBCbLZyRN6ZJUe7cfalkI6U39OZCwyZhyFtjNiODSL3lT8z/NT7F8FmVBJiqD4fFE/lRRjOv2f9oQGjnJsCeNa2FspHzLNONqUSjYEb/Hlv6R5UvUuqud3Z5XadR5HkRyQQ3JMPHJJauSW1EmDcBKTJ/JCXh10np03533eWnDymX3yC87HNxkAkSU=</latexit>

h3
<latexit sha1_base64="YWbATA5wr23ltlRG6j6j0HjzKUk=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gGbJcxOJsmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Wj26nfeuTaiFg94DjhQUQHSvQFo2glv4P8CTMyGXbPu+WKW3VnIMvEy0kFctS75a9OL2ZpxBUySY3xPTfBIKMaBZN8UuqkhieUjeiA+5YqGnETZLOTJ+TEKj3Sj7UthWSm/p7IaGTMOAptZ0RxaBa9qfif56fYvw4yoZIUuWLzRf1UEozJ9H/SE5ozlGNLKNPC3krYkGrK0KZUsiF4iy8vk+ZZ1busXtyfV2o3eRxFOIJjOAUPrqAGd1CHBjCI4Rle4c1B58V5dz7mrQUnnzmEP3A+fwAahJEm</latexit>

h4
<latexit sha1_base64="2ejGC9CK3NtellZtCErdy0LGgCs=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolY9Vj04rGC/YA2lM120y7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0O/Vbj1wboeIHHCfcj+ggFqFgFK3U6SJ/woxMhr1qr1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7OTJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1WqvcX5dpNHkcBjuEEzsCDK6jBHdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPHxwIkSc=</latexit>

h5
<latexit sha1_base64="oiKwQiCqod9tkHCuqEqDt5XJ5F4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4Komo9Vj04rGC/YA2lM120y7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0O/Vbj1wboeIHHCfcj+ggFqFgFK3U6SJ/woxMhr1qr1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7OTJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1VLu8vyrWbPI4CHMMJnIEHVajBHdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPHx8QkSk=</latexit>

h7
<latexit sha1_base64="CbsNCfKL0Vz0lvLVFSQI1k+U64A=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hV3xkWPQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxjdTv3WI2gjYvWA4wT8iA2UCAVnaKVOF+EJMzoZ9qq9UtmtuDPQZeLlpExy1Hulr24/5mkECrlkxnQ8N0E/YxoFlzApdlMDCeMjNoCOpYpFYPxsdvKEnlqlT8NY21JIZ+rviYxFxoyjwHZGDIdm0ZuK/3mdFMOqnwmVpAiKzxeFqaQY0+n/tC80cJRjSxjXwt5K+ZBpxtGmVLQheIsvL5PmecW7qlzeX5RrN3kcBXJMTsgZ8cg1qZE7UicNwklMnskreXPQeXHenY9564qTzxyRP3A+fwAglJEq</latexit>

h8RNN RNN RNN RNN RNN RNN RNN RNN

<latexit sha1_base64="MftO+SMqnPwqfD2tsYonKEJyGUQ=">AAAB+nicbVDLTsJAFJ36RHwVXbppJCa4Ia3xtUTduETllUBDpsMUJkynzcytQgqf4saFxrj1S9z5Nw7QhYInucnJOffm3nu8iDMFtv1tLC2vrK6tZzaym1vbO7tmbq+mwlgSWiUhD2XDw4pyJmgVGHDaiCTFgcdp3evfTPz6I5WKhaICw4i6Ae4K5jOCQUttMxcVBqMW0AEkD5Wr+8r4uG3m7aI9hbVInJTkUYpy2/xqdUISB1QA4VippmNH4CZYAiOcjrOtWNEIkz7u0qamAgdUucn09LF1pJWO5YdSlwBrqv6eSHCg1DDwdGeAoafmvYn4n9eMwb90EyaiGKggs0V+zC0IrUkOVodJSoAPNcFEMn2rRXpYYgI6rawOwZl/eZHUTorOefHs7jRfuk7jyKADdIgKyEEXqIRuURlVEUFP6Bm9ojdjZLwY78bHrHXJSGf20R8Ynz/UPJO7</latexit>

p(x|START)
<latexit sha1_base64="WcUxOGfkP4cx+E9QpV1PwAaAgeg=">AAAB/HicbVDJTgJBEO1xRdxGOXrpSEzwQmaM2xH1ojdUtgQmpKfpgQ49S7prDGTEX/HiQWO8+iHe/BsbmIOCL6nk5b2qVNVzI8EVWNa3sbC4tLyymlnLrm9sbm2bO7s1FcaSsioNRSgbLlFM8IBVgYNgjUgy4ruC1d3+1divPzCpeBhUYBgxxyfdgHucEtBS28xFhcFjC9gAkvvKxV0F34wO22beKloT4HlipySPUpTb5lerE9LYZwFQQZRq2lYETkIkcCrYKNuKFYsI7ZMua2oaEJ8pJ5kcP8IHWulgL5S6AsAT9fdEQnylhr6rO30CPTXrjcX/vGYM3rmT8CCKgQV0usiLBYYQj5PAHS4ZBTHUhFDJ9a2Y9ogkFHReWR2CPfvyPKkdFe3T4sntcb50mcaRQXtoHxWQjc5QCV2jMqoiioboGb2iN+PJeDHejY9p64KRzuTQHxifP8oVlDg=</latexit>

p(x|START I)
<latexit sha1_base64="MUKBCiIEN6kov3qjSDDj2XGDctE=">AAACDnicbVC5TgMxEPVyhnAtUNJYREihiXYRVxmggS5ADqQkirzOhFjxHrJnIdGSL6DhV2goQIiWmo6/wTkKIDzJ0tN7M+OZ50VSaHScL2tqemZ2bj61kF5cWl5ZtdfWyzqMFYcSD2Worj2mQYoASihQwnWkgPmehIrXOR34lVtQWoRBEXsR1H12E4iW4AyN1LC3o2z3vobQxeSqeHxZpOf0DgKkGFJsA42Y6uT6Ow074+ScIegkccckQ8YoNOzPWjPksW9Gccm0rrpOhPWEKRRcQj9dizVEjHfYDVQNDZgPup4Mz+nTbaM0aStU5plVhurPjoT5Wvd8z1T6DNv6rzcQ//OqMbaO6okIohgh4KOPWrEcHmuyoU2hgKPsGcK4EmZXyttMMY4mwbQJwf178iQp7+bcg9z+xV4mfzKOI0U2yRbJEpcckjw5IwVSIpw8kCfyQl6tR+vZerPeR6VT1rhng/yC9fENjmebKg==</latexit>

p(x|START I went to the park.)

<latexit sha1_base64="elPgFPAJv+NWNRRapEGT9w05Jgc=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5iHJEmYnk2TIzOwy0yssS77CiwdFvPo53vwbJ8keNLGgoajqprsrjAU36HnfTmFldW19o7hZ2tre2d0r7x80TZRoyho0EpFuh8QwwRVrIEfB2rFmRIaCtcLx7dRvPTFteKQeMI1ZIMlQ8QGnBK302B0RzNKeP+mVK17Vm8FdJn5OKpCj3it/dfsRTSRTSAUxpuN7MQYZ0cipYJNSNzEsJnRMhqxjqSKSmSCbHTxxT6zSdweRtqXQnam/JzIijUllaDslwZFZ9Kbif14nwcF1kHEVJ8gUnS8aJMLFyJ1+7/a5ZhRFagmhmttbXToimlC0GZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFCQ8wyu8Odp5cd6dj3lrwclnDuEPnM8f3zuQeA==</latexit>

ŷ1
<latexit sha1_base64="oAJtJOSKS60nw95Qn+QdcMstDJU=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGCeUiyhNnJbDJkdnaZ6RXCkq/w4kERr36ON//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJULBKFrpsTukmI171UmvVHYr7gxkmXg5KUOOeq/01e3HLI24QiapMR3PTdDPqEbBJJ8Uu6nhCWUjOuAdSxWNuPGz2cETcmqVPgljbUshmam/JzIaGTOOAtsZURyaRW8q/ud1Ugyv/UyoJEWu2HxRmEqCMZl+T/pCc4ZybAllWthbCRtSTRnajIo2BG/x5WXSrFa8y8rF/Xm5dpPHUYBjOIEz8OAKanAHdWgAgwie4RXeHO28OO/Ox7x1xclnjuAPnM8f4MCQeQ==</latexit>

ŷ2
<latexit sha1_base64="TI80Nx8l9McuabVVP8BBgX7qXj8=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi1mPRi8cK9kPaUDbbbbt0dxN2J0II/RVePCji1Z/jzX/jts1Bqw8GHu/NMDMvjAU36HlfTmFldW19o7hZ2tre2d0r7x+0TJRoypo0EpHuhMQwwRVrIkfBOrFmRIaCtcPJzcxvPzJteKTuMY1ZIMlI8SGnBK300BsTzNJ+bdovV7yqN4f7l/g5qUCORr/82RtENJFMIRXEmK7vxRhkRCOngk1LvcSwmNAJGbGupYpIZoJsfvDUPbHKwB1G2pZCd67+nMiINCaVoe2UBMdm2ZuJ/3ndBIdXQcZVnCBTdLFomAgXI3f2vTvgmlEUqSWEam5vdemYaELRZlSyIfjLL/8lrbOqf1m9uDuv1K/zOIpwBMdwCj7UoA630IAmUJDwBC/w6mjn2Xlz3hetBSefOYRfcD6+AehZkH4=</latexit>

ŷ7

2. Run model on (batch of) ’s from 
data  to get probability 
distributions   (running softmax at 
end to ensure valid probability 
distribution)

<latexit sha1_base64="ZwKkaJcdU3hHlnhMyVD4tdz55QM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZo1kwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOl5jQY=</latexit>x
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Xwuz3Fsaf+RBiee9CEcKKqJi4Ok=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cK1hbaUDbbTbt0swm7EyGE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUijeQoGSdxLNaRRI3g7Gt1O//cS1EbF6wCzhfkSHSoSCUbRSuzeimGeTfrXm1t0ZyDLxClKDAs1+9as3iFkacYVMUmO6npugn1ONgkk+qfRSwxPKxnTIu5YqGnHj57NzJ+TEKgMSxtqWQjJTf0/kNDImiwLbGVEcmUVvKv7ndVMMr/1cqCRFrth8UZhKgjGZ/k4GQnOGMrOEMi3srYSNqKYMbUIVG4K3+PIyeTyre5f1i/vzWuOmiKMMR3AMp+DBFTTgDprQAgZjeIZXeHMS58V5dz7mrSWnmDmEP3A+fwC1AY/U</latexit>

ŷ



<latexit sha1_base64="oA7dkFuM+eAYoC8uWFTD1wfdJ6c=">AAACLXicbVDLSgMxFM34rPVVdekmWARXZUZ8bYSiLlxWsA/olJLJ3LahmcyQZIpl6A+58VdEcFERt/6GmXbw0Xog4eTcc8m9x4s4U9q2x9bC4tLyympuLb++sbm1XdjZrakwlhSqNOShbHhEAWcCqpppDo1IAgk8DnWvf53W6wOQioXiXg8jaAWkK1iHUaKN1C7cDNsOvsSuB10mEi8gWrKHUd7Grju9nG/mDvxQq8kz74Lwf9ztQtEu2RPgeeJkpIgyVNqFF9cPaRyA0JQTpZqOHelWQqRmlMMo78YKIkL7pAtNQwUJQLWSybYjfGgUH3dCaY7QeKL+7khIoNQw8IzTDNhTs7VU/K/WjHXnopUwEcUaBJ1+1Ik51iFOo8M+k0A1HxpCqGRmVkx7RBKqTcBpCM7syvOkdlxyzkqndyfF8lUWRw7towN0hBx0jsroFlVQFVH0iJ7RGL1ZT9ar9W59TK0LVtazh/7A+vwCkGqkug==</latexit>

y1 =

2

66666664

0
0
1
0
...
0

3

77777775

<latexit sha1_base64="I7lYq16jcG9kTUcl8Gs1Qx3JjeY="></latexit>

ŷ1 =

2

66666664

.01

.03
.1
.001
...

.002

3

77777775
<latexit sha1_base64="WlQHd/+E5dhrmAKWnNf+qkoedJg=">AAACBXicbVC7TsMwFHXKq5RXgBGGiAqpLFWCeI0FFsYCfUltVDmu01p1Esu+QVShCwu/wsIAQqz8Axt/g9tmgJYjWTo+595r3+MJzhTY9reRmZtfWFzKLudWVtfWN8zNrZqKYklolUQ8kg0PK8pZSKvAgNOGkBQHHqd1r3858ut3VCoWhRUYCOoGuBsynxEMWmqbu6LQAnoPCRaC0+HD5HJbOb+pDA/aZt4u2mNYs8RJSR6lKLfNr1YnInFAQyAcK9V0bAFugiUwoqfnWrGiApM+7tKmpiEOqHKT8RZDa18rHcuPpD4hWGP1d0eCA6UGgacrAww9Ne2NxP+8Zgz+mZuwUMRAQzJ5yI+5BZE1isTqMEkJ8IEmmEim/2qRHpaYgA4up0NwpleeJbXDonNSPL4+ypcu0jiyaAftoQJy0CkqoStURlVE0CN6Rq/ozXgyXox342NSmjHSnm30B8bnD/FZmNw=</latexit>

p(apple|START)

Lecture 4: Embeddings and RNNs51

Training procedure

<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · · <latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·
<latexit sha1_base64="MftO+SMqnPwqfD2tsYonKEJyGUQ=">AAAB+nicbVDLTsJAFJ36RHwVXbppJCa4Ia3xtUTduETllUBDpsMUJkynzcytQgqf4saFxrj1S9z5Nw7QhYInucnJOffm3nu8iDMFtv1tLC2vrK6tZzaym1vbO7tmbq+mwlgSWiUhD2XDw4pyJmgVGHDaiCTFgcdp3evfTPz6I5WKhaICw4i6Ae4K5jOCQUttMxcVBqMW0AEkD5Wr+8r4uG3m7aI9hbVInJTkUYpy2/xqdUISB1QA4VippmNH4CZYAiOcjrOtWNEIkz7u0qamAgdUucn09LF1pJWO5YdSlwBrqv6eSHCg1DDwdGeAoafmvYn4n9eMwb90EyaiGKggs0V+zC0IrUkOVodJSoAPNcFEMn2rRXpYYgI6rawOwZl/eZHUTorOefHs7jRfuk7jyKADdIgKyEEXqIRuURlVEUFP6Bm9ojdjZLwY78bHrHXJSGf20R8Ynz/UPJO7</latexit>

p(x|START)
<latexit sha1_base64="MUKBCiIEN6kov3qjSDDj2XGDctE=">AAACDnicbVC5TgMxEPVyhnAtUNJYREihiXYRVxmggS5ADqQkirzOhFjxHrJnIdGSL6DhV2goQIiWmo6/wTkKIDzJ0tN7M+OZ50VSaHScL2tqemZ2bj61kF5cWl5ZtdfWyzqMFYcSD2Worj2mQYoASihQwnWkgPmehIrXOR34lVtQWoRBEXsR1H12E4iW4AyN1LC3o2z3vobQxeSqeHxZpOf0DgKkGFJsA42Y6uT6Ow074+ScIegkccckQ8YoNOzPWjPksW9Gccm0rrpOhPWEKRRcQj9dizVEjHfYDVQNDZgPup4Mz+nTbaM0aStU5plVhurPjoT5Wvd8z1T6DNv6rzcQ//OqMbaO6okIohgh4KOPWrEcHmuyoU2hgKPsGcK4EmZXyttMMY4mwbQJwf178iQp7+bcg9z+xV4mfzKOI0U2yRbJEpcckjw5IwVSIpw8kCfyQl6tR+vZerPeR6VT1rhng/yC9fENjmebKg==</latexit>

p(x|START I went to the park.)<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · · <latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·

START I went to the park . STOP

<latexit sha1_base64="+apeH9ipiz9IiZQJUuITiDzB5rY=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFKni/CEGZ0Me26vXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTd DPmEbBJUxK3dRAwviIDaBjqWIRGD+bnTyhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR/2hcaOMqxJYxrYW+lfMg042hTKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4SQmz+SVvDnovDjvzse8teDkM4fkD5zPHxR0kSI=</latexit>

h0
<latexit sha1_base64="Zi3ZS9qNul1uBq/jW8BOSJwALqI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFKni/CEGZ0Me16vXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTdDPmEbBJUxK3dRAwviIDaBjqWIRGD+bnTyhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR/2hcaOMqxJYxrYW+lfMg042hTKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4SQmz+SVvDnovDjvzse8teDkM4fkD5zPHxX4kSM=</latexit>

h1
<latexit sha1_base64="KJjiEXDY3ZxmCM+35t8fSPVQcMY=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGCecBmCbOTSTJkdnaZ6RXDks/w4kERr36NN//GSbIHTSxoKKq66e4KEykMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3Q2q4FIo3UKDk7URzGoWSt8LR7dRvPXJtRKwecJzwIKIDJfqCUbSS30H+hBmZDLvVbqnsVtwZyDLxclKGHPVu6avTi1kacYVMUmN8z00wyKhGwSSfFDup4QllIzrgvqWKRtwE2ezkCTm1So/0Y21LIZmpvycyGhkzjkLbGVEcmkVvKv7n+Sn2r4NMqCRFrth8UT+VBGMy/Z/0hOYM5dgSyrSwtxI2pJoytCkVbQje4svLpFmteJeVi/vzcu0mj6MAx3ACZ+DBFdTgDurQAAYxPMMrvDnovDjvzse8dcXJZ47gD5zPHxd8kSQ=</latexit>

h2
<latexit sha1_base64="iXCJF6D52UzW6Z8T26ryxwHAEmI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKez6Pga9eIxgHrBZwuykkwyZnV1mesWw5DO8eFDEq1/jzb9xkuxBowUNRVU33V1hIoVB1/1yCkvLK6trxfXSxubW9k55d69p4lRzaPBYxrodMgNSKGigQAntRAOLQgmtcHQz9VsPoI2I1T2OEwgiNlCiLzhDK/kdhEfM6GTYPe2WK27VnYH+JV5OKiRHvVv+7PRinkagkEtmjO+5CQYZ0yi4hEmpkxpIGB+xAfiWKhaBCbLZyRN6ZJUe7cfalkI6U39OZCwyZhyFtjNiODSL3lT8z/NT7F8FmVBJiqD4fFE/lRRjOv2f9oQGjnJsCeNa2FspHzLNONqUSjYEb/Hlv6R5UvUuqud3Z5XadR5HkRyQQ3JMPHJJauSW1EmDcBKTJ/JCXh10np03533eWnDymX3yC87HNxkAkSU=</latexit>

h3
<latexit sha1_base64="YWbATA5wr23ltlRG6j6j0HjzKUk=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gGbJcxOJsmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Wj26nfeuTaiFg94DjhQUQHSvQFo2glv4P8CTMyGXbPu+WKW3VnIMvEy0kFctS75a9OL2ZpxBUySY3xPTfBIKMaBZN8UuqkhieUjeiA+5YqGnETZLOTJ+TEKj3Sj7UthWSm/p7IaGTMOAptZ0RxaBa9qfif56fYvw4yoZIUuWLzRf1UEozJ9H/SE5ozlGNLKNPC3krYkGrK0KZUsiF4iy8vk+ZZ1busXtyfV2o3eRxFOIJjOAUPrqAGd1CHBjCI4Rle4c1B58V5dz7mrQUnnzmEP3A+fwAahJEm</latexit>

h4
<latexit sha1_base64="2ejGC9CK3NtellZtCErdy0LGgCs=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolY9Vj04rGC/YA2lM120y7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0O/Vbj1wboeIHHCfcj+ggFqFgFK3U6SJ/woxMhr1qr1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7OTJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1WqvcX5dpNHkcBjuEEzsCDK6jBHdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPHxwIkSc=</latexit>

h5
<latexit sha1_base64="oiKwQiCqod9tkHCuqEqDt5XJ5F4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4Komo9Vj04rGC/YA2lM120y7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0O/Vbj1wboeIHHCfcj+ggFqFgFK3U6SJ/woxMhr1qr1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7OTJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1VLu8vyrWbPI4CHMMJnIEHVajBHdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPHx8QkSk=</latexit>

h7
<latexit sha1_base64="CbsNCfKL0Vz0lvLVFSQI1k+U64A=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hV3xkWPQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxjdTv3WI2gjYvWA4wT8iA2UCAVnaKVOF+EJMzoZ9qq9UtmtuDPQZeLlpExy1Hulr24/5mkECrlkxnQ8N0E/YxoFlzApdlMDCeMjNoCOpYpFYPxsdvKEnlqlT8NY21JIZ+rviYxFxoyjwHZGDIdm0ZuK/3mdFMOqnwmVpAiKzxeFqaQY0+n/tC80cJRjSxjXwt5K+ZBpxtGmVLQheIsvL5PmecW7qlzeX5RrN3kcBXJMTsgZ8cg1qZE7UicNwklMnskreXPQeXHenY9564qTzxyRP3A+fwAglJEq</latexit>

h8RNN RNN RNN RNN RNN RNN RNN RNN

<latexit sha1_base64="elPgFPAJv+NWNRRapEGT9w05Jgc=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5iHJEmYnk2TIzOwy0yssS77CiwdFvPo53vwbJ8keNLGgoajqprsrjAU36HnfTmFldW19o7hZ2tre2d0r7x80TZRoyho0EpFuh8QwwRVrIEfB2rFmRIaCtcLx7dRvPTFteKQeMI1ZIMlQ8QGnBK302B0RzNKeP+mVK17Vm8FdJn5OKpCj3it/dfsRTSRTSAUxpuN7MQYZ0cipYJNSNzEsJnRMhqxjqSKSmSCbHTxxT6zSdweRtqXQnam/JzIijUllaDslwZFZ9Kbif14nwcF1kHEVJ8gUnS8aJMLFyJ1+7/a5ZhRFagmhmttbXToimlC0GZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFCQ8wyu8Odp5cd6dj3lrwclnDuEPnM8f3zuQeA==</latexit>

ŷ1
<latexit sha1_base64="TI80Nx8l9McuabVVP8BBgX7qXj8=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi1mPRi8cK9kPaUDbbbbt0dxN2J0II/RVePCji1Z/jzX/jts1Bqw8GHu/NMDMvjAU36HlfTmFldW19o7hZ2tre2d0r7x+0TJRoypo0EpHuhMQwwRVrIkfBOrFmRIaCtcPJzcxvPzJteKTuMY1ZIMlI8SGnBK300BsTzNJ+bdovV7yqN4f7l/g5qUCORr/82RtENJFMIRXEmK7vxRhkRCOngk1LvcSwmNAJGbGupYpIZoJsfvDUPbHKwB1G2pZCd67+nMiINCaVoe2UBMdm2ZuJ/3ndBIdXQcZVnCBTdLFomAgXI3f2vTvgmlEUqSWEam5vdemYaELRZlSyIfjLL/8lrbOqf1m9uDuv1K/zOIpwBMdwCj7UoA630IAmUJDwBC/w6mjn2Xlz3hetBSefOYRfcD6+AehZkH4=</latexit>

ŷ7

<latexit sha1_base64="4Xy3rLOEg0BYuWPOLsmojWErIaY="></latexit>

LCE(y, ŷ) = �
CX

i=1

yi log(ŷi)

2. Run model on (batch of) ’s from 
data  to get probability 
distributions   
3. Calculate loss compared to true 

’s (Cross Entropy Loss)

<latexit sha1_base64="ZwKkaJcdU3hHlnhMyVD4tdz55QM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZo1kwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOl5jQY=</latexit>x
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Xwuz3Fsaf+RBiee9CEcKKqJi4Ok=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cK1hbaUDbbTbt0swm7EyGE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUijeQoGSdxLNaRRI3g7Gt1O//cS1EbF6wCzhfkSHSoSCUbRSuzeimGeTfrXm1t0ZyDLxClKDAs1+9as3iFkacYVMUmO6npugn1ONgkk+qfRSwxPKxnTIu5YqGnHj57NzJ+TEKgMSxtqWQjJTf0/kNDImiwLbGVEcmUVvKv7ndVMMr/1cqCRFrth8UZhKgjGZ/k4GQnOGMrOEMi3srYSNqKYMbUIVG4K3+PIyeTyre5f1i/vzWuOmiKMMR3AMp+DBFTTgDprQAgZjeIZXeHMS58V5dz7mrSWnmDmEP3A+fwC1AY/U</latexit>

ŷ

<latexit sha1_base64="tmEvmksfb9cWDAa5xB1ckWUhUbQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVx71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH6v2NBw==</latexit>y

<latexit sha1_base64="Vg42yxtPA6zL4CX5b9TVfHAiR7U=">AAACLXicbVDLSgMxFM3UVx1fVZdugkVwVWZErRuhqAuXFewDOqVkMrdtaCYzJJliGfpDbvwVEVxUxK2/YfoAbeuBhJNzzyX3Hj/mTGnHGVmZldW19Y3spr21vbO7l9s/qKookRQqNOKRrPtEAWcCKpppDvVYAgl9DjW/dzuu1/ogFYvEox7E0AxJR7A2o0QbqZW7G7SK+Bp7PnSYSP2QaMmehraLPc925i+vH0RaTZ62ByL4dbdyeafgTICXiTsjeTRDuZV784KIJiEITTlRquE6sW6mRGpGOQxtL1EQE9ojHWgYKkgIqplOth3iE6MEuB1Jc4TGE/VvR0pCpQahb5xmwK5arI3F/2qNRLevmikTcaJB0OlH7YRjHeFxdDhgEqjmA0MIlczMimmXSEK1CXgcgru48jKpnhXcy8LFw3m+dDOLI4uO0DE6RS4qohK6R2VUQRQ9o1c0Qh/Wi/VufVpfU2vGmvUcojlY3z+bEqTA</latexit>

y7 =

2

66666664

1
0
0
0
...
0

3

77777775

<latexit sha1_base64="QVUQcRStQPnYmwRZ0SDX+poETOE="></latexit>

ŷ7 =

2

66666664

.2
.03
.12
.01
...

.001

3

77777775

<latexit sha1_base64="C/vo2NA8fljlIoeXdSTH93hvObs=">AAACAXicbZC5TgMxEIa9nCFcCzRINBYRUmiiXcRVBmigC5BLSlaR1/EmVryH7FlEtCwNr0JDAUK0vAUdb4NzFJDwS5Y+/TOj8fxuJLgCy/o2Zmbn5hcWM0vZ5ZXVtXVzY7OqwlhSVqGhCGXdJYoJHrAKcBCsHklGfFewmtu7GNRrd0wqHgZl6EfM8Ukn4B6nBLTVMrejfBPYPSRX6cMIbstnN+V0v2XmrII1FJ4Geww5NFapZX412yGNfRYAFUSphm1F4CREAqeCpdlmrFhEaI90WENjQHymnGR4QYr3tNPGXij1CwAP3d8TCfGV6vuu7vQJdNVkbWD+V2vE4J06CQ+iGFhAR4u8WGAI8SAO3OaSURB9DYRKrv+KaZdIQkGHltUh2JMnT0P1oGAfF46uD3PF83EcGbSDdlEe2egEFdElKqEKougRPaNX9GY8GS/Gu/Exap0xxjNb6I+Mzx98AZbr</latexit>

p(I|START)

<latexit sha1_base64="pIr/THD/lKaUgjs83l97B4NmqAI=">AAACBHicbZDLSsNAFIYn9VbrLeqym2AR6qYk4m1ZdePOqr1BG8pkOmmHTi7MnIglZuHGV3HjQhG3PoQ738ZpG0Fbfxj4+M85nDm/E3ImwTS/tMzc/MLiUnY5t7K6tr6hb27VZRAJQmsk4IFoOlhSznxaAwacNkNBsedw2nAG56N645YKyQK/CsOQ2h7u+cxlBIOyOno+LLaB3kF8U72sJPc/fHpdTfY6esEsmWMZs2ClUECpKh39s90NSORRHwjHUrYsMwQ7xgIY4TTJtSNJQ0wGuEdbCn3sUWnH4yMSY1c5XcMNhHo+GGP390SMPSmHnqM6PQx9OV0bmf/VWhG4J3bM/DAC6pPJIjfiBgTGKBGjywQlwIcKMBFM/dUgfSwwAZVbToVgTZ88C/X9knVUOrw6KJTP0jiyKI92UBFZ6BiV0QWqoBoi6AE9oRf0qj1qz9qb9j5pzWjpzDb6I+3jG4WLmAY=</latexit>

p(STOP|START)
<latexit sha1_base64="bVZzCPE0v/VIgqJ/BNkMq8wmyb0=">AAACA3icbZDJSgNBEIZ74hbjFvWml8EgxEuYEbdj1IvHqJMFkiH0dCpJk56F7hoxjAEvvooXD4p49SW8+TZ2loMm/tDw8VcV1fV7keAKLevbSM3NLywupZczK6tr6xvZza2KCmPJoMxCEcqaRxUIHkAZOQqoRRKo7wmoer3LYb16B1LxMHCwH4Hr007A25xR1FYzuxPlGwj3mDhdGDyM8dY5v3EGB81szipYI5mzYE8gRyYqNbNfjVbIYh8CZIIqVbetCN2ESuRMwCDTiBVElPVoB+oaA+qDcpPRDQNzXzstsx1K/QI0R+7viYT6SvV9T3f6FLtqujY0/6vVY2yfuQkPohghYONF7ViYGJrDQMwWl8BQ9DVQJrn+q8m6VFKGOraMDsGePnkWKocF+6RwfH2UK15M4kiTXbJH8sQmp6RIrkiJlAkjj+SZvJI348l4Md6Nj3FrypjMbJM/Mj5/ACIDl9c=</latexit>

p(The|START)

<latexit sha1_base64="LJAqA68StDEIegHi5z8f3nkjqj4=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2MwCB48RDAP2CxhdjKbDJmdWWZ6xbDkM7x4UMSrX+PNv3GS7EGjBQ1FVTfdXWEiuAHX/XIKS8srq2vF9dLG5tb2Tnl3r2VUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo/rUbz8wbbiS9zBOWBCTgeQRpwSs5N/2usAeIatfT3rlilt1Z8B/iZeTCsrR6JU/u31F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wkVX6OFLalgQ8U39OZCQ2ZhyHtjMmMDSL3lT8z/NTiC6DjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyX9I6qXrn1bO700rtKo+jiA7QITpGHrpANXSDGqiJKFLoCb2gVwecZ+fNeZ+3Fpx8Zh/9gvPxDT2gkT4=</latexit>

LCE



<latexit sha1_base64="oA7dkFuM+eAYoC8uWFTD1wfdJ6c=">AAACLXicbVDLSgMxFM34rPVVdekmWARXZUZ8bYSiLlxWsA/olJLJ3LahmcyQZIpl6A+58VdEcFERt/6GmXbw0Xog4eTcc8m9x4s4U9q2x9bC4tLyympuLb++sbm1XdjZrakwlhSqNOShbHhEAWcCqpppDo1IAgk8DnWvf53W6wOQioXiXg8jaAWkK1iHUaKN1C7cDNsOvsSuB10mEi8gWrKHUd7Grju9nG/mDvxQq8kz74Lwf9ztQtEu2RPgeeJkpIgyVNqFF9cPaRyA0JQTpZqOHelWQqRmlMMo78YKIkL7pAtNQwUJQLWSybYjfGgUH3dCaY7QeKL+7khIoNQw8IzTDNhTs7VU/K/WjHXnopUwEcUaBJ1+1Ik51iFOo8M+k0A1HxpCqGRmVkx7RBKqTcBpCM7syvOkdlxyzkqndyfF8lUWRw7towN0hBx0jsroFlVQFVH0iJ7RGL1ZT9ar9W59TK0LVtazh/7A+vwCkGqkug==</latexit>

y1 =

2

66666664

0
0
1
0
...
0

3

77777775

<latexit sha1_base64="I7lYq16jcG9kTUcl8Gs1Qx3JjeY="></latexit>

ŷ1 =

2

66666664

.01

.03
.1
.001
...

.002

3

77777775
<latexit sha1_base64="WlQHd/+E5dhrmAKWnNf+qkoedJg=">AAACBXicbVC7TsMwFHXKq5RXgBGGiAqpLFWCeI0FFsYCfUltVDmu01p1Esu+QVShCwu/wsIAQqz8Axt/g9tmgJYjWTo+595r3+MJzhTY9reRmZtfWFzKLudWVtfWN8zNrZqKYklolUQ8kg0PK8pZSKvAgNOGkBQHHqd1r3858ut3VCoWhRUYCOoGuBsynxEMWmqbu6LQAnoPCRaC0+HD5HJbOb+pDA/aZt4u2mNYs8RJSR6lKLfNr1YnInFAQyAcK9V0bAFugiUwoqfnWrGiApM+7tKmpiEOqHKT8RZDa18rHcuPpD4hWGP1d0eCA6UGgacrAww9Ne2NxP+8Zgz+mZuwUMRAQzJ5yI+5BZE1isTqMEkJ8IEmmEim/2qRHpaYgA4up0NwpleeJbXDonNSPL4+ypcu0jiyaAftoQJy0CkqoStURlVE0CN6Rq/ozXgyXox342NSmjHSnm30B8bnD/FZmNw=</latexit>

p(apple|START)

Lecture 4: Embeddings and RNNs52

Training procedure

<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · · <latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·
<latexit sha1_base64="MftO+SMqnPwqfD2tsYonKEJyGUQ=">AAAB+nicbVDLTsJAFJ36RHwVXbppJCa4Ia3xtUTduETllUBDpsMUJkynzcytQgqf4saFxrj1S9z5Nw7QhYInucnJOffm3nu8iDMFtv1tLC2vrK6tZzaym1vbO7tmbq+mwlgSWiUhD2XDw4pyJmgVGHDaiCTFgcdp3evfTPz6I5WKhaICw4i6Ae4K5jOCQUttMxcVBqMW0AEkD5Wr+8r4uG3m7aI9hbVInJTkUYpy2/xqdUISB1QA4VippmNH4CZYAiOcjrOtWNEIkz7u0qamAgdUucn09LF1pJWO5YdSlwBrqv6eSHCg1DDwdGeAoafmvYn4n9eMwb90EyaiGKggs0V+zC0IrUkOVodJSoAPNcFEMn2rRXpYYgI6rawOwZl/eZHUTorOefHs7jRfuk7jyKADdIgKyEEXqIRuURlVEUFP6Bm9ojdjZLwY78bHrHXJSGf20R8Ynz/UPJO7</latexit>

p(x|START) <latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · · <latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·

START I went to the park . STOP

<latexit sha1_base64="+apeH9ipiz9IiZQJUuITiDzB5rY=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFKni/CEGZ0Me26vXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTd DPmEbBJUxK3dRAwviIDaBjqWIRGD+bnTyhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR/2hcaOMqxJYxrYW+lfMg042hTKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4SQmz+SVvDnovDjvzse8teDkM4fkD5zPHxR0kSI=</latexit>

h0
<latexit sha1_base64="Zi3ZS9qNul1uBq/jW8BOSJwALqI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFKni/CEGZ0Me16vXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTdDPmEbBJUxK3dRAwviIDaBjqWIRGD+bnTyhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR/2hcaOMqxJYxrYW+lfMg042hTKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4SQmz+SVvDnovDjvzse8teDkM4fkD5zPHxX4kSM=</latexit>

h1
<latexit sha1_base64="KJjiEXDY3ZxmCM+35t8fSPVQcMY=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGCecBmCbOTSTJkdnaZ6RXDks/w4kERr36NN//GSbIHTSxoKKq66e4KEykMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3Q2q4FIo3UKDk7URzGoWSt8LR7dRvPXJtRKwecJzwIKIDJfqCUbSS30H+hBmZDLvVbqnsVtwZyDLxclKGHPVu6avTi1kacYVMUmN8z00wyKhGwSSfFDup4QllIzrgvqWKRtwE2ezkCTm1So/0Y21LIZmpvycyGhkzjkLbGVEcmkVvKv7n+Sn2r4NMqCRFrth8UT+VBGMy/Z/0hOYM5dgSyrSwtxI2pJoytCkVbQje4svLpFmteJeVi/vzcu0mj6MAx3ACZ+DBFdTgDurQAAYxPMMrvDnovDjvzse8dcXJZ47gD5zPHxd8kSQ=</latexit>

h2
<latexit sha1_base64="iXCJF6D52UzW6Z8T26ryxwHAEmI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKez6Pga9eIxgHrBZwuykkwyZnV1mesWw5DO8eFDEq1/jzb9xkuxBowUNRVU33V1hIoVB1/1yCkvLK6trxfXSxubW9k55d69p4lRzaPBYxrodMgNSKGigQAntRAOLQgmtcHQz9VsPoI2I1T2OEwgiNlCiLzhDK/kdhEfM6GTYPe2WK27VnYH+JV5OKiRHvVv+7PRinkagkEtmjO+5CQYZ0yi4hEmpkxpIGB+xAfiWKhaBCbLZyRN6ZJUe7cfalkI6U39OZCwyZhyFtjNiODSL3lT8z/NT7F8FmVBJiqD4fFE/lRRjOv2f9oQGjnJsCeNa2FspHzLNONqUSjYEb/Hlv6R5UvUuqud3Z5XadR5HkRyQQ3JMPHJJauSW1EmDcBKTJ/JCXh10np03533eWnDymX3yC87HNxkAkSU=</latexit>

h3
<latexit sha1_base64="YWbATA5wr23ltlRG6j6j0HjzKUk=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gGbJcxOJsmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Wj26nfeuTaiFg94DjhQUQHSvQFo2glv4P8CTMyGXbPu+WKW3VnIMvEy0kFctS75a9OL2ZpxBUySY3xPTfBIKMaBZN8UuqkhieUjeiA+5YqGnETZLOTJ+TEKj3Sj7UthWSm/p7IaGTMOAptZ0RxaBa9qfif56fYvw4yoZIUuWLzRf1UEozJ9H/SE5ozlGNLKNPC3krYkGrK0KZUsiF4iy8vk+ZZ1busXtyfV2o3eRxFOIJjOAUPrqAGd1CHBjCI4Rle4c1B58V5dz7mrQUnnzmEP3A+fwAahJEm</latexit>

h4
<latexit sha1_base64="2ejGC9CK3NtellZtCErdy0LGgCs=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolY9Vj04rGC/YA2lM120y7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0O/Vbj1wboeIHHCfcj+ggFqFgFK3U6SJ/woxMhr1qr1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7OTJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1WqvcX5dpNHkcBjuEEzsCDK6jBHdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPHxwIkSc=</latexit>

h5
<latexit sha1_base64="oiKwQiCqod9tkHCuqEqDt5XJ5F4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4Komo9Vj04rGC/YA2lM120y7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0O/Vbj1wboeIHHCfcj+ggFqFgFK3U6SJ/woxMhr1qr1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7OTJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1VLu8vyrWbPI4CHMMJnIEHVajBHdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPHx8QkSk=</latexit>

h7
<latexit sha1_base64="CbsNCfKL0Vz0lvLVFSQI1k+U64A=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hV3xkWPQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxjdTv3WI2gjYvWA4wT8iA2UCAVnaKVOF+EJMzoZ9qq9UtmtuDPQZeLlpExy1Hulr24/5mkECrlkxnQ8N0E/YxoFlzApdlMDCeMjNoCOpYpFYPxsdvKEnlqlT8NY21JIZ+rviYxFxoyjwHZGDIdm0ZuK/3mdFMOqnwmVpAiKzxeFqaQY0+n/tC80cJRjSxjXwt5K+ZBpxtGmVLQheIsvL5PmecW7qlzeX5RrN3kcBXJMTsgZ8cg1qZE7UicNwklMnskreXPQeXHenY9564qTzxyRP3A+fwAglJEq</latexit>

h8RNN RNN RNN RNN RNN RNN RNN RNN

<latexit sha1_base64="elPgFPAJv+NWNRRapEGT9w05Jgc=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5iHJEmYnk2TIzOwy0yssS77CiwdFvPo53vwbJ8keNLGgoajqprsrjAU36HnfTmFldW19o7hZ2tre2d0r7x80TZRoyho0EpFuh8QwwRVrIEfB2rFmRIaCtcLx7dRvPTFteKQeMI1ZIMlQ8QGnBK302B0RzNKeP+mVK17Vm8FdJn5OKpCj3it/dfsRTSRTSAUxpuN7MQYZ0cipYJNSNzEsJnRMhqxjqSKSmSCbHTxxT6zSdweRtqXQnam/JzIijUllaDslwZFZ9Kbif14nwcF1kHEVJ8gUnS8aJMLFyJ1+7/a5ZhRFagmhmttbXToimlC0GZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFCQ8wyu8Odp5cd6dj3lrwclnDuEPnM8f3zuQeA==</latexit>

ŷ1

3. Calculate loss compared to true 
’s (Cross Entropy Loss)<latexit sha1_base64="tmEvmksfb9cWDAa5xB1ckWUhUbQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVx71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH6v2NBw==</latexit>y

<latexit sha1_base64="4Xy3rLOEg0BYuWPOLsmojWErIaY="></latexit>

LCE(y, ŷ) = �
CX

i=1

yi log(ŷi)

<latexit sha1_base64="4cj6hAWOq7eNTe9BrEvHMBnGicc="></latexit>

LCE(y1, ŷ1) = �0 ⇤ log(.01)� 0 ⇤ log(.03)� 1 ⇤ � log(.1)� · · ·� 0 ⇤ log(.002)
= � log(.1) = � log(p(I|START))

<latexit sha1_base64="oA7dkFuM+eAYoC8uWFTD1wfdJ6c=">AAACLXicbVDLSgMxFM34rPVVdekmWARXZUZ8bYSiLlxWsA/olJLJ3LahmcyQZIpl6A+58VdEcFERt/6GmXbw0Xog4eTcc8m9x4s4U9q2x9bC4tLyympuLb++sbm1XdjZrakwlhSqNOShbHhEAWcCqpppDo1IAgk8DnWvf53W6wOQioXiXg8jaAWkK1iHUaKN1C7cDNsOvsSuB10mEi8gWrKHUd7Grju9nG/mDvxQq8kz74Lwf9ztQtEu2RPgeeJkpIgyVNqFF9cPaRyA0JQTpZqOHelWQqRmlMMo78YKIkL7pAtNQwUJQLWSybYjfGgUH3dCaY7QeKL+7khIoNQw8IzTDNhTs7VU/K/WjHXnopUwEcUaBJ1+1Ik51iFOo8M+k0A1HxpCqGRmVkx7RBKqTcBpCM7syvOkdlxyzkqndyfF8lUWRw7towN0hBx0jsroFlVQFVH0iJ7RGL1ZT9ar9W59TK0LVtazh/7A+vwCkGqkug==</latexit>

y1 =

2

66666664

0
0
1
0
...
0

3

77777775

<latexit sha1_base64="I7lYq16jcG9kTUcl8Gs1Qx3JjeY="></latexit>

ŷ1 =

2

66666664

.01

.03
.1
.001
...

.002

3

77777775
<latexit sha1_base64="WlQHd/+E5dhrmAKWnNf+qkoedJg=">AAACBXicbVC7TsMwFHXKq5RXgBGGiAqpLFWCeI0FFsYCfUltVDmu01p1Esu+QVShCwu/wsIAQqz8Axt/g9tmgJYjWTo+595r3+MJzhTY9reRmZtfWFzKLudWVtfWN8zNrZqKYklolUQ8kg0PK8pZSKvAgNOGkBQHHqd1r3858ut3VCoWhRUYCOoGuBsynxEMWmqbu6LQAnoPCRaC0+HD5HJbOb+pDA/aZt4u2mNYs8RJSR6lKLfNr1YnInFAQyAcK9V0bAFugiUwoqfnWrGiApM+7tKmpiEOqHKT8RZDa18rHcuPpD4hWGP1d0eCA6UGgacrAww9Ne2NxP+8Zgz+mZuwUMRAQzJ5yI+5BZE1isTqMEkJ8IEmmEim/2qRHpaYgA4up0NwpleeJbXDonNSPL4+ypcu0jiyaAftoQJy0CkqoStURlVE0CN6Rq/ozXgyXox342NSmjHSnm30B8bnD/FZmNw=</latexit>

p(apple|START)

<latexit sha1_base64="C/vo2NA8fljlIoeXdSTH93hvObs=">AAACAXicbZC5TgMxEIa9nCFcCzRINBYRUmiiXcRVBmigC5BLSlaR1/EmVryH7FlEtCwNr0JDAUK0vAUdb4NzFJDwS5Y+/TOj8fxuJLgCy/o2Zmbn5hcWM0vZ5ZXVtXVzY7OqwlhSVqGhCGXdJYoJHrAKcBCsHklGfFewmtu7GNRrd0wqHgZl6EfM8Ukn4B6nBLTVMrejfBPYPSRX6cMIbstnN+V0v2XmrII1FJ4Geww5NFapZX412yGNfRYAFUSphm1F4CREAqeCpdlmrFhEaI90WENjQHymnGR4QYr3tNPGXij1CwAP3d8TCfGV6vuu7vQJdNVkbWD+V2vE4J06CQ+iGFhAR4u8WGAI8SAO3OaSURB9DYRKrv+KaZdIQkGHltUh2JMnT0P1oGAfF46uD3PF83EcGbSDdlEe2egEFdElKqEKougRPaNX9GY8GS/Gu/Exap0xxjNb6I+Mzx98AZbr</latexit>

p(I|START)

<latexit sha1_base64="LJAqA68StDEIegHi5z8f3nkjqj4=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2MwCB48RDAP2CxhdjKbDJmdWWZ6xbDkM7x4UMSrX+PNv3GS7EGjBQ1FVTfdXWEiuAHX/XIKS8srq2vF9dLG5tb2Tnl3r2VUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo/rUbz8wbbiS9zBOWBCTgeQRpwSs5N/2usAeIatfT3rlilt1Z8B/iZeTCsrR6JU/u31F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wkVX6OFLalgQ8U39OZCQ2ZhyHtjMmMDSL3lT8z/NTiC6DjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyX9I6qXrn1bO700rtKo+jiA7QITpGHrpANXSDGqiJKFLoCb2gVwecZ+fNeZ+3Fpx8Zh/9gvPxDT2gkT4=</latexit>

LCE

<latexit sha1_base64="pIr/THD/lKaUgjs83l97B4NmqAI=">AAACBHicbZDLSsNAFIYn9VbrLeqym2AR6qYk4m1ZdePOqr1BG8pkOmmHTi7MnIglZuHGV3HjQhG3PoQ738ZpG0Fbfxj4+M85nDm/E3ImwTS/tMzc/MLiUnY5t7K6tr6hb27VZRAJQmsk4IFoOlhSznxaAwacNkNBsedw2nAG56N645YKyQK/CsOQ2h7u+cxlBIOyOno+LLaB3kF8U72sJPc/fHpdTfY6esEsmWMZs2ClUECpKh39s90NSORRHwjHUrYsMwQ7xgIY4TTJtSNJQ0wGuEdbCn3sUWnH4yMSY1c5XcMNhHo+GGP390SMPSmHnqM6PQx9OV0bmf/VWhG4J3bM/DAC6pPJIjfiBgTGKBGjywQlwIcKMBFM/dUgfSwwAZVbToVgTZ88C/X9knVUOrw6KJTP0jiyKI92UBFZ6BiV0QWqoBoi6AE9oRf0qj1qz9qb9j5pzWjpzDb6I+3jG4WLmAY=</latexit>

p(STOP|START)
<latexit sha1_base64="bVZzCPE0v/VIgqJ/BNkMq8wmyb0=">AAACA3icbZDJSgNBEIZ74hbjFvWml8EgxEuYEbdj1IvHqJMFkiH0dCpJk56F7hoxjAEvvooXD4p49SW8+TZ2loMm/tDw8VcV1fV7keAKLevbSM3NLywupZczK6tr6xvZza2KCmPJoMxCEcqaRxUIHkAZOQqoRRKo7wmoer3LYb16B1LxMHCwH4Hr007A25xR1FYzuxPlGwj3mDhdGDyM8dY5v3EGB81szipYI5mzYE8gRyYqNbNfjVbIYh8CZIIqVbetCN2ESuRMwCDTiBVElPVoB+oaA+qDcpPRDQNzXzstsx1K/QI0R+7viYT6SvV9T3f6FLtqujY0/6vVY2yfuQkPohghYONF7ViYGJrDQMwWl8BQ9DVQJrn+q8m6VFKGOraMDsGePnkWKocF+6RwfH2UK15M4kiTXbJH8sQmp6RIrkiJlAkjj+SZvJI348l4Md6Nj3FrypjMbJM/Mj5/ACIDl9c=</latexit>

p(The|START)
(Actual observed word)



1. Get training x-y pairs from batch 
2. Run model to get probability distributions over  
3. Calculate loss compared to true  
4. Backpropagate to get the gradient 
5. Take a step of gradient descent

<latexit sha1_base64="Xwuz3Fsaf+RBiee9CEcKKqJi4Ok=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cK1hbaUDbbTbt0swm7EyGE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUijeQoGSdxLNaRRI3g7Gt1O//cS1EbF6wCzhfkSHSoSCUbRSuzeimGeTfrXm1t0ZyDLxClKDAs1+9as3iFkacYVMUmO6npugn1ONgkk+qfRSwxPKxnTIu5YqGnHj57NzJ+TEKgMSxtqWQjJTf0/kNDImiwLbGVEcmUVvKv7ndVMMr/1cqCRFrth8UZhKgjGZ/k4GQnOGMrOEMi3srYSNqKYMbUIVG4K3+PIyeTyre5f1i/vzWuOmiKMMR3AMp+DBFTTgDprQAgZjeIZXeHMS58V5dz7mrSWnmDmEP3A+fwC1AY/U</latexit>

ŷ
<latexit sha1_base64="tmEvmksfb9cWDAa5xB1ckWUhUbQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVx71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH6v2NBw==</latexit>y

Lecture 4: Embeddings and RNNs53

Training procedure - gradient descent step

<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · · <latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·
<latexit sha1_base64="MftO+SMqnPwqfD2tsYonKEJyGUQ=">AAAB+nicbVDLTsJAFJ36RHwVXbppJCa4Ia3xtUTduETllUBDpsMUJkynzcytQgqf4saFxrj1S9z5Nw7QhYInucnJOffm3nu8iDMFtv1tLC2vrK6tZzaym1vbO7tmbq+mwlgSWiUhD2XDw4pyJmgVGHDaiCTFgcdp3evfTPz6I5WKhaICw4i6Ae4K5jOCQUttMxcVBqMW0AEkD5Wr+8r4uG3m7aI9hbVInJTkUYpy2/xqdUISB1QA4VippmNH4CZYAiOcjrOtWNEIkz7u0qamAgdUucn09LF1pJWO5YdSlwBrqv6eSHCg1DDwdGeAoafmvYn4n9eMwb90EyaiGKggs0V+zC0IrUkOVodJSoAPNcFEMn2rRXpYYgI6rawOwZl/eZHUTorOefHs7jRfuk7jyKADdIgKyEEXqIRuURlVEUFP6Bm9ojdjZLwY78bHrHXJSGf20R8Ynz/UPJO7</latexit>

p(x|START) <latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · · <latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·

START I went to the park . STOP

<latexit sha1_base64="+apeH9ipiz9IiZQJUuITiDzB5rY=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFKni/CEGZ0Me26vXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTd DPmEbBJUxK3dRAwviIDaBjqWIRGD+bnTyhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR/2hcaOMqxJYxrYW+lfMg042hTKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4SQmz+SVvDnovDjvzse8teDkM4fkD5zPHxR0kSI=</latexit>

h0
<latexit sha1_base64="Zi3ZS9qNul1uBq/jW8BOSJwALqI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFKni/CEGZ0Me16vXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTdDPmEbBJUxK3dRAwviIDaBjqWIRGD+bnTyhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR/2hcaOMqxJYxrYW+lfMg042hTKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4SQmz+SVvDnovDjvzse8teDkM4fkD5zPHxX4kSM=</latexit>

h1
<latexit sha1_base64="KJjiEXDY3ZxmCM+35t8fSPVQcMY=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGCecBmCbOTSTJkdnaZ6RXDks/w4kERr36NN//GSbIHTSxoKKq66e4KEykMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3Q2q4FIo3UKDk7URzGoWSt8LR7dRvPXJtRKwecJzwIKIDJfqCUbSS30H+hBmZDLvVbqnsVtwZyDLxclKGHPVu6avTi1kacYVMUmN8z00wyKhGwSSfFDup4QllIzrgvqWKRtwE2ezkCTm1So/0Y21LIZmpvycyGhkzjkLbGVEcmkVvKv7n+Sn2r4NMqCRFrth8UT+VBGMy/Z/0hOYM5dgSyrSwtxI2pJoytCkVbQje4svLpFmteJeVi/vzcu0mj6MAx3ACZ+DBFdTgDurQAAYxPMMrvDnovDjvzse8dcXJZ47gD5zPHxd8kSQ=</latexit>

h2
<latexit sha1_base64="iXCJF6D52UzW6Z8T26ryxwHAEmI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKez6Pga9eIxgHrBZwuykkwyZnV1mesWw5DO8eFDEq1/jzb9xkuxBowUNRVU33V1hIoVB1/1yCkvLK6trxfXSxubW9k55d69p4lRzaPBYxrodMgNSKGigQAntRAOLQgmtcHQz9VsPoI2I1T2OEwgiNlCiLzhDK/kdhEfM6GTYPe2WK27VnYH+JV5OKiRHvVv+7PRinkagkEtmjO+5CQYZ0yi4hEmpkxpIGB+xAfiWKhaBCbLZyRN6ZJUe7cfalkI6U39OZCwyZhyFtjNiODSL3lT8z/NT7F8FmVBJiqD4fFE/lRRjOv2f9oQGjnJsCeNa2FspHzLNONqUSjYEb/Hlv6R5UvUuqud3Z5XadR5HkRyQQ3JMPHJJauSW1EmDcBKTJ/JCXh10np03533eWnDymX3yC87HNxkAkSU=</latexit>

h3
<latexit sha1_base64="YWbATA5wr23ltlRG6j6j0HjzKUk=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gGbJcxOJsmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Wj26nfeuTaiFg94DjhQUQHSvQFo2glv4P8CTMyGXbPu+WKW3VnIMvEy0kFctS75a9OL2ZpxBUySY3xPTfBIKMaBZN8UuqkhieUjeiA+5YqGnETZLOTJ+TEKj3Sj7UthWSm/p7IaGTMOAptZ0RxaBa9qfif56fYvw4yoZIUuWLzRf1UEozJ9H/SE5ozlGNLKNPC3krYkGrK0KZUsiF4iy8vk+ZZ1busXtyfV2o3eRxFOIJjOAUPrqAGd1CHBjCI4Rle4c1B58V5dz7mrQUnnzmEP3A+fwAahJEm</latexit>

h4
<latexit sha1_base64="2ejGC9CK3NtellZtCErdy0LGgCs=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolY9Vj04rGC/YA2lM120y7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0O/Vbj1wboeIHHCfcj+ggFqFgFK3U6SJ/woxMhr1qr1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7OTJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1WqvcX5dpNHkcBjuEEzsCDK6jBHdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPHxwIkSc=</latexit>

h5
<latexit sha1_base64="oiKwQiCqod9tkHCuqEqDt5XJ5F4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4Komo9Vj04rGC/YA2lM120y7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0O/Vbj1wboeIHHCfcj+ggFqFgFK3U6SJ/woxMhr1qr1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7OTJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1VLu8vyrWbPI4CHMMJnIEHVajBHdShAQwUPMMrvDnovDjvzse8dcXJZ47gD5zPHx8QkSk=</latexit>

h7
<latexit sha1_base64="CbsNCfKL0Vz0lvLVFSQI1k+U64A=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hV3xkWPQi8cI5gHJEmYnvcmQ2dllplcMSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxjdTv3WI2gjYvWA4wT8iA2UCAVnaKVOF+EJMzoZ9qq9UtmtuDPQZeLlpExy1Hulr24/5mkECrlkxnQ8N0E/YxoFlzApdlMDCeMjNoCOpYpFYPxsdvKEnlqlT8NY21JIZ+rviYxFxoyjwHZGDIdm0ZuK/3mdFMOqnwmVpAiKzxeFqaQY0+n/tC80cJRjSxjXwt5K+ZBpxtGmVLQheIsvL5PmecW7qlzeX5RrN3kcBXJMTsgZ8cg1qZE7UicNwklMnskreXPQeXHenY9564qTzxyRP3A+fwAglJEq</latexit>

h8RNN RNN RNN RNN RNN RNN RNN RNN

<latexit sha1_base64="elPgFPAJv+NWNRRapEGT9w05Jgc=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5iHJEmYnk2TIzOwy0yssS77CiwdFvPo53vwbJ8keNLGgoajqprsrjAU36HnfTmFldW19o7hZ2tre2d0r7x80TZRoyho0EpFuh8QwwRVrIEfB2rFmRIaCtcLx7dRvPTFteKQeMI1ZIMlQ8QGnBK302B0RzNKeP+mVK17Vm8FdJn5OKpCj3it/dfsRTSRTSAUxpuN7MQYZ0cipYJNSNzEsJnRMhqxjqSKSmSCbHTxxT6zSdweRtqXQnam/JzIijUllaDslwZFZ9Kbif14nwcF1kHEVJ8gUnS8aJMLFyJ1+7/a5ZhRFagmhmttbXToimlC0GZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFCQ8wyu8Odp5cd6dj3lrwclnDuEPnM8f3zuQeA==</latexit>

ŷ1

<latexit sha1_base64="BnG2oFXYTa/9OoG7ThqBxvuWo84="></latexit>

✓(i+1) = ✓(i) � ↵ ⇤ @L

@✓
(✓(i))


