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Neural Language Models



Natural Language Processing - CSE 517 / CSE 447 2

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.)



Lecture 3: Tokenization

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: 



Lecture 3: Tokenization4

ChatGPT tokenization example

https://platform.openai.com/tokenizer



Lecture 3: Tokenization5

Vocabulary: word-level

• For the n-gram model, our vocabulary  was comprised of all of the words in a 
language 

• Some problems with this: 
•  can be quite large - ~470,000 words Webster’s English Dictionary (3rd 

edition) 
• Language is changing all of the time - 690 words were added to Merriam 

Webster's in September 2023 (“rizz”, “goated”, “mid”) 
• Long tail of infrequent words. Many words just occur a few times 
• Some words may not appear in a training set of documents 
• No modeled relationship between words - e.g., “run”, “ran”, “runs”, “runner” 

are all separate entries despite being linked in meaning

<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V

<latexit sha1_base64="O5VOI/dtVrARV8hqH5tB+XIfLTs=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRnxtSy6cVnBPqAdSibNtKGZZEwyhTLtd7hxoYhbP8adf2OmnYW2HggczrmXe3KCmDNtXPfbWVldW9/YLGwVt3d29/ZLB4cNLRNFaJ1ILlUrwJpyJmjdMMNpK1YURwGnzWB4l/nNEVWaSfFoxjH1I9wXLGQEGyv5k06EzYBgnjamk26p7FbcGdAy8XJShhy1bumr05MkiagwhGOt254bGz/FyjDC6bTYSTSNMRniPm1bKnBEtZ/OQk/RqVV6KJTKPmHQTP29keJI63EU2Mkso170MvE/r52Y8MZPmYgTQwWZHwoTjoxEWQOoxxQlho8twUQxmxWRAVaYGNtT0ZbgLX55mTTOK95V5fLholy9zesowDGcwBl4cA1VuIca1IHAEzzDK7w5I+fFeXc+5qMrTr5zBH/gfP4AX7uSgg==</latexit>

|V|



Character-level?

What about representing text with characters? 
•  

• (Maybe add capital letters, punctuation, spaces, …) 
• Pros: 

• Small vocabulary size (  for English) 
• Complete coverage (unseen words are represented by letters) 

• Cons: 
• Encoding becomes very long - # chars instead of # words 
• Poor inductive bias for learning

<latexit sha1_base64="MlhxriEpGaJ4rFM71wgrLVXdFa8=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBRSiJ+NoIRTcuK9gHNKFMppN26GQmzEyEGgpu/BU3LhRx60+482+ctllo64ELh3Pu5d57woRRpV332yosLC4trxRXS2vrG5tb9vZOQ4lUYlLHggnZCpEijHJS11Qz0kokQXHISDMcXI/95j2Rigp+p4cJCWLU4zSiGGkjdey9BryEfoYcGDoQO9BnXaGVAx/8UccuuxV3AjhPvJyUQY5ax/7yuwKnMeEaM6RU23MTHWRIaooZGZX8VJEE4QHqkbahHMVEBdnkhxE8NEoXRkKa4hpO1N8TGYqVGsah6YyR7qtZbyz+57VTHV0EGeVJqgnH00VRyqAWcBwI7FJJsGZDQxCW1NwKcR9JhLWJrWRC8GZfnieN44p3Vjm9PSlXr/I4imAfHIAj4IFzUAU3oAbqAINH8AxewZv1ZL1Y79bHtLVg5TO74A+szx+CBpWO</latexit>

V = {a, b, c, . . . , z}

<latexit sha1_base64="Y1BChkOBWyEXt94WKpIwyAAGjtI=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBE8ld2i1YtQ9OKxgv3AdinZNNuGZrNLkhXKtv/CiwdFvPpvvPlvTNs9aOuDgcd7M8zM82PBtXGcb7Syura+sZnbym/v7O7tFw4OGzpKFGV1GolItXyimeCS1Q03grVixUjoC9b0h7dTv/nElOaRfDCjmHkh6UsecEqMlR7HuIHH+BqXK91C0Sk5M+Bl4makCBlq3cJXpxfRJGTSUEG0brtObLyUKMOpYJN8J9EsJnRI+qxtqSQh0146u3iCT63Sw0GkbEmDZ+rviZSEWo9C33aGxAz0ojcV//PaiQmuvJTLODFM0vmiIBHYRHj6Pu5xxagRI0sIVdzeiumAKEKNDSlvQ3AXX14mjXLJrZQu7s+L1ZssjhwcwwmcgQuXUIU7qEEdKEh4hld4Qxq9oHf0MW9dQdnMEfwB+vwBQwePWw==</latexit>

|V | = 26



Lecture 3: Tokenization7

Word Character Subword tokenization!

How can we combine the high coverage of character-level 
representation with the efficiency of word-level representation? 

Subword tokenization! (e.g., Byte-Pair Encoding) 
• Start with character-level representations 
• Build up representations from there 

Original BPE Paper (Sennrich et al., 2016) 
https://arxiv.org/abs/1508.07909

https://arxiv.org/abs/1508.07909


Lecture 3: Tokenization8

Byte-pair encoding: ChatGPT example

https://platform.openai.com/tokenizer



Lecture 3: Tokenization9

Byte-pair encoding: usage

• Basically state of the art in tokenization 
• Used in all modern left-to-right large language models (LLMs), 

including ChatGPT 
Model/Tokenizer Vocabulary Size

GPT-3.5/GPT-4/ChatGPT 100k

GPT-2/GPT-3 50k

Llama2 32k

Falcon 65k



Lecture 3: Tokenization10

Byte-pair encoding (BPE): algorithm
Required: 
• Documents  
• Desired vocabulary size  (greater than characters in ) 
Algorithm: 
• Pre-tokenize  by splitting into words (split before whitespace/punctuation) 
• Initialize  as the set of characters in  
• Convert  into a list of tokens (characters) 

• While  < : 

• Let   
• Get counts of all bigrams in  
• For the most frequent bigram   (breaking ties arbitrarily) 

• Let  
• Change all instances in  of  to  and add  to 

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="f0Eq4chOXdaCL4akh6X1BvQxXWM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqy6LblxWsA9oQ5lMJ+3QySTMTISa9kvcuFDErZ/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrW9sbhW3Szu7e/tl++CwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fJv57UcqFYvEg57E1AvxULCAEayN1LfLU9QLsR4RzNPWDE37dsWpOnOgVeLmpAI5Gn37qzeI SBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnQefoVOjDFAQSfOERnP190aKQ6UmoW8ms5Bq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpaQAMmKdF8YggmkpmsiIywxESbrkqmBHf5y6ukdV51L6u1+4tK/SavowjHcAJn4MIV1OEOGtAEAgk8wyu8WU/Wi/VufSxGC1a+cwR/YH3+AIm1kwc=</latexit>

|V| <latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="qHDdAiIl6F+PIAHnOC1uenCsXQI=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiCEJJxBeCUHTjsoJ9QBvKZDpph04mYWYilJiNv+LGhSJu/Qx3/o2TtgttPTBw5px7ufceP+ZMacf5tubmFxaXlgsrxdW19Y1Ne2u7rqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cJP7jQcqFYvEvR7G1AtxT7CAEayN1LF3Bbq8Qo+oHWLdJ5in9cz8jtyOXXLKzgholrgTUoIJqh37q92NSBJSoQnHSrVcJ9ZeiqVmhNOs2E4UjTEZ4B5tGSpwSJWXjg7I0IFRuiiIpHlCo5H6uyPFoVLD0DeV+Z5q2svF/7xWooMLL2UiTjQVZDwoSDjSEcrTQF0mKdF8aAgmkpldEeljiYk2mRVNCO70ybOkflx2z8qndyelyvUkjgLswT4cggvnUIFbqEINCGTwDK/wZj1ZL9a79TEunbMmPTvwB9bnD1QnlPg=</latexit>

n := |V|+ 1
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj
<latexit sha1_base64="FcsoGfdiXUbCtS2heHfv2tDDoMA=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoMQQcKMuCEIQS8eI5gFkjD0dDpJm56eobsmGIbcvPgrXjwo4tVf8Obf2FkOmvig4PFeFVX1/EhwDY7zbaXm5hcWl9LLmZXVtfUNe3OrrMNYUVaioQhV1SeaCS5ZCTgIVo0UI4EvWMXvXg/9So8pzUN5B/2INQLSlrzFKQEjefZuz5P44hLXgT1AQkNpjEGu5/FD3PPuDzw76+SdEfAscSckiyYoevZXvRnSOGASqCBa11wngkZCFHAq2CBTjzWLCO2SNqsZKknAdCMZ/THA+0Zp4laoTEnAI/X3REICrfuBbzoDAh097Q3F/7xaDK3zRsJlFAOTdLyoFQsMIR6GgptcMQqibwihiptbMe0QRSiY6DImBHf65VlSPsq7p/mT2+Ns4WoSRxrtoD2UQy46QwV0g4qohCh6RM/oFb1ZT9aL9W59jFtT1mRmG/2B9fkDnQqYhg==</latexit>

vn := concat(vi, vj)
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj <latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn
<latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn

<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V



Required: 
• Documents  
• Desired vocabulary size  (greater than chars in ) 
Algorithm: 
• Pre-tokenize  by splitting into words (split before 

whitespace/punctuation) 
• Initialize  as the set of characters in  
• Convert  into a list of tokens (characters) 

• While  < : 

• Let   
• Get counts of all bigrams in  
• For the most frequent bigram   (breaking 

ties arbitrarily) 

• Let  
• Change all instances in  of  to  

and add  to 

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="f0Eq4chOXdaCL4akh6X1BvQxXWM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqy6LblxWsA9oQ5lMJ+3QySTMTISa9kvcuFDErZ/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrW9sbhW3Szu7e/tl++CwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fJv57UcqFYvEg57E1AvxULCAEayN1LfLU9QLsR4RzNPWDE37dsWpOnOgVeLmpAI5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnQefoVOjDFAQSfOERnP190aKQ6UmoW8ms5Bq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpaQAMmKdF8YggmkpmsiIywxESbrkqmBHf5y6ukdV51L6u1+4tK/SavowjHcAJn4MIV1OEOGtAEAgk8wyu8WU/Wi/VufSxGC1a+cwR/YH3+AIm1kwc=</latexit>

|V| <latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="qHDdAiIl6F+PIAHnOC1uenCsXQI=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiCEJJxBeCUHTjsoJ9QBvKZDpph04mYWYilJiNv+LGhSJu/Qx3/o2TtgttPTBw5px7ufceP+ZMacf5tubmFxaXlgsrxdW19Y1Ne2u7rqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cJP7jQcqFYvEvR7G1AtxT7CAEayN1LF3Bbq8Qo+oHWLdJ5in9cz8jtyOXXLKzgholrgTUoIJqh37q92NSBJSoQnHSrVcJ9ZeiqVmhNOs2E4UjTEZ4B5tGSpwSJWXjg7I0IFRuiiIpHlCo5H6uyPFoVLD0DeV+Z5q2svF/7xWooMLL2UiTjQVZDwoSDjSEcrTQF0mKdF8aAgmkpldEeljiYk2mRVNCO70ybOkflx2z8qndyelyvUkjgLswT4cggvnUIFbqEINCGTwDK/wZj1ZL9a79TEunbMmPTvwB9bnD1QnlPg=</latexit>

n := |V|+ 1
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj

<latexit sha1_base64="FcsoGfdiXUbCtS2heHfv2tDDoMA=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoMQQcKMuCEIQS8eI5gFkjD0dDpJm56eobsmGIbcvPgrXjwo4tVf8Obf2FkOmvig4PFeFVX1/EhwDY7zbaXm5hcWl9LLmZXVtfUNe3OrrMNYUVaioQhV1SeaCS5ZCTgIVo0UI4EvWMXvXg/9So8pzUN5B/2INQLSlrzFKQEjefZuz5P44hLXgT1AQkNpjEGu5/FD3PPuDzw76+SdEfAscSckiyYoevZXvRnSOGASqCBa11wngkZCFHAq2CBTjzWLCO2SNqsZKknAdCMZ/THA+0Zp4laoTEnAI/X3REICrfuBbzoDAh097Q3F/7xaDK3zRsJlFAOTdLyoFQsMIR6GgptcMQqibwihiptbMe0QRSiY6DImBHf65VlSPsq7p/mT2+Ns4WoSRxrtoD2UQy46QwV0g4qohCh6RM/oFb1ZT9aL9W59jFtT1mRmG/2B9fkDnQqYhg==</latexit>

vn := concat(vi, vj)
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj <latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn
<latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn

<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V

Lecture 3: Tokenization11

Byte-pair encoding: example

<latexit sha1_base64="IVAxcO9sCm6fm/6mUKpSrfnvosw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktVr0IRS+epIL9gHYp2TTbxmaTJckKZel/8OJBEa/+H2/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g6aWiSK0QSSXqh1gTTkTtGGY4bQdK4qjgNNWMLqZ+q0nqjST4sGMY+pHeCBYyAg2VmreoStUcXvFklt2Z0DLxMtICTLUe8Wvbl+SJKLCEI617nhubPwUK8MIp5NCN9E0xmSEB7RjqcAR1X46u3aCTqzSR6FUtoRBM/X3RIojrcdRYDsjbIZ60ZuK/3mdxISXfspEnBgqyHxRmHBkJJq+jvpMUWL42BJMFLO3IjLEChNjAyrYELzFl5dJs1L2zsvV+7NS7TqLIw9HcAyn4MEF1OAW6tAAAo/wDK/w5kjnxXl3PuatOSebOYQ/cD5/ALeije0=</latexit>

N = 20

<latexit sha1_base64="Lx3YuPjCnglROLa54gIN0Qp5coQ="></latexit>

D = {“i hug pugs”, “hugging pugs is fun”, “i make puns”}

<latexit sha1_base64="PdR2Dr+yjaKvMUQ0m9thT2ShX2U="></latexit>

D = {“i”, “ hug”, “ pugs”, “hugging”, “ pugs”,

“ is”, “ fun”, “i”, “ make”, “ puns”}
<latexit sha1_base64="ObdjDZTwrvxXXs03PMNwUhDM78w="></latexit>

V = {‘ ’, ‘a’, ‘e’, ‘f’, ‘g’, ‘h’, ‘i’, ‘k’, ‘m’,

‘n’, ‘p’, ‘s’, ‘u’}, |V| = 13
<latexit sha1_base64="JYwVy/JOJ32LM/WIMvX0Fdcktek="></latexit>

D = { [‘i’] , [‘ ’, ‘h’, ‘u’, ‘g’] , [‘ ’, ‘p’, ‘u’, ‘g’, ‘s’] ,
[‘h’, ‘u’, ‘g’, ‘g’, ‘i’, ‘n’, ‘g’] , [‘ ’, ‘p’, ‘u’, ‘g’, ‘s’] ,

[‘ ’, ‘i’, ‘s’] , [‘ ’, ‘f’, ‘u’, ‘n’] , [‘i’] ,

[‘ ’, ‘m’, ‘a’, ‘k’, ‘e’] , [‘ ’, ‘p’, ‘u’, ‘n’, ‘s’]}
Example inspired by: https://huggingface.co/docs/transformers/tokenizer_summary

https://huggingface.co/docs/transformers/tokenizer_summary


Lecture 3: Tokenization12

Byte-pair encoding: example

Implementation aside: We normally 
store  with the token indices instead 
of the text itself!

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

For legibility of the example, we will show 
the text corresponding to each token

<latexit sha1_base64="fQ0K85W2JfotPBftOOhlc51oDv0="></latexit>

V = {1 : ‘ ’, 2 : ‘a’, 3 : ‘e’, 4 : ‘f’, 5 : ‘g’, 6 : ‘h’, 7 : ‘i’,

8 : ‘k’, 9 : ‘m’, 10 : ‘n’, 11 : ‘p’, 12 : ‘s’, 13 : ‘u’}
Required: 
• Documents  
• Desired vocabulary size  (greater than chars in ) 
Algorithm: 
• Pre-tokenize  by splitting into words (split before 

whitespace/punctuation) 
• Initialize  as the set of characters in  
• Convert  into a list of tokens (characters) 

• While  < : 

• Let   
• Get counts of all bigrams in  
• For the most frequent bigram   (breaking 

ties arbitrarily) 

• Let  
• Change all instances in  of  to  

and add  to 

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="f0Eq4chOXdaCL4akh6X1BvQxXWM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqy6LblxWsA9oQ5lMJ+3QySTMTISa9kvcuFDErZ/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrW9sbhW3Szu7e/tl++CwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fJv57UcqFYvEg57E1AvxULCAEayN1LfLU9QLsR4RzNPWDE37dsWpOnOgVeLmpAI5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnQefoVOjDFAQSfOERnP190aKQ6UmoW8ms5Bq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpaQAMmKdF8YggmkpmsiIywxESbrkqmBHf5y6ukdV51L6u1+4tK/SavowjHcAJn4MIV1OEOGtAEAgk8wyu8WU/Wi/VufSxGC1a+cwR/YH3+AIm1kwc=</latexit>

|V| <latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="qHDdAiIl6F+PIAHnOC1uenCsXQI=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiCEJJxBeCUHTjsoJ9QBvKZDpph04mYWYilJiNv+LGhSJu/Qx3/o2TtgttPTBw5px7ufceP+ZMacf5tubmFxaXlgsrxdW19Y1Ne2u7rqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cJP7jQcqFYvEvR7G1AtxT7CAEayN1LF3Bbq8Qo+oHWLdJ5in9cz8jtyOXXLKzgholrgTUoIJqh37q92NSBJSoQnHSrVcJ9ZeiqVmhNOs2E4UjTEZ4B5tGSpwSJWXjg7I0IFRuiiIpHlCo5H6uyPFoVLD0DeV+Z5q2svF/7xWooMLL2UiTjQVZDwoSDjSEcrTQF0mKdF8aAgmkpldEeljiYk2mRVNCO70ybOkflx2z8qndyelyvUkjgLswT4cggvnUIFbqEINCGTwDK/wZj1ZL9a79TEunbMmPTvwB9bnD1QnlPg=</latexit>

n := |V|+ 1
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj

<latexit sha1_base64="FcsoGfdiXUbCtS2heHfv2tDDoMA=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoMQQcKMuCEIQS8eI5gFkjD0dDpJm56eobsmGIbcvPgrXjwo4tVf8Obf2FkOmvig4PFeFVX1/EhwDY7zbaXm5hcWl9LLmZXVtfUNe3OrrMNYUVaioQhV1SeaCS5ZCTgIVo0UI4EvWMXvXg/9So8pzUN5B/2INQLSlrzFKQEjefZuz5P44hLXgT1AQkNpjEGu5/FD3PPuDzw76+SdEfAscSckiyYoevZXvRnSOGASqCBa11wngkZCFHAq2CBTjzWLCO2SNqsZKknAdCMZ/THA+0Zp4laoTEnAI/X3REICrfuBbzoDAh097Q3F/7xaDK3zRsJlFAOTdLyoFQsMIR6GgptcMQqibwihiptbMe0QRSiY6DImBHf65VlSPsq7p/mT2+Ns4WoSRxrtoD2UQy46QwV0g4qohCh6RM/oFb1ZT9aL9W59jFtT1mRmG/2B9fkDnQqYhg==</latexit>

vn := concat(vi, vj)
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj <latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn
<latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn

<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V

<latexit sha1_base64="iyTfs33EENPeQayFRP6n30/vVzY="></latexit>

D = { [7] , [1, 6, 13, 5] , [1, 11, 13, 5, 12] ,
[6, 13, 5, 5, 7, 10, 5] , [1, 11, 13, 5, 12] , [1, 7, 12] ,

[1, 4, 13, 10] , [7] , [1, 9, 2, 8, 3] , [1, 11, 13, 10, 12]}



Lecture 3: Tokenization13

Byte-pair encoding: example

Bigram Count
‘u’,’g’ 4
‘p’, ‘u’ 3
‘ ‘, ‘p’ 3
‘h’, ‘u’ 2

… …

<latexit sha1_base64="JYwVy/JOJ32LM/WIMvX0Fdcktek="></latexit>

D = { [‘i’] , [‘ ’, ‘h’, ‘u’, ‘g’] , [‘ ’, ‘p’, ‘u’, ‘g’, ‘s’] ,
[‘h’, ‘u’, ‘g’, ‘g’, ‘i’, ‘n’, ‘g’] , [‘ ’, ‘p’, ‘u’, ‘g’, ‘s’] ,

[‘ ’, ‘i’, ‘s’] , [‘ ’, ‘f’, ‘u’, ‘n’] , [‘i’] ,

[‘ ’, ‘m’, ‘a’, ‘k’, ‘e’] , [‘ ’, ‘p’, ‘u’, ‘n’, ‘s’]}

Required: 
• Documents  
• Desired vocabulary size  (greater than chars in ) 
Algorithm: 
• Pre-tokenize  by splitting into words (split before 

whitespace/punctuation) 
• Initialize  as the set of characters in  
• Convert  into a list of tokens (characters) 

• While  < : 

• Let   
• Get counts of all bigrams in  
• For the most frequent bigram   (breaking 

ties arbitrarily) 

• Let  
• Change all instances in  of  to  

and add  to 

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="f0Eq4chOXdaCL4akh6X1BvQxXWM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqy6LblxWsA9oQ5lMJ+3QySTMTISa9kvcuFDErZ/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrW9sbhW3Szu7e/tl++CwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fJv57UcqFYvEg57E1AvxULCAEayN1LfLU9QLsR4RzNPWDE37dsWpOnOgVeLmpAI5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnQefoVOjDFAQSfOERnP190aKQ6UmoW8ms5Bq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpaQAMmKdF8YggmkpmsiIywxESbrkqmBHf5y6ukdV51L6u1+4tK/SavowjHcAJn4MIV1OEOGtAEAgk8wyu8WU/Wi/VufSxGC1a+cwR/YH3+AIm1kwc=</latexit>

|V| <latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="qHDdAiIl6F+PIAHnOC1uenCsXQI=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiCEJJxBeCUHTjsoJ9QBvKZDpph04mYWYilJiNv+LGhSJu/Qx3/o2TtgttPTBw5px7ufceP+ZMacf5tubmFxaXlgsrxdW19Y1Ne2u7rqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cJP7jQcqFYvEvR7G1AtxT7CAEayN1LF3Bbq8Qo+oHWLdJ5in9cz8jtyOXXLKzgholrgTUoIJqh37q92NSBJSoQnHSrVcJ9ZeiqVmhNOs2E4UjTEZ4B5tGSpwSJWXjg7I0IFRuiiIpHlCo5H6uyPFoVLD0DeV+Z5q2svF/7xWooMLL2UiTjQVZDwoSDjSEcrTQF0mKdF8aAgmkpldEeljiYk2mRVNCO70ybOkflx2z8qndyelyvUkjgLswT4cggvnUIFbqEINCGTwDK/wZj1ZL9a79TEunbMmPTvwB9bnD1QnlPg=</latexit>

n := |V|+ 1
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj

<latexit sha1_base64="FcsoGfdiXUbCtS2heHfv2tDDoMA=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoMQQcKMuCEIQS8eI5gFkjD0dDpJm56eobsmGIbcvPgrXjwo4tVf8Obf2FkOmvig4PFeFVX1/EhwDY7zbaXm5hcWl9LLmZXVtfUNe3OrrMNYUVaioQhV1SeaCS5ZCTgIVo0UI4EvWMXvXg/9So8pzUN5B/2INQLSlrzFKQEjefZuz5P44hLXgT1AQkNpjEGu5/FD3PPuDzw76+SdEfAscSckiyYoevZXvRnSOGASqCBa11wngkZCFHAq2CBTjzWLCO2SNqsZKknAdCMZ/THA+0Zp4laoTEnAI/X3REICrfuBbzoDAh097Q3F/7xaDK3zRsJlFAOTdLyoFQsMIR6GgptcMQqibwihiptbMe0QRSiY6DImBHf65VlSPsq7p/mT2+Ns4WoSRxrtoD2UQy46QwV0g4qohCh6RM/oFb1ZT9aL9W59jFtT1mRmG/2B9fkDnQqYhg==</latexit>

vn := concat(vi, vj)
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj <latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn
<latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn

<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V

<latexit sha1_base64="0oaQ5SYUEal2a8mzvr8+b8yYcYk=">AAACIXicbVDLSgMxFM34rOOr6tJNsEgrSJmRqkUQim5cVrBVaEubSdM2NJMZkjvFMsyvuPFX3LhQpDvxZ0wfgq8DgXPPuZebe7xQcA2O827NzS8sLi2nVuzVtfWNzfTWdlUHkaKsQgMRqDuPaCa4ZBXgINhdqBjxPcFuvf7l2L8dMKV5IG9gGLKGT7qSdzglYKRmujhoxm4hwWfnuA7sHmIaSOMluWnVirKHuNXNJgf4q6EVmdK2m+mMk3cmwH+JOyMZNEO5mR7V2wGNfCaBCqJ1zXVCaMREAaeCJXY90iwktE+6rGaoJD7TjXhyYYL3jdLGnUCZJwFP1O8TMfG1Hvqe6fQJ9PRvbyz+59Ui6BQbMZdhBEzS6aJOJDAEeBwXbnPFKIihIYQqbv6KaY8oQsGEOg7B/X3yX1I9yrsn+ePrQqZ0MYsjhXbRHsohF52iErpCZVRBFD2gJ/SCXq1H69l6s0bT1jlrNrODfsD6+ATRb6IM</latexit>

v14 := concat(‘u’, ‘g’) = ‘ug’



Lecture 3: Tokenization14

Required: 
• Documents  
• Desired vocabulary size  (greater than chars in ) 
Algorithm: 
• Pre-tokenize  by splitting into words (split before 

whitespace/punctuation) 
• Initialize  as the set of characters in  
• Convert  into a list of tokens (characters) 

• While  < : 

• Let   
• Get counts of all bigrams in  
• For the most frequent bigram   (breaking 

ties arbitrarily) 

• Let  
• Change all instances in  of  to  

and add  to 

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="f0Eq4chOXdaCL4akh6X1BvQxXWM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqy6LblxWsA9oQ5lMJ+3QySTMTISa9kvcuFDErZ/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrW9sbhW3Szu7e/tl++CwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fJv57UcqFYvEg57E1AvxULCAEayN1LfLU9QLsR4RzNPWDE37dsWpOnOgVeLmpAI5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnQefoVOjDFAQSfOERnP190aKQ6UmoW8ms5Bq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpaQAMmKdF8YggmkpmsiIywxESbrkqmBHf5y6ukdV51L6u1+4tK/SavowjHcAJn4MIV1OEOGtAEAgk8wyu8WU/Wi/VufSxGC1a+cwR/YH3+AIm1kwc=</latexit>

|V| <latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="qHDdAiIl6F+PIAHnOC1uenCsXQI=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiCEJJxBeCUHTjsoJ9QBvKZDpph04mYWYilJiNv+LGhSJu/Qx3/o2TtgttPTBw5px7ufceP+ZMacf5tubmFxaXlgsrxdW19Y1Ne2u7rqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cJP7jQcqFYvEvR7G1AtxT7CAEayN1LF3Bbq8Qo+oHWLdJ5in9cz8jtyOXXLKzgholrgTUoIJqh37q92NSBJSoQnHSrVcJ9ZeiqVmhNOs2E4UjTEZ4B5tGSpwSJWXjg7I0IFRuiiIpHlCo5H6uyPFoVLD0DeV+Z5q2svF/7xWooMLL2UiTjQVZDwoSDjSEcrTQF0mKdF8aAgmkpldEeljiYk2mRVNCO70ybOkflx2z8qndyelyvUkjgLswT4cggvnUIFbqEINCGTwDK/wZj1ZL9a79TEunbMmPTvwB9bnD1QnlPg=</latexit>

n := |V|+ 1
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj

<latexit sha1_base64="FcsoGfdiXUbCtS2heHfv2tDDoMA=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoMQQcKMuCEIQS8eI5gFkjD0dDpJm56eobsmGIbcvPgrXjwo4tVf8Obf2FkOmvig4PFeFVX1/EhwDY7zbaXm5hcWl9LLmZXVtfUNe3OrrMNYUVaioQhV1SeaCS5ZCTgIVo0UI4EvWMXvXg/9So8pzUN5B/2INQLSlrzFKQEjefZuz5P44hLXgT1AQkNpjEGu5/FD3PPuDzw76+SdEfAscSckiyYoevZXvRnSOGASqCBa11wngkZCFHAq2CBTjzWLCO2SNqsZKknAdCMZ/THA+0Zp4laoTEnAI/X3REICrfuBbzoDAh097Q3F/7xaDK3zRsJlFAOTdLyoFQsMIR6GgptcMQqibwihiptbMe0QRSiY6DImBHf65VlSPsq7p/mT2+Ns4WoSRxrtoD2UQy46QwV0g4qohCh6RM/oFb1ZT9aL9W59jFtT1mRmG/2B9fkDnQqYhg==</latexit>

vn := concat(vi, vj)
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj <latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn
<latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn

<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V

<latexit sha1_base64="JYwVy/JOJ32LM/WIMvX0Fdcktek="></latexit>

D = { [‘i’] , [‘ ’, ‘h’, ‘u’, ‘g’] , [‘ ’, ‘p’, ‘u’, ‘g’, ‘s’] ,
[‘h’, ‘u’, ‘g’, ‘g’, ‘i’, ‘n’, ‘g’] , [‘ ’, ‘p’, ‘u’, ‘g’, ‘s’] ,

[‘ ’, ‘i’, ‘s’] , [‘ ’, ‘f’, ‘u’, ‘n’] , [‘i’] ,

[‘ ’, ‘m’, ‘a’, ‘k’, ‘e’] , [‘ ’, ‘p’, ‘u’, ‘n’, ‘s’]}

<latexit sha1_base64="iX2xsNJ/MThCJfnr/fTrPxm80Ho="></latexit>

D = { [‘i’] , [‘ ’, ‘h’, ‘ug’] , [‘ ’, ‘p’, ‘ug’, ‘s’] ,
[‘h’, ‘ug’, ‘g’, ‘i’, ‘n’, ‘g’] , [‘ ’, ‘p’, ‘ug’, ‘s’] ,

[‘ ’, ‘i’, ‘s’] , [‘ ’, ‘f’, ‘u’, ‘n’] , [‘i’] ,

[‘ ’, ‘m’, ‘a’, ‘k’, ‘e’] , [‘ ’, ‘p’, ‘u’, ‘n’, ‘s’]}
<latexit sha1_base64="qeCxr9wOJoEQEBG2Ud9ytVA8q8M="></latexit>

V = {‘ ’, ‘a’, ‘e’, ‘f’, ‘g’, ‘h’, ‘i’, ‘k’, ‘m’,

‘n’, ‘p’, ‘s’, ‘u’, ‘ug’}, |V| = 14

<latexit sha1_base64="0oaQ5SYUEal2a8mzvr8+b8yYcYk=">AAACIXicbVDLSgMxFM34rOOr6tJNsEgrSJmRqkUQim5cVrBVaEubSdM2NJMZkjvFMsyvuPFX3LhQpDvxZ0wfgq8DgXPPuZebe7xQcA2O827NzS8sLi2nVuzVtfWNzfTWdlUHkaKsQgMRqDuPaCa4ZBXgINhdqBjxPcFuvf7l2L8dMKV5IG9gGLKGT7qSdzglYKRmujhoxm4hwWfnuA7sHmIaSOMluWnVirKHuNXNJgf4q6EVmdK2m+mMk3cmwH+JOyMZNEO5mR7V2wGNfCaBCqJ1zXVCaMREAaeCJXY90iwktE+6rGaoJD7TjXhyYYL3jdLGnUCZJwFP1O8TMfG1Hvqe6fQJ9PRvbyz+59Ui6BQbMZdhBEzS6aJOJDAEeBwXbnPFKIihIYQqbv6KaY8oQsGEOg7B/X3yX1I9yrsn+ePrQqZ0MYsjhXbRHsohF52iErpCZVRBFD2gJ/SCXq1H69l6s0bT1jlrNrODfsD6+ATRb6IM</latexit>

v14 := concat(‘u’, ‘g’) = ‘ug’

Byte-pair encoding: example



Lecture 3: Tokenization15

Byte-pair encoding: example

Bigram Count
‘ ‘, ‘p’ 3

‘p’, ‘ug’ 2
‘ug’, ’s' 2
‘u’, ’n' 2

… …

Required: 
• Documents  
• Desired vocabulary size  (greater than chars in ) 
Algorithm: 
• Pre-tokenize  by splitting into words (split before 

whitespace/punctuation) 
• Initialize  as the set of characters in  
• Convert  into a list of tokens (characters) 

• While  < : 

• Let   
• Get counts of all bigrams in  
• For the most frequent bigram   (breaking 

ties arbitrarily) 

• Let  
• Change all instances in  of  to  

and add  to 

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="f0Eq4chOXdaCL4akh6X1BvQxXWM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqy6LblxWsA9oQ5lMJ+3QySTMTISa9kvcuFDErZ/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrW9sbhW3Szu7e/tl++CwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fJv57UcqFYvEg57E1AvxULCAEayN1LfLU9QLsR4RzNPWDE37dsWpOnOgVeLmpAI5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnQefoVOjDFAQSfOERnP190aKQ6UmoW8ms5Bq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpaQAMmKdF8YggmkpmsiIywxESbrkqmBHf5y6ukdV51L6u1+4tK/SavowjHcAJn4MIV1OEOGtAEAgk8wyu8WU/Wi/VufSxGC1a+cwR/YH3+AIm1kwc=</latexit>

|V| <latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="qHDdAiIl6F+PIAHnOC1uenCsXQI=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiCEJJxBeCUHTjsoJ9QBvKZDpph04mYWYilJiNv+LGhSJu/Qx3/o2TtgttPTBw5px7ufceP+ZMacf5tubmFxaXlgsrxdW19Y1Ne2u7rqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cJP7jQcqFYvEvR7G1AtxT7CAEayN1LF3Bbq8Qo+oHWLdJ5in9cz8jtyOXXLKzgholrgTUoIJqh37q92NSBJSoQnHSrVcJ9ZeiqVmhNOs2E4UjTEZ4B5tGSpwSJWXjg7I0IFRuiiIpHlCo5H6uyPFoVLD0DeV+Z5q2svF/7xWooMLL2UiTjQVZDwoSDjSEcrTQF0mKdF8aAgmkpldEeljiYk2mRVNCO70ybOkflx2z8qndyelyvUkjgLswT4cggvnUIFbqEINCGTwDK/wZj1ZL9a79TEunbMmPTvwB9bnD1QnlPg=</latexit>

n := |V|+ 1
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj

<latexit sha1_base64="FcsoGfdiXUbCtS2heHfv2tDDoMA=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoMQQcKMuCEIQS8eI5gFkjD0dDpJm56eobsmGIbcvPgrXjwo4tVf8Obf2FkOmvig4PFeFVX1/EhwDY7zbaXm5hcWl9LLmZXVtfUNe3OrrMNYUVaioQhV1SeaCS5ZCTgIVo0UI4EvWMXvXg/9So8pzUN5B/2INQLSlrzFKQEjefZuz5P44hLXgT1AQkNpjEGu5/FD3PPuDzw76+SdEfAscSckiyYoevZXvRnSOGASqCBa11wngkZCFHAq2CBTjzWLCO2SNqsZKknAdCMZ/THA+0Zp4laoTEnAI/X3REICrfuBbzoDAh097Q3F/7xaDK3zRsJlFAOTdLyoFQsMIR6GgptcMQqibwihiptbMe0QRSiY6DImBHf65VlSPsq7p/mT2+Ns4WoSRxrtoD2UQy46QwV0g4qohCh6RM/oFb1ZT9aL9W59jFtT1mRmG/2B9fkDnQqYhg==</latexit>

vn := concat(vi, vj)
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj <latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn
<latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn

<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V

<latexit sha1_base64="iX2xsNJ/MThCJfnr/fTrPxm80Ho="></latexit>

D = { [‘i’] , [‘ ’, ‘h’, ‘ug’] , [‘ ’, ‘p’, ‘ug’, ‘s’] ,
[‘h’, ‘ug’, ‘g’, ‘i’, ‘n’, ‘g’] , [‘ ’, ‘p’, ‘ug’, ‘s’] ,

[‘ ’, ‘i’, ‘s’] , [‘ ’, ‘f’, ‘u’, ‘n’] , [‘i’] ,

[‘ ’, ‘m’, ‘a’, ‘k’, ‘e’] , [‘ ’, ‘p’, ‘u’, ‘n’, ‘s’]}

<latexit sha1_base64="Y7++K9WD8+bHKDDnO2E28JxuhGw=">AAACH3icbVDLSgMxFM3UV62vUZdugkVaQcqMWBVBKLpxqWAf0JY2k6ZtaCYzJHfEMsyfuPFX3LhQRNz5N6YPQasHAueecy8393ih4Boc59NKzc0vLC6llzMrq2vrG/bmVkUHkaKsTAMRqJpHNBNcsjJwEKwWKkZ8T7CqN7gc+dU7pjQP5C0MQ9b0SU/yLqcEjNSyj+9asVtM8Nk5bgC7h5gG0nhJflK1ce4At8Ncso+/G9rYlC076xScMfBf4k5JFk1x3bI/Gp2ARj6TQAXRuu46ITRjooBTwZJMI9IsJHRAeqxuqCQ+0814fF+C94zSwd1AmScBj9WfEzHxtR76nun0CfT1rDcS//PqEXRPmzGXYQRM0smibiQwBHgUFu5wxSiIoSGEKm7+immfKELBRJoxIbizJ/8llcOCe1wo3hxlSxfTONJoB+2iPHLRCSqhK3SNyoiiB/SEXtCr9Wg9W2/W+6Q1ZU1nttEvWJ9fVbehTQ==</latexit>

v15 := concat(‘ ’, ‘p’) = ‘ p’



Lecture 3: Tokenization16

Byte-pair encoding: example
Required: 
• Documents  
• Desired vocabulary size  (greater than chars in ) 
Algorithm: 
• Pre-tokenize  by splitting into words (split before 

whitespace/punctuation) 
• Initialize  as the set of characters in  
• Convert  into a list of tokens (characters) 

• While  < : 

• Let   
• Get counts of all bigrams in  
• For the most frequent bigram   (breaking 

ties arbitrarily) 

• Let  
• Change all instances in  of  to  

and add  to 

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="f0Eq4chOXdaCL4akh6X1BvQxXWM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqy6LblxWsA9oQ5lMJ+3QySTMTISa9kvcuFDErZ/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrW9sbhW3Szu7e/tl++CwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fJv57UcqFYvEg57E1AvxULCAEayN1LfLU9QLsR4RzNPWDE37dsWpOnOgVeLmpAI5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnQefoVOjDFAQSfOERnP190aKQ6UmoW8ms5Bq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpaQAMmKdF8YggmkpmsiIywxESbrkqmBHf5y6ukdV51L6u1+4tK/SavowjHcAJn4MIV1OEOGtAEAgk8wyu8WU/Wi/VufSxGC1a+cwR/YH3+AIm1kwc=</latexit>

|V| <latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="qHDdAiIl6F+PIAHnOC1uenCsXQI=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiCEJJxBeCUHTjsoJ9QBvKZDpph04mYWYilJiNv+LGhSJu/Qx3/o2TtgttPTBw5px7ufceP+ZMacf5tubmFxaXlgsrxdW19Y1Ne2u7rqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cJP7jQcqFYvEvR7G1AtxT7CAEayN1LF3Bbq8Qo+oHWLdJ5in9cz8jtyOXXLKzgholrgTUoIJqh37q92NSBJSoQnHSrVcJ9ZeiqVmhNOs2E4UjTEZ4B5tGSpwSJWXjg7I0IFRuiiIpHlCo5H6uyPFoVLD0DeV+Z5q2svF/7xWooMLL2UiTjQVZDwoSDjSEcrTQF0mKdF8aAgmkpldEeljiYk2mRVNCO70ybOkflx2z8qndyelyvUkjgLswT4cggvnUIFbqEINCGTwDK/wZj1ZL9a79TEunbMmPTvwB9bnD1QnlPg=</latexit>

n := |V|+ 1
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj

<latexit sha1_base64="FcsoGfdiXUbCtS2heHfv2tDDoMA=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoMQQcKMuCEIQS8eI5gFkjD0dDpJm56eobsmGIbcvPgrXjwo4tVf8Obf2FkOmvig4PFeFVX1/EhwDY7zbaXm5hcWl9LLmZXVtfUNe3OrrMNYUVaioQhV1SeaCS5ZCTgIVo0UI4EvWMXvXg/9So8pzUN5B/2INQLSlrzFKQEjefZuz5P44hLXgT1AQkNpjEGu5/FD3PPuDzw76+SdEfAscSckiyYoevZXvRnSOGASqCBa11wngkZCFHAq2CBTjzWLCO2SNqsZKknAdCMZ/THA+0Zp4laoTEnAI/X3REICrfuBbzoDAh097Q3F/7xaDK3zRsJlFAOTdLyoFQsMIR6GgptcMQqibwihiptbMe0QRSiY6DImBHf65VlSPsq7p/mT2+Ns4WoSRxrtoD2UQy46QwV0g4qohCh6RM/oFb1ZT9aL9W59jFtT1mRmG/2B9fkDnQqYhg==</latexit>

vn := concat(vi, vj)
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj <latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn
<latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn

<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V

<latexit sha1_base64="Y7++K9WD8+bHKDDnO2E28JxuhGw=">AAACH3icbVDLSgMxFM3UV62vUZdugkVaQcqMWBVBKLpxqWAf0JY2k6ZtaCYzJHfEMsyfuPFX3LhQRNz5N6YPQasHAueecy8393ih4Boc59NKzc0vLC6llzMrq2vrG/bmVkUHkaKsTAMRqJpHNBNcsjJwEKwWKkZ8T7CqN7gc+dU7pjQP5C0MQ9b0SU/yLqcEjNSyj+9asVtM8Nk5bgC7h5gG0nhJflK1ce4At8Ncso+/G9rYlC076xScMfBf4k5JFk1x3bI/Gp2ARj6TQAXRuu46ITRjooBTwZJMI9IsJHRAeqxuqCQ+0814fF+C94zSwd1AmScBj9WfEzHxtR76nun0CfT1rDcS//PqEXRPmzGXYQRM0smibiQwBHgUFu5wxSiIoSGEKm7+immfKELBRJoxIbizJ/8llcOCe1wo3hxlSxfTONJoB+2iPHLRCSqhK3SNyoiiB/SEXtCr9Wg9W2/W+6Q1ZU1nttEvWJ9fVbehTQ==</latexit>

v15 := concat(‘ ’, ‘p’) = ‘ p’

<latexit sha1_base64="iX2xsNJ/MThCJfnr/fTrPxm80Ho="></latexit>

D = { [‘i’] , [‘ ’, ‘h’, ‘ug’] , [‘ ’, ‘p’, ‘ug’, ‘s’] ,
[‘h’, ‘ug’, ‘g’, ‘i’, ‘n’, ‘g’] , [‘ ’, ‘p’, ‘ug’, ‘s’] ,

[‘ ’, ‘i’, ‘s’] , [‘ ’, ‘f’, ‘u’, ‘n’] , [‘i’] ,

[‘ ’, ‘m’, ‘a’, ‘k’, ‘e’] , [‘ ’, ‘p’, ‘u’, ‘n’, ‘s’]}

<latexit sha1_base64="JVNJTL2808rJGveXmWeTIDUjsz8="></latexit>

D = { [‘i’] , [‘ ’, ‘h’, ‘ug’] , [‘ p’, ‘ug’, ‘s’] ,
[‘h’, ‘ug’, ‘g’, ‘i’, ‘n’, ‘g’] , [‘ p’, ‘ug’, ‘s’] ,

[‘ ’, ‘i’, ‘s’] , [‘ ’, ‘f’, ‘u’, ‘n’] , [‘i’] ,

[‘ ’, ‘m’, ‘a’, ‘k’, ‘e’] , [‘ p’, ‘u’, ‘n’, ‘s’]}
<latexit sha1_base64="C3+NOW0Xw09UcT/bQD0oyC2uam4="></latexit>

V = {‘ ’, ‘a’, ‘e’, ‘f’, ‘g’, ‘h’, ‘i’, ‘k’, ‘m’,

‘n’, ‘p’, ‘s’, ‘u’, ‘ug’, ‘ p}, |V| = 15



Lecture 3: Tokenization17

Byte-pair encoding: example

Repeat until  …
<latexit sha1_base64="y68mdarm10+XMeklLrKbgNCl/2U=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUnE10YounElFewD2lAm00k7dDIJMxOlpP0UNy4UceuXuPNvnLRZaPXAwOGce7lnjh9zprTjfFmFpeWV1bXiemljc2t7xy7vNlWUSEIbJOKRbPtYUc4EbWimOW3HkuLQ57Tlj64zv/VApWKRuNfjmHohHggWMIK1kXp2edINsR4SzNPmdIIu0W3PrjhVZwb0l7g5qUCOes/+7PYjkoRUaMKxUh3XibWXYqkZ4XRa6iaKxpiM8IB2DBU4pMpLZ9Gn6NAofRRE0jyh0Uz9uZHiUKlx6JvJLKda9DLxP6+T6ODCS5mIE00FmR8KEo50hLIeUJ9JSjQfG4KJZCYrIkMsMdGmrZIpwV388l/SPK66Z9XTu5NK7Sqvowj7cABH4MI51OAG6tAAAo/wBC/wak2sZ+vNep+PFqx8Zw9+wfr4BrZek6Y=</latexit>

|V| = N

CHANGES FROM START

Required: 
• Documents  
• Desired vocabulary size  (greater than chars in ) 
Algorithm: 
• Pre-tokenize  by splitting into words (split before 

whitespace/punctuation) 
• Initialize  as the set of characters in  
• Convert  into a list of tokens (characters) 

• While  < : 

• Let   
• Get counts of all bigrams in  
• For the most frequent bigram   (breaking 

ties arbitrarily) 

• Let  
• Change all instances in  of  to  

and add  to 

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="f0Eq4chOXdaCL4akh6X1BvQxXWM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqy6LblxWsA9oQ5lMJ+3QySTMTISa9kvcuFDErZ/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrW9sbhW3Szu7e/tl++CwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fJv57UcqFYvEg57E1AvxULCAEayN1LfLU9QLsR4RzNPWDE37dsWpOnOgVeLmpAI5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnQefoVOjDFAQSfOERnP190aKQ6UmoW8ms5Bq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpaQAMmKdF8YggmkpmsiIywxESbrkqmBHf5y6ukdV51L6u1+4tK/SavowjHcAJn4MIV1OEOGtAEAgk8wyu8WU/Wi/VufSxGC1a+cwR/YH3+AIm1kwc=</latexit>

|V| <latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="qHDdAiIl6F+PIAHnOC1uenCsXQI=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiCEJJxBeCUHTjsoJ9QBvKZDpph04mYWYilJiNv+LGhSJu/Qx3/o2TtgttPTBw5px7ufceP+ZMacf5tubmFxaXlgsrxdW19Y1Ne2u7rqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cJP7jQcqFYvEvR7G1AtxT7CAEayN1LF3Bbq8Qo+oHWLdJ5in9cz8jtyOXXLKzgholrgTUoIJqh37q92NSBJSoQnHSrVcJ9ZeiqVmhNOs2E4UjTEZ4B5tGSpwSJWXjg7I0IFRuiiIpHlCo5H6uyPFoVLD0DeV+Z5q2svF/7xWooMLL2UiTjQVZDwoSDjSEcrTQF0mKdF8aAgmkpldEeljiYk2mRVNCO70ybOkflx2z8qndyelyvUkjgLswT4cggvnUIFbqEINCGTwDK/wZj1ZL9a79TEunbMmPTvwB9bnD1QnlPg=</latexit>

n := |V|+ 1
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj

<latexit sha1_base64="FcsoGfdiXUbCtS2heHfv2tDDoMA=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoMQQcKMuCEIQS8eI5gFkjD0dDpJm56eobsmGIbcvPgrXjwo4tVf8Obf2FkOmvig4PFeFVX1/EhwDY7zbaXm5hcWl9LLmZXVtfUNe3OrrMNYUVaioQhV1SeaCS5ZCTgIVo0UI4EvWMXvXg/9So8pzUN5B/2INQLSlrzFKQEjefZuz5P44hLXgT1AQkNpjEGu5/FD3PPuDzw76+SdEfAscSckiyYoevZXvRnSOGASqCBa11wngkZCFHAq2CBTjzWLCO2SNqsZKknAdCMZ/THA+0Zp4laoTEnAI/X3REICrfuBbzoDAh097Q3F/7xaDK3zRsJlFAOTdLyoFQsMIR6GgptcMQqibwihiptbMe0QRSiY6DImBHf65VlSPsq7p/mT2+Ns4WoSRxrtoD2UQy46QwV0g4qohCh6RM/oFb1ZT9aL9W59jFtT1mRmG/2B9fkDnQqYhg==</latexit>

vn := concat(vi, vj)
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj <latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn
<latexit sha1_base64="kiVMEoeDnjNUXHKvcbrow7t6lH4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdxTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1oWI3l</latexit>vn

<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V

<latexit sha1_base64="AI3TasaEh9M2PWJuawZpx6qmP5A="></latexit>

D = { [‘i’] , [‘ hug’] , [‘ pugs’] ,
[‘hug’, ‘g’, ‘i’, ‘n’, ‘g’] , [‘ pugs’] ,

[‘ ’, ‘i’, ‘s’] , [‘ ’, ‘f’, ‘un’] , [‘i’] ,

[‘ ’, ‘m’, ‘a’, ‘k’, ‘e’] , [‘ p’, ‘un’, ‘s’]}

<latexit sha1_base64="KOOrUjEbeZqzWAw9vn5Se+XTe/M="></latexit>

V = {‘ ’, ‘a’, ‘e’, ‘f’, ‘g’, ‘h’, ‘i’, ‘k’, ‘m’,‘n’, ‘p’, ‘s’, ‘u’,

‘ug’, ‘ p’, ‘hug’, ‘ pug’, ‘ pugs’, ‘un’, ‘ hug’},
|V| = 20
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Byte-pair encoding: example
CHANGES FROM START

Questions to think about: 
• Is every token we made used 

in the corpus? Why or why 
not? 

• How much memory (#tokens) 
have we saved for each 
document? 

• What would happen if you 
kept adding vocabulary until 
you couldn’t anymore?

(as tokens 
indices)

<latexit sha1_base64="lHm+oUzz/MCY2ZwNogXxdq6cAiY="></latexit>

V = {1 : ‘ ’, 2 : ‘a’, 3 : ‘e’, 4 : ‘f’, 5 : ‘g’, 6 : ‘h’, 7 : ‘i’,

8 : ‘k’, 9 : ‘m’, 10 : ‘n’, 11 : ‘p’, 12 : ‘s’, 13 : ‘u’,

14 : ‘ug’, 15 : ‘ p’, 16 : ‘hug’, 17 : ‘ pug’, 18 : ‘ pugs’,

19 : ‘un’, 20 : ‘ hug’}

<latexit sha1_base64="y8GPACNgNxygINJc7Mww+a64Ff8="></latexit>

D = { [7] , [20] , [18] ,
[16, 5, 7, 10, 5] , [18] ,

[1, 7, 12] , [1, 4, 19] , [7] ,

[1, 9, 2, 8, 3] , [15, 19, 12]}

<latexit sha1_base64="AI3TasaEh9M2PWJuawZpx6qmP5A="></latexit>

D = { [‘i’] , [‘ hug’] , [‘ pugs’] ,
[‘hug’, ‘g’, ‘i’, ‘n’, ‘g’] , [‘ pugs’] ,

[‘ ’, ‘i’, ‘s’] , [‘ ’, ‘f’, ‘un’] , [‘i’] ,

[‘ ’, ‘m’, ‘a’, ‘k’, ‘e’] , [‘ p’, ‘un’, ‘s’]}



Lecture 3: Tokenization19

Byte-pair encoding: tokenization/encoding
With this vocabulary, can you represent (or, tokenize/encode): 
• “apple”? 

• No, there is no ‘l’ in the vocabulary 
• “huge”? 

• Yes - [16, 3] 
• “ huge”? 

• Yes - [20, 4] 
• “ hugest”? 

• No, there is no ’t’ in the vocabulary 
• “unassumingness”? 

• Yes - [19, 2, 12, 12, 13, 9, 7, 10, 5, 10, 3, 12, 12]

<latexit sha1_base64="lHm+oUzz/MCY2ZwNogXxdq6cAiY="></latexit>

V = {1 : ‘ ’, 2 : ‘a’, 3 : ‘e’, 4 : ‘f’, 5 : ‘g’, 6 : ‘h’, 7 : ‘i’,

8 : ‘k’, 9 : ‘m’, 10 : ‘n’, 11 : ‘p’, 12 : ‘s’, 13 : ‘u’,

14 : ‘ug’, 15 : ‘ p’, 16 : ‘hug’, 17 : ‘ pug’, 18 : ‘ pugs’,

19 : ‘un’, 20 : ‘ hug’}
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Byte-pair encoding: tokenization/encoding

• Sometimes, there may be more than one way to represent a word with the 
vocabulary… 
• E.g., “ hugs” = [20, 12] = [1, 16, 12] = [1, 6, 14, 12] = [1, 6, 13, 5, 13] 

• Which is the best representation? Why?

<latexit sha1_base64="lHm+oUzz/MCY2ZwNogXxdq6cAiY="></latexit>

V = {1 : ‘ ’, 2 : ‘a’, 3 : ‘e’, 4 : ‘f’, 5 : ‘g’, 6 : ‘h’, 7 : ‘i’,

8 : ‘k’, 9 : ‘m’, 10 : ‘n’, 11 : ‘p’, 12 : ‘s’, 13 : ‘u’,

14 : ‘ug’, 15 : ‘ p’, 16 : ‘hug’, 17 : ‘ pug’, 18 : ‘ pugs’,

19 : ‘un’, 20 : ‘ hug’}
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Encoding algorithm 
Given string  and (ordered) vocab , 
• Pretokenize  in same way as before 
• Tokenize  into characters 
• Perform merge rules in same order as in training until no more merges 

may be done

<latexit sha1_base64="NNhp4HiCDIt6HWe1guuCXXVMPqg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVda9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4eWNAQ==</latexit>s
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="lHm+oUzz/MCY2ZwNogXxdq6cAiY="></latexit>

V = {1 : ‘ ’, 2 : ‘a’, 3 : ‘e’, 4 : ‘f’, 5 : ‘g’, 6 : ‘h’, 7 : ‘i’,

8 : ‘k’, 9 : ‘m’, 10 : ‘n’, 11 : ‘p’, 12 : ‘s’, 13 : ‘u’,

14 : ‘ug’, 15 : ‘ p’, 16 : ‘hug’, 17 : ‘ pug’, 18 : ‘ pugs’,

19 : ‘un’, 20 : ‘ hug’}

Byte-pair encoding: tokenization/encoding
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Encoding algorithm 
Given string  and (ordered) vocab , 
• Pretokenize  in same way as 

before 
• Tokenize  into characters 
• Perform merge rules in same order 

as in training until no more merges 
may be done

<latexit sha1_base64="NNhp4HiCDIt6HWe1guuCXXVMPqg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVda9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4eWNAQ==</latexit>s
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="qzhhk1IxdinBsDB80AX938mEHjI="></latexit>

Encode(“ hugs”) = [20, 12]

Encode(“misshapenness”) = [9, 7, 12, 12, 6, 2,

11, 3, 10, 10, 3, 12, 12]

Byte-pair encoding: tokenization/encoding
<latexit sha1_base64="lHm+oUzz/MCY2ZwNogXxdq6cAiY="></latexit>

V = {1 : ‘ ’, 2 : ‘a’, 3 : ‘e’, 4 : ‘f’, 5 : ‘g’, 6 : ‘h’, 7 : ‘i’,

8 : ‘k’, 9 : ‘m’, 10 : ‘n’, 11 : ‘p’, 12 : ‘s’, 13 : ‘u’,

14 : ‘ug’, 15 : ‘ p’, 16 : ‘hug’, 17 : ‘ pug’, 18 : ‘ pugs’,

19 : ‘un’, 20 : ‘ hug’}
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Byte-pair encoding: decoding

Decoding algorithm 
Given list of tokens : 
• Initialize string  
• Keep popping off tokens from the 

front of  and appending the 
corresponding string to 

<latexit sha1_base64="EqeA+mbLkNRXGR722P9vRZdlcXk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cE8oJkCbOT3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vJ7e2vrG5ld8u7Ozu7R8UD4+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdz/zWEyrNY1k34wT9iA4kDzmjxkq1eq9YcsvuHGSVeBkpQYZqr/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5oVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDWn3CZpAYlWywKU0FMTGZfkz5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf88ippXpS96/JV7bJUucviyMMJnMI5eHADFXiAKjSAAcIzvMKb8+i8OO/Ox6I152Qzx/AHzucPsumM4g==</latexit>

T
<latexit sha1_base64="CyF72rszRc2CwCXRTJ3KDcZhl8Q=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTBIPIVd8YUgBL14jGAekCzJ7GSSDJmdXWZ6xbjkS7x4UMSrn+LNv3GS7EETCxqKqm66u/xIcA2O821llpZXVtey67mNza3tvL2zW9NhrCir0lCEquETzQSXrAocBGtEipHAF6zuD28mfv2BKc1DeQ+jiHkB6Uve45SAkdp2Xl9e4RawR0g6nWJx3LYLTsmZAi8SNyUFlKLStr9a3ZDGAZNABdG66ToReAlRwKlg41wr1iwidEj6rGmoJAHTXjI9fIwPjdLFvVCZkoCn6u+JhARajwLfdAYEBnrem4j/ec0YehdewmUUA5N0tqgXCwwhnqSAu1wxCmJkCKGKm1sxHRBFKJisciYEd/7lRVI7LrlnpdO7k0L5Oo0ji/bRATpCLjpHZXSLKqiKKIrRM3pFb9aT9WK9Wx+z1oyVzuyhP7A+fwCzHpJ8</latexit>

s := “”

<latexit sha1_base64="EqeA+mbLkNRXGR722P9vRZdlcXk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cE8oJkCbOT3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vJ7e2vrG5ld8u7Ozu7R8UD4+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdz/zWEyrNY1k34wT9iA4kDzmjxkq1eq9YcsvuHGSVeBkpQYZqr/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5oVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDWn3CZpAYlWywKU0FMTGZfkz5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf88ippXpS96/JV7bJUucviyMMJnMI5eHADFXiAKjSAAcIzvMKb8+i8OO/Ox6I152Qzx/AHzucPsumM4g==</latexit>

T
<latexit sha1_base64="NNhp4HiCDIt6HWe1guuCXXVMPqg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVda9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4eWNAQ==</latexit>s

<latexit sha1_base64="lHm+oUzz/MCY2ZwNogXxdq6cAiY="></latexit>

V = {1 : ‘ ’, 2 : ‘a’, 3 : ‘e’, 4 : ‘f’, 5 : ‘g’, 6 : ‘h’, 7 : ‘i’,

8 : ‘k’, 9 : ‘m’, 10 : ‘n’, 11 : ‘p’, 12 : ‘s’, 13 : ‘u’,

14 : ‘ug’, 15 : ‘ p’, 16 : ‘hug’, 17 : ‘ pug’, 18 : ‘ pugs’,

19 : ‘un’, 20 : ‘ hug’}
<latexit sha1_base64="qzhhk1IxdinBsDB80AX938mEHjI="></latexit>

Encode(“ hugs”) = [20, 12]

Encode(“misshapenness”) = [9, 7, 12, 12, 6, 2,

11, 3, 10, 10, 3, 12, 12]

<latexit sha1_base64="ySJpLa6GdAVtzCirl7fucC6q0PY="></latexit>

Decode([20, 12]) = “ hugs”

Decode([9, 7, 12, 12, 6, 2, 11, 3, 10, 10, 3, 12, 12])

= “misshapenness”
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Byte-pair encoding: properties

• Efficient to run (greedy vs. global optimization) 
• Lossless compression 
• Potentially some shared representations - e.g., the token “hug” could 

be used both in “hug” and “hugging”
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Weird properties of tokenizers

• Token != word 
• Spaces are part of token 

• “run” is a different token than “ run” 
• Not invariant to case changes 

• “Run” is a different token than “run”
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Weird properties of tokenizers

• Token != word 
• Spaces are part of token 

• “run” is a different token than “ run” 
• Not invariant to case changes 

• “Run” is a different token than “run” 
• Tokenization fits statistics of your data 

• e.g., while these words are multiple tokens… 
• These words are all 1 token in GPT-3’s tokenizer! 
• Why? 

• Reddit usernames and certain code attributes appeared 
enough in the corpus to surface as its own token!

Example from https://www.lesswrong.com/posts/aPeJE8bSo6rAFoLqg/solidgoldmagikarp-plus-prompt-generation

https://www.lesswrong.com/posts/aPeJE8bSo6rAFoLqg/solidgoldmagikarp-plus-prompt-generation
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Other tokenization variants



Updated (w/out whitespace) 
Required: 
• Documents  
• Desired vocabulary size  (greater than chars in ) 
Algorithm: 

 +  Pre-tokenize  by splitting into words 
(removing whitespace) 
• Initialize  as the set of characters in  
• Convert  into a list of tokens (characters) 

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

Original (w/ whitespace) 
Required: 
• Documents  
• Desired vocabulary size  (greater than chars in ) 
Algorithm: 

 -  Pre-tokenize  by splitting into words (split 
before whitespace/punctuation) 
• Initialize  as the set of characters in  
• Convert  into a list of tokens (characters) 

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D Lecture 3: Tokenization28

Variants: no spaces in tokens
• The way we presented BPE, we included whitespace with the following word. (E.g., “ pug”) 

• This is most common in modern LMs 
• However, in another BPE variant, you instead strip whitespace (e.g., “pug”) and add spaces 

between words at decoding time 
• This was the original BPE paper’s implementation!  

• Example: 
• [“I”, “hug”, “pugs”] -> “I hug pugs” (w/out whitespace) 
• [“I”, “ hug”, “ pugs”] -> “I hug pugs” (w/ whitespace)

space

no space



Lecture 3: Tokenization29

Variants: no spaces in tokens

• For sub-word tokens, need to add “continue word” special character 
• E.g., for the word “Tokenization”, if the subword tokens are “Token” 

and “ization”, 
• W/out special character: [“Token”, “ization”] -> “Token ization” 
• W/ special character #: [“Token”, “#ization”] -> Tokenization” 

• When decoding, if does not have special character add a space 
• Example: 

• [“I”, “li”, “#ke”, “to”, “hug”, “pug”, “#s”] -> “I like to hug pugs”



Lecture 3: Tokenization30

Variants: no spaces in tokens

• Loses some whitespace information (lossy compression!) 
• E.g., Tokenize(“I eat cake.”) == Tokenize(“ I      eat cake     .”) 
• Especially problematic for code (e.g., Python) - why?

(Example using 
GPT’s tokenizer, 
which does not 
include spaces in 
the token)



Lecture 3: Tokenization31

Variants: no pre-tokenization
• In the variant we proposed, we start by splitting into words 

• This guarantees that each token will be no longer than one word 
• However, this does not work so well for character-based languages. 

Why?



Updated (w/out pre-tokenization) 
Required: 
• Documents  
• Desired vocabulary size  (greater than chars in ) 
Algorithm: 

 +  Do not pre-tokenize  
• Initialize  as the set of characters in  
• Convert  into a list of tokens (characters) 

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

Original (w/ pre-tokenization) 
Required: 
• Documents  
• Desired vocabulary size  (greater than chars in ) 
Algorithm: 

 -  Pre-tokenize  by splitting into words 
(split before whitespace/punctuation) 
• Initialize  as the set of characters in  
• Convert  into a list of tokens (characters) 

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D Lecture 3: Tokenization32

Variants: no pre-tokenization
• Instead, we could not pre-tokenize, and treat the entire document or 

sentence as a single list of tokens 
• Allows for tokens to span multiple words/characters 

• Sometimes called SentencePiece tokenization* (Kudo, 2018)
* (not to be confused with the 
SentencePiece library, which 
is an implementation of many 
kinds of tokenization)

Paper: https://arxiv.org/abs/1808.06226

Library: https://github.com/google/sentencepiece

https://arxiv.org/abs/1808.06226
https://github.com/google/sentencepiece
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Variants: no pre-tokenization
• Allows sequences of words/characters to become tokens

Jurassic-1 model example in English:
https://uploads-ssl.webflow.com/60fd4503684b466578c0d307/61138924626a6981ee09caf6_jurassic_tech_paper.pdf

SentencePiece paper example in Japanese:
https://arxiv.org/pdf/1808.06226.pdf

https://uploads-ssl.webflow.com/60fd4503684b466578c0d307/61138924626a6981ee09caf6_jurassic_tech_paper.pdf
https://arxiv.org/pdf/1808.06226.pdf


Lecture 3: Tokenization34

Variants: byte-based
• Originally, we presented BPE as dealing with characters as the smallest unit 

• However, there are many characters - especially if you want to support: 
• character-based languages (e.g., Chinese has >100k characters!) 
• non-alphanumeric characters like emojis (Unicode 15 has ~150k 

characters!) 
• Instead, can initialize tokens as set of bytes! (e.g., with UTF-8*)

Original (w/ characters) 
Required: 
• Documents  
• Desired vocabulary size  (greater than chars in ) 
Algorithm: 
• Pre-tokenize  by splitting into words (split before 

whitespace/punctuation) 

- Initialize  as the set of characters in  
- Convert  into a list of tokens (characters) 
• While  < : 

• Let   

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="f0Eq4chOXdaCL4akh6X1BvQxXWM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqy6LblxWsA9oQ5lMJ+3QySTMTISa9kvcuFDErZ/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrW9sbhW3Szu7e/tl++CwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fJv57UcqFYvEg57E1AvxULCAEayN1LfLU9QLsR4RzNPWDE37dsWpOnOgVeLmpAI5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnQefoVOjDFAQSfOERnP190aKQ6UmoW8ms5Bq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpaQAMmKdF8YggmkpmsiIywxESbrkqmBHf5y6ukdV51L6u1+4tK/SavowjHcAJn4MIV1OEOGtAEAgk8wyu8WU/Wi/VufSxGC1a+cwR/YH3+AIm1kwc=</latexit>

|V| <latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N

Modified (w/ bytes) 
Required: 
• Documents  
• Desired vocabulary size  (greater than chars in ) 
Algorithm: 
• Pre-tokenize  by splitting into words (split before 

whitespace/punctuation) 

+ Initialize  as the set of bytes in  
+ Convert  into a list of tokens (bytes) 
• While  < : 

• Let   

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N
<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V <latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D

<latexit sha1_base64="Mp+fyy1nsKBbBTnrEZouWnT6YhE=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nUhcsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/eB2RZA==</latexit>D
<latexit sha1_base64="f0Eq4chOXdaCL4akh6X1BvQxXWM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqy6LblxWsA9oQ5lMJ+3QySTMTISa9kvcuFDErZ/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqsrW9sbhW3Szu7e/tl++CwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fJv57UcqFYvEg57E1AvxULCAEayN1LfLU9QLsR4RzNPWDE37dsWpOnOgVeLmpAI5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnQefoVOjDFAQSfOERnP190aKQ6UmoW8ms5Bq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpaQAMmKdF8YggmkpmsiIywxESbrkqmBHf5y6ukdV51L6u1+4tK/SavowjHcAJn4MIV1OEOGtAEAgk8wyu8WU/Wi/VufSxGC1a+cwR/YH3+AIm1kwc=</latexit>

|V| <latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N

*Only 256 bytes! 
Each Unicode 
char is 1-4 bytes



Lecture 3: Tokenization35

While character-based GPT tokenizer 
fails on emojis and Japanese…

The Byte-based GPT-2 tokenizer 
succeeds!

Variants: byte-based



Lecture 3: Tokenization36

Variants:  WordPiece objective
• To merge, we selected the bigram with highest 

frequency 
• This is the same as bigram with highest probability! 

• Instead, we could choose the bigram which would 
maximize the likelihood of the data after the 
merge is made (also called WordPiece!)

Original (BPE) 
    … 
- For the most frequent bigram 

  (breaking ties arbitrarily) 
   (Sam as bigram which 
maximizes -  )

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj

<latexit sha1_base64="mqKJtv+0MGObOc3GHM5/8l5Wm/Y=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0WoICURX8uiG5cV7APSECbTSTt2MgkzN4US+hluXCji1q9x5984bbPQ1gMXDufcy733BIngGmz72yqsrK6tbxQ3S1vbO7t75f2Dlo5TRVmTxiJWnYBoJrhkTeAgWCdRjESBYO1geDf12yOmNI/lI4wT5kWkL3nIKQEjuUl15PMzPPKfTv1yxa7ZM+Bl4uSkgnI0/PJXtxfTNGISqCBau46dgJcRBZwKNil1U80SQoekz1xDJYmY9rLZyRN8YpQeDmNlSgKeqb8nMhJpPY4C0xkRGOhFbyr+57kphDdexmWSApN0vihMBYYYT//HPa4YBTE2hFDFza2YDogiFExKJROCs/jyMmmd15yr2uXDRaV+m8dRREfoGFWRg65RHd2jBmoiimL0jF7RmwXWi/VufcxbC1Y+c4j+wPr8ARTZkHw=</latexit>

p(vi, vj)

Modified (Word Piece) 
    … 
+ For the bigram that would 
maximize likelihood of the training 
data once the change is made   
(breaking ties arbitrarily) 
   (Same as bigram which maximizes

 )

<latexit sha1_base64="8qiJFR39nNAp8DHiEq3U32WlZhY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6SLMvsZJKMmZldZmYDYclXePGgiFc/x5t/42yyB40WNBRV3XR3hTFn2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0U3mt8ZUaRbJezOJqS/wQLI+I9hY6WEcsBM0Dh5LQbniVt0Z0F/i5aQCOepB+bPbi0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT2cHT9GRVXqoHylb0qCZ+nMixULriQhtp8BmqBe9TPzP6ySmf+WnTMaJoZLMF/UTjkyEsu9RjylKDJ9Ygoli9lZEhlhhYmxGWQje4st/SfO06l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAwgIeIIXeHWU8+y8Oe/z1oKTz+zDLzgf36+tj7E=</latexit>vi, vj

<latexit sha1_base64="sMKGSkiqZuHgLmqBFSpQFlCgpVg=">AAACCnicbVDLSgMxFL1TX7W+Rl26iRahBSkz4mtZdOOygn1AOwyZNNPGZh4kmUIZunbjr7hxoYhbv8Cdf2Om7UJbD4Sce869JPd4MWdSWda3kVtaXlldy68XNja3tnfM3b2GjBJBaJ1EPBItD0vKWUjriilOW7GgOPA4bXqDm8xvDqmQLArv1SimToB7IfMZwUpLrnnY8QUmaVwauuwEDd2H8nhalFF26dI1i1bFmgAtEntGijBDzTW/Ot2IJAENFeFYyrZtxcpJsVCMcDoudBJJY0wGuEfbmoY4oNJJJ6uM0bFWusiPhD6hQhP190SKAylHgac7A6z6ct7LxP+8dqL8KydlYZwoGpLpQ37CkYpQlgvqMkGJ4iNNMBFM/xWRPtbZKJ1eQYdgz6+8SBqnFfuicn53Vqxez+LIwwEcQQlsuIQq3EIN6kDgEZ7hFd6MJ+PFeDc+pq05YzazD39gfP4AlZ6ZkA==</latexit>

p(vi, vj)

p(vi)p(vj)

<latexit sha1_base64="mqKJtv+0MGObOc3GHM5/8l5Wm/Y=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0WoICURX8uiG5cV7APSECbTSTt2MgkzN4US+hluXCji1q9x5984bbPQ1gMXDufcy733BIngGmz72yqsrK6tbxQ3S1vbO7t75f2Dlo5TRVmTxiJWnYBoJrhkTeAgWCdRjESBYO1geDf12yOmNI/lI4wT5kWkL3nIKQEjuUl15PMzPPKfTv1yxa7ZM+Bl4uSkgnI0/PJXtxfTNGISqCBau46dgJcRBZwKNil1U80SQoekz1xDJYmY9rLZyRN8YpQeDmNlSgKeqb8nMhJpPY4C0xkRGOhFbyr+57kphDdexmWSApN0vihMBYYYT//HPa4YBTE2hFDFza2YDogiFExKJROCs/jyMmmd15yr2uXDRaV+m8dRREfoGFWRg65RHd2jBmoiimL0jF7RmwXWi/VufcxbC1Y+c4j+wPr8ARTZkHw=</latexit>

p(vi, vj)



• BPE: the bigram with highest frequency/highest probability 
• WordPiece: bigram which maximizes the likelihood of the 

data after the merge is made 
• Maximizes the probability of the bigram, normalized by the 

probability of the unigrams

Lecture 3: Tokenization37

<latexit sha1_base64="sMKGSkiqZuHgLmqBFSpQFlCgpVg=">AAACCnicbVDLSgMxFL1TX7W+Rl26iRahBSkz4mtZdOOygn1AOwyZNNPGZh4kmUIZunbjr7hxoYhbv8Cdf2Om7UJbD4Sce869JPd4MWdSWda3kVtaXlldy68XNja3tnfM3b2GjBJBaJ1EPBItD0vKWUjriilOW7GgOPA4bXqDm8xvDqmQLArv1SimToB7IfMZwUpLrnnY8QUmaVwauuwEDd2H8nhalFF26dI1i1bFmgAtEntGijBDzTW/Ot2IJAENFeFYyrZtxcpJsVCMcDoudBJJY0wGuEfbmoY4oNJJJ6uM0bFWusiPhD6hQhP190SKAylHgac7A6z6ct7LxP+8dqL8KydlYZwoGpLpQ37CkYpQlgvqMkGJ4iNNMBFM/xWRPtbZKJ1eQYdgz6+8SBqnFfuicn53Vqxez+LIwwEcQQlsuIQq3EIN6kDgEZ7hFd6MJ+PFeDc+pq05YzazD39gfP4AlZ6ZkA==</latexit>

p(vi, vj)

p(vi)p(vj)

<latexit sha1_base64="mqKJtv+0MGObOc3GHM5/8l5Wm/Y=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0WoICURX8uiG5cV7APSECbTSTt2MgkzN4US+hluXCji1q9x5984bbPQ1gMXDufcy733BIngGmz72yqsrK6tbxQ3S1vbO7t75f2Dlo5TRVmTxiJWnYBoJrhkTeAgWCdRjESBYO1geDf12yOmNI/lI4wT5kWkL3nIKQEjuUl15PMzPPKfTv1yxa7ZM+Bl4uSkgnI0/PJXtxfTNGISqCBau46dgJcRBZwKNil1U80SQoekz1xDJYmY9rLZyRN8YpQeDmNlSgKeqb8nMhJpPY4C0xkRGOhFbyr+57kphDdexmWSApN0vihMBYYYT//HPa4YBTE2hFDFza2YDogiFExKJROCs/jyMmmd15yr2uXDRaV+m8dRREfoGFWRg65RHd2jBmoiimL0jF7RmwXWi/VufcxbC1Y+c4j+wPr8ARTZkHw=</latexit>

p(vi, vj)
Variants:  WordPiece objective



Lecture 3: Tokenization38

Variants:  WordPiece encoding
At inference time, instead of applying the merge rules in order, tokens are 
selected left-to-right greedily: 

Encoding algorithm 
Given string  and (unordered) vocab , 

• Initialize list of tokens   
• While  : 

• Find longest token  that matches the beginning of  
• Let  
• Pop corresponding vocab  off of front of  

• Return 

<latexit sha1_base64="NNhp4HiCDIt6HWe1guuCXXVMPqg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVda9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4eWNAQ==</latexit>s
<latexit sha1_base64="HbazfJBF5dM5E53nV3qGREA3sbg=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiK+lkU3LivYB6ShTKbTduhkJszcCCX0M9y4UMStX+POv3HSZqGtBwYO59zLnHuiRHCDnvftrKyurW9slrbK2zu7e/uVg8OWUammrEmVULoTEcMEl6yJHAXrJJqROBKsHY3vcr/9xLThSj7iJGFhTIaSDzglaKWgGxMcUSKy1rRXqXo1bwZ3mfgFqUKBRq/y1e0rmsZMIhXEmMD3EgwzopFTwablbmpYQuiYDFlgqSQxM2E2izx1T63SdwdK2yfRnam/NzISGzOJIzuZRzSLXi7+5wUpDm7CjMskRSbp/KNBKlxUbn6/2+eaURQTSwjV3GZ16YhoQtG2VLYl+IsnL5PWec2/ql0+XFTrt0UdJTiGEzgDH66hDvfQgCZQUPAMr/DmoPPivDsf89EVp9g5gj9wPn8Ak3eRdg==</latexit>V

<latexit sha1_base64="XHQTIRHnlBQPtzHv4o3Sgmq43IM=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC0EounFZoS9IQplMJ+3QyYOZGyGE+ituXCji1g9x5984bbPQ1gMXDufcy733+IngCizr2yitrK6tb5Q3K1vbO7t75v5BR8WppKxNYxHLnk8UEzxibeAgWC+RjIS+YF1/fDf1u49MKh5HLcgS5oVkGPGAUwJa6pvVFr6+wa5gATjYlXw4Aq9v1qy6NQNeJnZBaqhAs29+uYOYpiGLgAqilGNbCXg5kcCpYJOKmyqWEDomQ+ZoGpGQKS+fHT/Bx1oZ4CCWuiLAM/X3RE5CpbLQ150hgZFa9Kbif56TQnDl5TxKUmARnS8KUoEhxtMk8IBLRkFkmhAqub4V0xGRhILOq6JDsBdfXiad07p9UT9/OKs1bos4yugQHaETZKNL1ED3qInaiKIMPaNX9GY8GS/Gu/Exby0ZxUwV/YHx+QMorJPX</latexit>

T := []
<latexit sha1_base64="oI2zEUs5B5/h0FAcOU0fkde5Tfg=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr5MEvXiMYB6YLGF20kmGzM4uM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dQSy4Nq777Swtr6yurec28ptb2zu7hb39uo4SxbDGIhGpZkA1Ci6xZrgR2IwV0jAQ2AiGtxO/8YRK80g+mFGMfkj7kvc4o8ZKjwJlSZ+Qa+J2CkW37E5BFomXkSJkqHYKX+1uxJIQpWGC at3y3Nj4KVWGM4HjfDvRGFM2pH1sWSppiNpPpxePybFVuqQXKVvSkKn6eyKlodajMLCdITUDPe9NxP+8VmJ6V37KZZwYlGy2qJcIYiIyeZ90uUJmxMgSyhS3txI2oIoyY0PK2xC8+ZcXSf207F2Uz+/PipWbLI4cHMIRlMCDS6jAHVShBgwkPMMrvDnaeXHenY9Z65KTzRzAHzifP6M5j5k=</latexit>

len(s) > 0
<latexit sha1_base64="sQPLb/AbKi8RGiLGPH1BFHbfyqc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA/ZEr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mpE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/1MqCRFrth8UZhKgjGZ/k36QnOGcmwJZVrYWwkbUk0Z2nRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYDeIZXeHOk8+K8Ox/z1oKTzxzCHzifP124jd4=</latexit>

ti
<latexit sha1_base64="NNhp4HiCDIt6HWe1guuCXXVMPqg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVda9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4eWNAQ==</latexit>s

<latexit sha1_base64="6ZBvzTpUEX6Fl15RpumG92iFTo8=">AAACBHicbVDLSsNAFJ3UV62vqMtuBosgCCURXwhC0Y3LCn1BEsJkOmmHTh7M3AildOHGX3HjQhG3foQ7/8Zpm4W2HrhwOOde7r0nSAVXYFnfRmFpeWV1rbhe2tjc2t4xd/daKskkZU2aiER2AqKY4DFrAgfBOqlkJAoEaweD24nffmBS8SRuwDBlXkR6MQ85JaAl3yw38NU1buBj7AoWgoPB59iVvNcHzzcrVtWaAi8SOycVlKPum19uN6FZxGKggijl2FYK3ohI4FSwccnNFEsJHZAeczSNScSUN5o+McaHWuniMJG6YsBT9ffEiERKDaNAd0YE+mrem4j/eU4G4aU34nGaAYvpbFGYCQwJniSCu1wyCmKoCaGS61sx7RNJKOjcSjoEe/7lRdI6qdrn1bP700rtJo+jiMroAB0hG12gGrpDddREFD2iZ/SK3own48V4Nz5mrQUjn9lHf2B8/gCwgJZC</latexit>

T := T + [ti]
<latexit sha1_base64="/3OlgPGggSmALA3ZFQ7AKnQYDhg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpjcQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdwTvXLFrbpzkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZITq/RJGGtbCslc/TmR0ciYSRTYzoji0Cx7M/E/r5NieO1nQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy//Jc2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgCd4gVdHOs/Om/O+aC04+cwh/ILz8Q1gxI3g</latexit>vi

<latexit sha1_base64="NNhp4HiCDIt6HWe1guuCXXVMPqg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVda9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4eWNAQ==</latexit>s
<latexit sha1_base64="EqeA+mbLkNRXGR722P9vRZdlcXk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cE8oJkCbOT3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vJ7e2vrG5ld8u7Ozu7R8UD4+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdz/zWEyrNY1k34wT9iA4kDzmjxkq1eq9YcsvuHGSVeBkpQYZqr/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5oVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDWn3CZpAYlWywKU0FMTGZfkz5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf88ippXpS96/JV7bJUucviyMMJnMI5eHADFXiAKjSAAcIzvMKb8+i8OO/Ox6I152Qzx/AHzucPsumM4g==</latexit>

T



Lecture 3: Tokenization39

Variants: unigram objective
• BPE starts with a small vocabulary (characters) and builds up until the 

desired vocabulary size  
• The Unigram tokenization algorithm starts with a large vocabulary (all 

sub-word substrings) and throws away tokens until we reach size 

<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N

<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N



Lecture 3: Tokenization40

Examples of LLMs and their tokenizers

SentencePiece (treat whitespace like char)BPE (w/spaces)

*For non-English languages

Model/Tokenizer Objective Spaces part of token? Pre-tokenization Smallest unit

GPT BPE No Yes Character-level

GPT-2/3/4, ChatGPT, 
Llama(2), Falcon, … BPE Yes Yes Byte-level

Jurassic BPE Yes
No. “SentencePiece” - 
treat whitespace like 

char
Byte-level

Bert, DistilBert, 
Electra WordPiece No Yes Character-level

T5, ALBERT, XLNet, 
Marian Unigram Yes

No. “SentencePiece” - 
treat whitespace like 

char*
Character-level



Lecture 4: Embeddings and RNNs41

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.)



Lecture 4: Embeddings and RNNs42

Neural language models
How do neural networks encode text with various lengths? 
• Don’t neural networks need a fixed-size vector as input? And isn’t text 

variable length?



Lecture 4: Embeddings and RNNs43

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 RNNs44

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 RNNs45

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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Example RNN
What are trainable parameters   ?θ



Lecture 4: Embeddings and RNNs47

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 RNNs48

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 RNNs49

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 RNNs50

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 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="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 RNNs52

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))



Bidirectional RNNs

ht = f(ht−1, xt) ∈ ℝh

h t = f1(h t−1, xt), t = 1,2,…n

h t = f2(h t+1, xt), t = n, n − 1,…1

ht = [h t, h t] ∈ ℝ2h



Multi-layer RNNs

The hidden states from RNN layer  


are the inputs to RNN layer 

i
i + 1

• In practice, using 2 to 4 layers is common (usually better than 1 layer)

• Transformer networks can be up to 24 layers with lots of skip-connections
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RNNs - vanishing gradient problem
What word is likely to come next for this sequence? 

Anne said, “Hi! My name is
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What word is likely to come next for this sequence? 
Anne said, “Hi! My name is

START

RNN
<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

Anne

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

h2

said,

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

h3

“Hi!

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

h4

My

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

h5

name

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

h7

is

RNN

<latexit sha1_base64="VAEqT+vKHWuVbDtU65825ly9dps=">AAACF3icbVDLTgJBEJzFF+IL9ehllJhoYsiu8XUEvXgx8QFKAgRmhwYnzs5uZnoNZOUvvPgrXjxojFe9+TfuIgdFK+mkUtWd7i43kMKgbX9aqbHxicmp9HRmZnZufiG7uHRp/FBzKHNf+rriMgNSKCijQAmVQAPzXAlX7s1R4l/dgjbCVyXsBVD3WEeJtuAMY6mRzQcb3bsaQheji1LxvESLSgE1TLS2aLN5LFbpSY8q5gEVpr+ZaWRzdt4egP4lzpDkyBCnjexHreXz0AOFXDJjqo4dYD1iGgWX0M/UQgMB4zesA9WYJptMPRr81afrsdKibV/HpZAO1J8TEfOM6Xlu3OkxvDajXiL+51VDbB/UI6GCEEHx70XtUFL0aRISbQkNHGUvJoxrEd9K+TXTjGMcZRKCM/ryX3K5nXf28rtnO7nC4TCONFkha2SDOGSfFMgxOSVlwsk9eSTP5MV6sJ6sV+vtuzVlDWeWyS9Y71/MQp3L</latexit>

p(x|START Anne said, “Hi! My name is)

• Need relevant information to flow across many time steps 
• When we backpropagate, we want to allow the relevant information to 

flow 

RNNs - vanishing gradient problem



If any of the terms are close to zero, 
the whole gradient goes to zero 
(vanishes!) 
The vanishing gradient problem

<latexit sha1_base64="QyZBcxYlSZR0f2CJ//4xd9kTeAw="></latexit>

�h8 = �ŷW
T
y � �0

y(Wyh8 + by)

<latexit sha1_base64="XJlVHz7vUJ2+jk0Qd6d3PnJYkNE="></latexit>

�h7 = �h8U
T
h � �0

h(Whx8 + Uhh7 + bh)
<latexit sha1_base64="ICWfrgFc1FKy8l4Qn3y6pugnikg="></latexit>

�ht = �ht+1U
T
h � �0

h(Whxt+1 + Uhht + bh)
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However, when we backprop, it 
involves multiplying a chain of 
computations from time  to time …

<latexit sha1_base64="RTsa+eg6pm1t8VT7vUN2mDx/vkU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lErceiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSPfZr/XLFrbpzkL/Ey0kFcjT65c/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZITqwxIGGtbCslc/TmR0ciYSRTYzojiyCx7M/E/r5tieOVnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy//Ja2zqndZvbg7r9Sv8ziKcATHcAoe1KAOt9CAJjAYwhO8wKsjnWfnzXlftBacfOYQfsH5+AYR8I2s</latexit>

t7
<latexit sha1_base64="72oNKbybjP1FCAzIrExVLH4geVg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA/a8XrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6rF/fnldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAI2I2m</latexit>

t1

<latexit sha1_base64="R3BMF+nV6vX5Y70tnoIHQJCmcBM=">AAACHXicbVDLSgMxFM3UV62vqks3wSK4KjPiayMU3bhwUcE+oFPKnTTThmYeJHeEMvRH3Pgrblwo4sKN+Dem7YDaeiBwOOfcJPd4sRQabfvLyi0sLi2v5FcLa+sbm1vF7Z26jhLFeI1FMlJNDzSXIuQ1FCh5M1YcAk/yhje4GvuNe660iMI7HMa8HUAvFL5ggEbqFI/dLpcIndTtA9LhiF5Q11fAUjcGhQIkvRn98CzUKZbssj0BnSdORkokQ7VT/HC7EUsCHiKToHXLsWNsp+NbmeSjgptoHgMbQI+3DA0h4LqdTrYb0QOjdKkfKXNCpBP190QKgdbDwDPJALCvZ72x+J/XStA/b6cijBPkIZs+5CeSYkTHVdGuUJyhHBoCTAnzV8r6YMpBU2jBlODMrjxP6kdl57R8cntcqlxmdeTJHtknh8QhZ6RCrkmV1AgjD+SJvJBX69F6tt6s92k0Z2Uzu+QPrM9vzb6iYQ==</latexit>

�ŷ =
@L

@ŷ

…

Backprop stepsSTART

RNN
<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

Anne

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

h2

said,

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

h3

“Hi!

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

h4

My

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

h5

name

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

h7

is

RNN

<latexit sha1_base64="VAEqT+vKHWuVbDtU65825ly9dps=">AAACF3icbVDLTgJBEJzFF+IL9ehllJhoYsiu8XUEvXgx8QFKAgRmhwYnzs5uZnoNZOUvvPgrXjxojFe9+TfuIgdFK+mkUtWd7i43kMKgbX9aqbHxicmp9HRmZnZufiG7uHRp/FBzKHNf+rriMgNSKCijQAmVQAPzXAlX7s1R4l/dgjbCVyXsBVD3WEeJtuAMY6mRzQcb3bsaQheji1LxvESLSgE1TLS2aLN5LFbpSY8q5gEVpr+ZaWRzdt4egP4lzpDkyBCnjexHreXz0AOFXDJjqo4dYD1iGgWX0M/UQgMB4zesA9WYJptMPRr81afrsdKibV/HpZAO1J8TEfOM6Xlu3OkxvDajXiL+51VDbB/UI6GCEEHx70XtUFL0aRISbQkNHGUvJoxrEd9K+TXTjGMcZRKCM/ryX3K5nXf28rtnO7nC4TCONFkha2SDOGSfFMgxOSVlwsk9eSTP5MV6sJ6sV+vtuzVlDWeWyS9Y71/MQp3L</latexit>

p(x|START Anne said, “Hi! My name is)

RNNs - vanishing gradient problem
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If any of the terms are close to zero, the 
whole gradient goes to zero (vanishes!) 
The vanishing gradient problem 
• This happens often for many activation 

functions… the gradient is close to zero 
when outputs get very large or small 

• The more time steps back, the more 
chances for a vanishing gradient 

Solution: LSTMs!

<latexit sha1_base64="ICWfrgFc1FKy8l4Qn3y6pugnikg="></latexit>

�ht = �ht+1U
T
h � �0

h(Whxt+1 + Uhht + bh)

Danger Zone

RNNs - vanishing gradient problem
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LSTMs
Idea 3: Long short-term 
memory network 
Essential components: 
• It is a recurrent neural 

network (RNN) 
• Has modules to learn when 

to “remember”/“forget” 
information 

• Allows gradients to flow 
more easily

<latexit sha1_base64="zM/F2jjGQtJdZUJCCT9UW1t/1QQ="></latexit>

ft = �g(Wfxt + Ufht�1 + bf )

it = �g(Wixt + Uiht�1 + bi)

ot = �g(Woxt + Uoht�1 + bo)

c̃t = �c(Wcxt + Ucht�1 + bc)

ct = ft � ct�1 + it � c̃t

ht = ot � �h(ct)

<latexit sha1_base64="iTj3CVJPpEswEktUBwCWlHZ8yqw="></latexit>

xt 2 Rd: input vector to the LSTM unit

ft 2 (0, 1)h: forget gate’s activation vector

it 2 (0, 1)h: input/update gate’s activation vector

ot 2 (0, 1)h: output gate’s activation vector

ht 2 (�1, 1)h: hidden state vector also known as output

vector of the LSTM unit

c̃t 2 (�1, 1)h: cell input activation vector

ct 2 Rh: cell state vector

https://en.wikipedia.org/wiki/Long_short-term_memory
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LSTM architecture

https://colah.github.io/posts/2015-08-Understanding-LSTMs/
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Cell state (long term 
memory): allows information 
to flow with only small, linear 
interactions (good for 
gradients!) 
• “Gates” optionally let 

information through 
• 1 - retain information 

(“remember”) 
• 0 - forget information 

(“forget”)

<latexit sha1_base64="zM/F2jjGQtJdZUJCCT9UW1t/1QQ="></latexit>

ft = �g(Wfxt + Ufht�1 + bf )

it = �g(Wixt + Uiht�1 + bi)

ot = �g(Woxt + Uoht�1 + bo)

c̃t = �c(Wcxt + Ucht�1 + bc)

ct = ft � ct�1 + it � c̃t

ht = ot � �h(ct)

<latexit sha1_base64="iTj3CVJPpEswEktUBwCWlHZ8yqw="></latexit>

xt 2 Rd: input vector to the LSTM unit

ft 2 (0, 1)h: forget gate’s activation vector

it 2 (0, 1)h: input/update gate’s activation vector

ot 2 (0, 1)h: output gate’s activation vector

ht 2 (�1, 1)h: hidden state vector also known as output

vector of the LSTM unit

c̃t 2 (�1, 1)h: cell input activation vector

ct 2 Rh: cell state vector

LSTM architecture

https://colah.github.io/posts/2015-08-Understanding-LSTMs/
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Input Gate Layer: Decide 
what information to 
“forget” 

<latexit sha1_base64="zM/F2jjGQtJdZUJCCT9UW1t/1QQ="></latexit>

ft = �g(Wfxt + Ufht�1 + bf )

it = �g(Wixt + Uiht�1 + bi)

ot = �g(Woxt + Uoht�1 + bo)

c̃t = �c(Wcxt + Ucht�1 + bc)

ct = ft � ct�1 + it � c̃t

ht = ot � �h(ct)

<latexit sha1_base64="iTj3CVJPpEswEktUBwCWlHZ8yqw="></latexit>

xt 2 Rd: input vector to the LSTM unit

ft 2 (0, 1)h: forget gate’s activation vector

it 2 (0, 1)h: input/update gate’s activation vector

ot 2 (0, 1)h: output gate’s activation vector

ht 2 (�1, 1)h: hidden state vector also known as output

vector of the LSTM unit

c̃t 2 (�1, 1)h: cell input activation vector

ct 2 Rh: cell state vector

LSTM architecture

https://colah.github.io/posts/2015-08-Understanding-LSTMs/
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<latexit sha1_base64="zM/F2jjGQtJdZUJCCT9UW1t/1QQ="></latexit>

ft = �g(Wfxt + Ufht�1 + bf )

it = �g(Wixt + Uiht�1 + bi)

ot = �g(Woxt + Uoht�1 + bo)

c̃t = �c(Wcxt + Ucht�1 + bc)

ct = ft � ct�1 + it � c̃t

ht = ot � �h(ct)

<latexit sha1_base64="iTj3CVJPpEswEktUBwCWlHZ8yqw="></latexit>

xt 2 Rd: input vector to the LSTM unit

ft 2 (0, 1)h: forget gate’s activation vector

it 2 (0, 1)h: input/update gate’s activation vector

ot 2 (0, 1)h: output gate’s activation vector

ht 2 (�1, 1)h: hidden state vector also known as output

vector of the LSTM unit

c̃t 2 (�1, 1)h: cell input activation vector

ct 2 Rh: cell state vector

Candidate state values: 
Extract candidate 
information to put into the 
cell vector

LSTM architecture

https://colah.github.io/posts/2015-08-Understanding-LSTMs/
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<latexit sha1_base64="zM/F2jjGQtJdZUJCCT9UW1t/1QQ="></latexit>

ft = �g(Wfxt + Ufht�1 + bf )

it = �g(Wixt + Uiht�1 + bi)

ot = �g(Woxt + Uoht�1 + bo)

c̃t = �c(Wcxt + Ucht�1 + bc)

ct = ft � ct�1 + it � c̃t

ht = ot � �h(ct)

<latexit sha1_base64="iTj3CVJPpEswEktUBwCWlHZ8yqw="></latexit>

xt 2 Rd: input vector to the LSTM unit

ft 2 (0, 1)h: forget gate’s activation vector

it 2 (0, 1)h: input/update gate’s activation vector

ot 2 (0, 1)h: output gate’s activation vector

ht 2 (�1, 1)h: hidden state vector also known as output

vector of the LSTM unit

c̃t 2 (�1, 1)h: cell input activation vector

ct 2 Rh: cell state vector

Update cell: “Forget” the 
information we decided to 
forget and update with 
new candidate information

If  is 
• High: we 

“remember” 
more previous 
info 

• Low: we “forget” 
more info

<latexit sha1_base64="O/tDnk0liiGI2mDN2hwpyDUSSow=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ9jDXrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6rF/fnldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwBZEI3b</latexit>

ft If  is 
• High: we 

add more 
new info 

• Low: we add 
less new info

<latexit sha1_base64="9ujKQWLrNshV90QRi9qGx/1DMWU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSg+hhr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mpE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/1MqCRFrth8UZhKgjGZ/k36QnOGcmwJZVrYWwkbUk0Z2nRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYDeIZXeHOk8+K8Ox/z1oKTzxzCHzifP12ijd4=</latexit>

it

LSTM architecture

https://colah.github.io/posts/2015-08-Understanding-LSTMs/
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<latexit sha1_base64="zM/F2jjGQtJdZUJCCT9UW1t/1QQ="></latexit>

ft = �g(Wfxt + Ufht�1 + bf )

it = �g(Wixt + Uiht�1 + bi)

ot = �g(Woxt + Uoht�1 + bo)

c̃t = �c(Wcxt + Ucht�1 + bc)

ct = ft � ct�1 + it � c̃t

ht = ot � �h(ct)

<latexit sha1_base64="iTj3CVJPpEswEktUBwCWlHZ8yqw="></latexit>

xt 2 Rd: input vector to the LSTM unit

ft 2 (0, 1)h: forget gate’s activation vector

it 2 (0, 1)h: input/update gate’s activation vector

ot 2 (0, 1)h: output gate’s activation vector

ht 2 (�1, 1)h: hidden state vector also known as output

vector of the LSTM unit

c̃t 2 (�1, 1)h: cell input activation vector

ct 2 Rh: cell state vector

Output/Short-term Memory 
(as in RNN): 
Pass information onto the next 
state/for use in output (e.g., 
probabilities)

Pass on 
different 
information 
than in the 
long-term 
memory vector

LSTM architecture

https://colah.github.io/posts/2015-08-Understanding-LSTMs/


