
Sequence Modeling

EECS 183/283a: Natural Language Processing



Modeling Language

Modeling the expectations we have over utterances we encounter 

• How can we find structure in continuous signals like speech? 

• What words are more frequent vs. rare? 

• What combinations of words are more likely vs. unlikely? 

• What sequences of utterances are plausible vs. implausible? 

• How likely is it for certain words (or combinations of words) to 
appear alongside different contexts vs. others?



Modeling Sequences

• For now: let’s assume utterances are sequences of tokens 
from our vocabulary 

• Our vocabulary has a fixed size and consists of discrete 
wordtypes (we’ll get to modeling continuous language 
signals, like speech, in a few weeks!) 

• A sequence is denoted as: 

• We can also consider writing out all possible sequences 
given our vocabulary (though this set is infinitely large):

<latexit sha1_base64="1uyquiSI2jpIcxUCInJ7m6ZGJmQ=">AAACFnicbVDNS8MwHE39nPOr6tFLcAge5mhlqBdh6MXjBPcBaylplm5haVqSVDbK/gov/itePCjiVbz535h2Pejmg8Djvd9L8nt+zKhUlvVtLC2vrK6tlzbKm1vbO7vm3n5bRonApIUjFomujyRhlJOWooqRbiwICn1GOv7oJvM7D0RIGvF7NYmJG6IBpwHFSGnJM0+dSNtZOh1P4RV0GOIDRuDYs6vQ6UdKVjXnjshlz6xYNSsHXCR2QSqgQNMzv/QdOAkJV5ghKXu2FSs3RUJRzMi07CSSxAiP0ID0NOUoJNJN87Wm8FgrfRhEQh+uYK7+TqQolHIS+noyRGoo571M/M/rJSq4dFPK40QRjmcPBQmDKoJZR7BPBcGKTTRBWFD9V4iHSCCsdJNlXYI9v/IiaZ/V7PNa/a5eaVwXdZTAITgCJ8AGF6ABbkETtAAGj+AZvII348l4Md6Nj9noklFkDsAfGJ8/YT6e4g==</latexit>

x = hx1, . . . , xni
<latexit sha1_base64="bkhBXnE+DmcX2ih+xIW4P5pvaF4=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlE1GXRjcsK9gFNKJPppB06mYSZiVpiP8WNC0Xc+iXu/BsnbRbaemDgcM693DMnSDhT2nG+rdLK6tr6RnmzsrW9s7tnV/fbKk4loS0S81h2A6woZ4K2NNOcdhNJcRRw2gnG17nfuadSsVjc6UlC/QgPBQsZwdpIfbv6iDwmkBdhPSKYZ+1p3645dWcGtEzcgtSgQLNvf3mDmKQRFZpwrFTPdRLtZ1hqRjidVrxU0QSTMR7SnqECR1T52Sz6FB0bZYDCWJonNJqpvzcyHCk1iQIzmUdUi14u/uf1Uh1e+hkTSaqpIPNDYcqRjlHeAxowSYnmE0MwkcxkRWSEJSbatFUxJbiLX14m7dO6e14/uz2rNa6KOspwCEdwAi5cQANuoAktIPAAz/AKb9aT9WK9Wx/z0ZJV7BzAH1ifP+uzk80=</latexit>

x 2 V
<latexit sha1_base64="ZWtX9Sf0Lfx52czE8mqL1lz+BuU=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiCUGakqMuiG5cV7APasWTSTBuayYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uSfHjwXXxnG+0crq2vrGZmGruL2zu7dfOjhs6ihRlDVoJCLV9olmgkvWMNwI1o4VI6EvWMsf3WZ+a8yU5pF8MJOYeSEZSB5wSoyVvG5IzJASkTanj+e9UtmpODPgZeLmpAw56r3SV7cf0SRk0lBBtO64Tmy8lCjDqWDTYjfRLCZ0RAasY6kkIdNeOgs9xadW6eMgUvZJg2fq742UhFpPQt9OZiH1opeJ/3mdxATXXsplnBgm6fxQkAhsIpw1gPtcMWrExBJCFbdZMR0SRaixPRVtCe7il5dJ86LiXlaq99Vy7SavowDHcAJn4MIV1OAO6tAACk/wDK/whsboBb2jj/noCsp3juAP0OcPtjCSEg==</latexit>

V+

<latexit sha1_base64="08WBwxrKMIPfp0Q9gat8ygJXVuE=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JIUS9CUQRvVrQf0Iay2W7bpZtN2J1IS8hf8eJBEa/+EW/+G7dtDtr6YODx3gwz8/xIcA2O823lVlbX1jfym4Wt7Z3dPXu/2NBhrCir01CEquUTzQSXrA4cBGtFipHAF6zpj66nfvOJKc1D+QiTiHkBGUje55SAkbp2cdyV+BJ3gI0BILm5e0i7dskpOzPgZeJmpIQy1Lr2V6cX0jhgEqggWrddJwIvIQo4FSwtdGLNIkJHZMDahkoSMO0ls9tTfGyUHu6HypQEPFN/TyQk0HoS+KYzIDDUi95U/M9rx9C/8BIuoxiYpPNF/VhgCPE0CNzjilEQE0MIVdzciumQKELBxFUwIbiLLy+TxmnZPStX7iul6lUWRx4doiN0glx0jqroFtVQHVE0Rs/oFb1ZqfVivVsf89aclc0coD+wPn8AcEiUEg==</latexit>

xn = EOS



Modeling Sequences
• A sequence model imposes a probability distribution over  

 

<latexit sha1_base64="ZWtX9Sf0Lfx52czE8mqL1lz+BuU=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiCUGakqMuiG5cV7APasWTSTBuayYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uSfHjwXXxnG+0crq2vrGZmGruL2zu7dfOjhs6ihRlDVoJCLV9olmgkvWMNwI1o4VI6EvWMsf3WZ+a8yU5pF8MJOYeSEZSB5wSoyVvG5IzJASkTanj+e9UtmpODPgZeLmpAw56r3SV7cf0SRk0lBBtO64Tmy8lCjDqWDTYjfRLCZ0RAasY6kkIdNeOgs9xadW6eMgUvZJg2fq742UhFpPQt9OZiH1opeJ/3mdxATXXsplnBgm6fxQkAhsIpw1gPtcMWrExBJCFbdZMR0SRaixPRVtCe7il5dJ86LiXlaq99Vy7SavowDHcAJn4MIV1OAO6tAACk/wDK/whsboBb2jj/noCsp3juAP0OcPtjCSEg==</latexit>

V+

<latexit sha1_base64="tzBH95CUZAkTQl1jggFW/5LBCow=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREirosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOad1Gr39Urjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANsLkzs=</latexit>

p(x)
<latexit sha1_base64="RkS6WocCXPGrw8LB3tnPHSvGrn0=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocxIUZdFNy4r2Ad0xpJJM21oJhmSjFiG2bnxV9y4UMStv+DOvzHTzkJbDwQO59xD7j1BzKjSjvNtLSwuLa+sltbK6xubW9v2zm5LiURi0sSCCdkJkCKMctLUVDPSiSVBUcBIOxhd5X77nkhFBb/V45j4ERpwGlKMtJF69oEnjJ2n04cMepRDL0J6iBFLW9ndSc+uOFVnAjhP3IJUQIFGz/7y+gInEeEaM6RU13Vi7adIaooZycpeokiM8AgNSNdQjiKi/HRyRwaPjNKHoZDmcQ0n6u9EiiKlxlFgJvMl1ayXi/953USHF35KeZxowvH0ozBhUAuYlwL7VBKs2dgQhCU1u0I8RBJhbaormxLc2ZPnSeu06p5Vaze1Sv2yqKME9sEhOAYuOAd1cA0aoAkweATP4BW8WU/Wi/VufUxHF6wiswf+wPr8AUQLmZA=</latexit>

x 2 V+
<latexit sha1_base64="44dgweUkRyVIPUsw8fqnDJFrgr0=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoCiURqS6LunBZwT6gSctkOmmHTiZhZiKUkH9w46+4caGIWzfu/BsnbRbaemDgcM65zL3HixiVyrK+jcLS8srqWnG9tLG5tb1j7u61ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NrzO//UCEpCG/V5OIuAEacupTjJSW+uZJVHFCHcjmk056DB3KoXNDmEK9xAmQGmHEklbaO037ZtmqWlPARWLnpAxyNPrmlzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNpjel8EgrA+iHQj+u4FT9PZGgQMpJ4OlktqWc9zLxP68bK//STSiPYkU4nn3kxwyqEGYFwQEVBCs20QRhQfWuEI+QQFjpGku6BHv+5EXSOqvatWrt7rxcv8rrKIIDcAgqwAYXoA5uQQM0AQaP4Bm8gjfjyXgx3o2PWbRg5DP74A+Mzx8F2J5H</latexit>

p(X) 2 �V+



Modeling Sequences

acoustic signals a: what was     ?
<latexit sha1_base64="wTyuL4pgf1hsTh72dhddh1kmado=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwmiSKw==</latexit>

x<latexit sha1_base64="wTyuL4pgf1hsTh72dhddh1kmado=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwmiSKw==</latexit>

x

noisy channel

• A sequence model imposes a probability distribution over  
 

• Why is this useful? 

<latexit sha1_base64="ZWtX9Sf0Lfx52czE8mqL1lz+BuU=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiCUGakqMuiG5cV7APasWTSTBuayYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uSfHjwXXxnG+0crq2vrGZmGruL2zu7dfOjhs6ihRlDVoJCLV9olmgkvWMNwI1o4VI6EvWMsf3WZ+a8yU5pF8MJOYeSEZSB5wSoyVvG5IzJASkTanj+e9UtmpODPgZeLmpAw56r3SV7cf0SRk0lBBtO64Tmy8lCjDqWDTYjfRLCZ0RAasY6kkIdNeOgs9xadW6eMgUvZJg2fq742UhFpPQt9OZiH1opeJ/3mdxATXXsplnBgm6fxQkAhsIpw1gPtcMWrExBJCFbdZMR0SRaixPRVtCe7il5dJ86LiXlaq99Vy7SavowDHcAJn4MIV1OAO6tAACk/wDK/whsboBb2jj/noCsp3juAP0OcPtjCSEg==</latexit>

V+

<latexit sha1_base64="tzBH95CUZAkTQl1jggFW/5LBCow=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREirosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOad1Gr39Urjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANsLkzs=</latexit>

p(x)
<latexit sha1_base64="RkS6WocCXPGrw8LB3tnPHSvGrn0=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocxIUZdFNy4r2Ad0xpJJM21oJhmSjFiG2bnxV9y4UMStv+DOvzHTzkJbDwQO59xD7j1BzKjSjvNtLSwuLa+sltbK6xubW9v2zm5LiURi0sSCCdkJkCKMctLUVDPSiSVBUcBIOxhd5X77nkhFBb/V45j4ERpwGlKMtJF69oEnjJ2n04cMepRDL0J6iBFLW9ndSc+uOFVnAjhP3IJUQIFGz/7y+gInEeEaM6RU13Vi7adIaooZycpeokiM8AgNSNdQjiKi/HRyRwaPjNKHoZDmcQ0n6u9EiiKlxlFgJvMl1ayXi/953USHF35KeZxowvH0ozBhUAuYlwL7VBKs2dgQhCU1u0I8RBJhbaormxLc2ZPnSeu06p5Vaze1Sv2yqKME9sEhOAYuOAd1cA0aoAkweATP4BW8WU/Wi/VufUxHF6wiswf+wPr8AUQLmZA=</latexit>

x 2 V+
<latexit sha1_base64="44dgweUkRyVIPUsw8fqnDJFrgr0=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoCiURqS6LunBZwT6gSctkOmmHTiZhZiKUkH9w46+4caGIWzfu/BsnbRbaemDgcM65zL3HixiVyrK+jcLS8srqWnG9tLG5tb1j7u61ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NrzO//UCEpCG/V5OIuAEacupTjJSW+uZJVHFCHcjmk056DB3KoXNDmEK9xAmQGmHEklbaO037ZtmqWlPARWLnpAxyNPrmlzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNpjel8EgrA+iHQj+u4FT9PZGgQMpJ4OlktqWc9zLxP68bK//STSiPYkU4nn3kxwyqEGYFwQEVBCs20QRhQfWuEI+QQFjpGku6BHv+5EXSOqvatWrt7rxcv8rrKIIDcAgqwAYXoA5uQQM0AQaP4Bm8gjfjyXgx3o2PWbRg5DP74A+Mzx8F2J5H</latexit>

p(X) 2 �V+



language 
model

acoustic  
model

Modeling Sequences

acoustic signals a:<latexit sha1_base64="wTyuL4pgf1hsTh72dhddh1kmado=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwmiSKw==</latexit>

x

noisy channel

<latexit sha1_base64="rxxcclvPVsSXVakLPZanVVJn/60=">AAACKXicbVDLSgMxFM34rPVVdekmWITqosxIUTdC0Y3LCvYBnXG4k8m0oZkHSUZahv6OG3/FjYKibv0R08eith4InJxzD8k9XsKZVKb5ZSwtr6yurec28ptb2zu7hb39hoxTQWidxDwWLQ8k5SyidcUUp61EUAg9Tpte72bkNx+pkCyO7tUgoU4InYgFjIDSkluo2rG2R+msP3w4xVfYBtHBdgh9N5v1hjgpzd71CPMxnLiFolk2x8CLxJqSIpqi5hbebD8maUgjRThI2bbMRDkZCMUIp8O8nUqaAOlBh7Y1jSCk0snGmw7xsVZ8HMRCn0jhsTqbyCCUchB6ejIE1ZXz3kj8z2unKrh0MhYlqaIRmTwUpByrGI9qwz4TlCg+0ASIYPqvmHRBAFG63LwuwZpfeZE0zsrWeblyVylWr6d15NAhOkIlZKELVEW3qIbqiKAn9ILe0YfxbLwan8b3ZHTJmGYO0B8YP7/Jl6eQ</latexit>

x⇤ = argmax
x

p(x | a)

<latexit sha1_base64="gocixeBVdbcngBqcHHQ0dwhdhT0=">AAACKnicbZDLTgIxFIY7eEO8jbp000hMcENmDFE3Jqgbl5jIJWHI5EynQEPnkrZjIBOex42v4oaFhrj1QewACwFP0uTvdy7t+b2YM6ksa2rkNja3tnfyu4W9/YPDI/P4pCGjRBBaJxGPRMsDSTkLaV0xxWkrFhQCj9OmN3jM8s1XKiSLwhc1imkngF7IuoyA0sg17++wA6KHnQCGbupEujYblQ7HYxyXQHPm47/4UuOlu2sWrbI1C7wu7IUookXUXHPi+BFJAhoqwkHKtm3FqpOCUIxwOi44iaQxkAH0aFvLEAIqO+ls1TG+0MTH3UjoEyo8o387UgikHAWergxA9eVqLoP/5dqJ6t52UhbGiaIhmT/UTThWEc58wz4TlCg+0gKIYPqvmPRBAFHa3YI2wV5deV00rsr2dbnyXClWHxZ25NEZOkclZKMbVEVPqIbqiKA39IE+0ZfxbkyMqfE9L80Zi55TtBTGzy9E6afT</latexit>

= argmax
x

p(a | x)p(x)

<latexit sha1_base64="pLFNznrhBYUJ57JXRwLBwvk33RI="></latexit>

= argmax
x

p(a | x)p(x)
p(a)

Bayes’ rule

• A sequence model imposes a probability distribution over  
 

• Why is this useful? 

<latexit sha1_base64="ZWtX9Sf0Lfx52czE8mqL1lz+BuU=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiCUGakqMuiG5cV7APasWTSTBuayYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uSfHjwXXxnG+0crq2vrGZmGruL2zu7dfOjhs6ihRlDVoJCLV9olmgkvWMNwI1o4VI6EvWMsf3WZ+a8yU5pF8MJOYeSEZSB5wSoyVvG5IzJASkTanj+e9UtmpODPgZeLmpAw56r3SV7cf0SRk0lBBtO64Tmy8lCjDqWDTYjfRLCZ0RAasY6kkIdNeOgs9xadW6eMgUvZJg2fq742UhFpPQt9OZiH1opeJ/3mdxATXXsplnBgm6fxQkAhsIpw1gPtcMWrExBJCFbdZMR0SRaixPRVtCe7il5dJ86LiXlaq99Vy7SavowDHcAJn4MIV1OAO6tAACk/wDK/whsboBb2jj/noCsp3juAP0OcPtjCSEg==</latexit>

V+

<latexit sha1_base64="tzBH95CUZAkTQl1jggFW/5LBCow=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREirosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOad1Gr39Urjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANsLkzs=</latexit>

p(x)
<latexit sha1_base64="RkS6WocCXPGrw8LB3tnPHSvGrn0=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocxIUZdFNy4r2Ad0xpJJM21oJhmSjFiG2bnxV9y4UMStv+DOvzHTzkJbDwQO59xD7j1BzKjSjvNtLSwuLa+sltbK6xubW9v2zm5LiURi0sSCCdkJkCKMctLUVDPSiSVBUcBIOxhd5X77nkhFBb/V45j4ERpwGlKMtJF69oEnjJ2n04cMepRDL0J6iBFLW9ndSc+uOFVnAjhP3IJUQIFGz/7y+gInEeEaM6RU13Vi7adIaooZycpeokiM8AgNSNdQjiKi/HRyRwaPjNKHoZDmcQ0n6u9EiiKlxlFgJvMl1ayXi/953USHF35KeZxowvH0ozBhUAuYlwL7VBKs2dgQhCU1u0I8RBJhbaormxLc2ZPnSeu06p5Vaze1Sv2yqKME9sEhOAYuOAd1cA0aoAkweATP4BW8WU/Wi/VufUxHF6wiswf+wPr8AUQLmZA=</latexit>

x 2 V+
<latexit sha1_base64="44dgweUkRyVIPUsw8fqnDJFrgr0=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoCiURqS6LunBZwT6gSctkOmmHTiZhZiKUkH9w46+4caGIWzfu/BsnbRbaemDgcM65zL3HixiVyrK+jcLS8srqWnG9tLG5tb1j7u61ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NrzO//UCEpCG/V5OIuAEacupTjJSW+uZJVHFCHcjmk056DB3KoXNDmEK9xAmQGmHEklbaO037ZtmqWlPARWLnpAxyNPrmlzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNpjel8EgrA+iHQj+u4FT9PZGgQMpJ4OlktqWc9zLxP68bK//STSiPYkU4nn3kxwyqEGYFwQEVBCs20QRhQfWuEI+QQFjpGku6BHv+5EXSOqvatWrt7rxcv8rrKIIDcAgqwAYXoA5uQQM0AQaP4Bm8gjfjyXgx3o2PWbRg5DP74A+Mzx8F2J5H</latexit>

p(X) 2 �V+



Modeling Sequences

<latexit sha1_base64="wTyuL4pgf1hsTh72dhddh1kmado=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwmiSKw==</latexit>

x who wrote     ?
<latexit sha1_base64="wTyuL4pgf1hsTh72dhddh1kmado=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwmiSKw==</latexit>

x

<latexit sha1_base64="67zubY/zRYXPtGD09zOTgpCYIlM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E6WE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+ien53Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcNGI2o</latexit>w1
<latexit sha1_base64="OruMTjXosJIyrrN44UfuYidNs40=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4xyiOBDZkdemHC7OxmZlZDCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStm7KFfvqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8ADpyNqQ==</latexit>w2

<latexit sha1_base64="EFEcu+lIh6EdmTgwABYBo+rawa4=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaVqEeiF48Y5ZHAhswOA0yYnd3M9GrIhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7J3Ua7cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AECCNqg==</latexit>w3

• A sequence model imposes a probability distribution over  
 

• Why is this useful? 

<latexit sha1_base64="ZWtX9Sf0Lfx52czE8mqL1lz+BuU=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiCUGakqMuiG5cV7APasWTSTBuayYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uSfHjwXXxnG+0crq2vrGZmGruL2zu7dfOjhs6ihRlDVoJCLV9olmgkvWMNwI1o4VI6EvWMsf3WZ+a8yU5pF8MJOYeSEZSB5wSoyVvG5IzJASkTanj+e9UtmpODPgZeLmpAw56r3SV7cf0SRk0lBBtO64Tmy8lCjDqWDTYjfRLCZ0RAasY6kkIdNeOgs9xadW6eMgUvZJg2fq742UhFpPQt9OZiH1opeJ/3mdxATXXsplnBgm6fxQkAhsIpw1gPtcMWrExBJCFbdZMR0SRaixPRVtCe7il5dJ86LiXlaq99Vy7SavowDHcAJn4MIV1OAO6tAACk/wDK/whsboBb2jj/noCsp3juAP0OcPtjCSEg==</latexit>

V+

<latexit sha1_base64="tzBH95CUZAkTQl1jggFW/5LBCow=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREirosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOad1Gr39Urjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANsLkzs=</latexit>

p(x)
<latexit sha1_base64="RkS6WocCXPGrw8LB3tnPHSvGrn0=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocxIUZdFNy4r2Ad0xpJJM21oJhmSjFiG2bnxV9y4UMStv+DOvzHTzkJbDwQO59xD7j1BzKjSjvNtLSwuLa+sltbK6xubW9v2zm5LiURi0sSCCdkJkCKMctLUVDPSiSVBUcBIOxhd5X77nkhFBb/V45j4ERpwGlKMtJF69oEnjJ2n04cMepRDL0J6iBFLW9ndSc+uOFVnAjhP3IJUQIFGz/7y+gInEeEaM6RU13Vi7adIaooZycpeokiM8AgNSNdQjiKi/HRyRwaPjNKHoZDmcQ0n6u9EiiKlxlFgJvMl1ayXi/953USHF35KeZxowvH0ozBhUAuYlwL7VBKs2dgQhCU1u0I8RBJhbaormxLc2ZPnSeu06p5Vaze1Sv2yqKME9sEhOAYuOAd1cA0aoAkweATP4BW8WU/Wi/VufUxHF6wiswf+wPr8AUQLmZA=</latexit>

x 2 V+
<latexit sha1_base64="44dgweUkRyVIPUsw8fqnDJFrgr0=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoCiURqS6LunBZwT6gSctkOmmHTiZhZiKUkH9w46+4caGIWzfu/BsnbRbaemDgcM65zL3HixiVyrK+jcLS8srqWnG9tLG5tb1j7u61ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NrzO//UCEpCG/V5OIuAEacupTjJSW+uZJVHFCHcjmk056DB3KoXNDmEK9xAmQGmHEklbaO037ZtmqWlPARWLnpAxyNPrmlzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNpjel8EgrA+iHQj+u4FT9PZGgQMpJ4OlktqWc9zLxP68bK//STSiPYkU4nn3kxwyqEGYFwQEVBCs20QRhQfWuEI+QQFjpGku6BHv+5EXSOqvatWrt7rxcv8rrKIIDcAgqwAYXoA5uQQM0AQaP4Bm8gjfjyXgx3o2PWbRg5DP74A+Mzx8F2J5H</latexit>

p(X) 2 �V+



language 
model for author w

Modeling Sequences

<latexit sha1_base64="wTyuL4pgf1hsTh72dhddh1kmado=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwmiSKw==</latexit>

x

<latexit sha1_base64="67zubY/zRYXPtGD09zOTgpCYIlM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E6WE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+ien53Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcNGI2o</latexit>w1
<latexit sha1_base64="OruMTjXosJIyrrN44UfuYidNs40=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4xyiOBDZkdemHC7OxmZlZDCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStm7KFfvqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8ADpyNqQ==</latexit>w2

<latexit sha1_base64="EFEcu+lIh6EdmTgwABYBo+rawa4=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaVqEeiF48Y5ZHAhswOA0yYnd3M9GrIhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7J3Ua7cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AECCNqg==</latexit>w3

<latexit sha1_base64="FSjVJsfQcPZZN1YBB/s8RnWfVqo=">AAACDHicbVC9TsMwGHTKXyl/BUYWiwqpMFQJqoAFqYKFsUj0R2pC5LhOa9VOItuhraI+AAuvwsIAQqw8ABtvg9NmgJaTLJ3u7rP9nRcxKpVpfhu5peWV1bX8emFjc2t7p7i715RhLDBp4JCFou0hSRgNSENRxUg7EgRxj5GWN7hO/dYDEZKGwZ0aR8ThqBdQn2KktOQWS8P7E3gJbSR60OZo5A5h5A7LdqiH0juT0eRYp8yKOQVcJFZGSiBD3S1+2d0Qx5wECjMkZccyI+UkSCiKGZkU7FiSCOEB6pGOpgHiRDrJdJkJPNJKF/qh0CdQcKr+nkgQl3LMPZ3kSPXlvJeK/3mdWPkXTkKDKFYkwLOH/JhBFcK0GdilgmDFxpogLKj+K8R9JBBWur+CLsGaX3mRNE8r1lmlelst1a6yOvLgAByCMrDAOaiBG1AHDYDBI3gGr+DNeDJejHfjYxbNGdnMPvgD4/MHbHqaow==</latexit>

w⇤ = argmax
w

pw(x)

• A sequence model imposes a probability distribution over  
 

• Why is this useful? 

<latexit sha1_base64="ZWtX9Sf0Lfx52czE8mqL1lz+BuU=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiCUGakqMuiG5cV7APasWTSTBuayYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uSfHjwXXxnG+0crq2vrGZmGruL2zu7dfOjhs6ihRlDVoJCLV9olmgkvWMNwI1o4VI6EvWMsf3WZ+a8yU5pF8MJOYeSEZSB5wSoyVvG5IzJASkTanj+e9UtmpODPgZeLmpAw56r3SV7cf0SRk0lBBtO64Tmy8lCjDqWDTYjfRLCZ0RAasY6kkIdNeOgs9xadW6eMgUvZJg2fq742UhFpPQt9OZiH1opeJ/3mdxATXXsplnBgm6fxQkAhsIpw1gPtcMWrExBJCFbdZMR0SRaixPRVtCe7il5dJ86LiXlaq99Vy7SavowDHcAJn4MIV1OAO6tAACk/wDK/whsboBb2jj/noCsp3juAP0OcPtjCSEg==</latexit>

V+

<latexit sha1_base64="tzBH95CUZAkTQl1jggFW/5LBCow=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREirosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOad1Gr39Urjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANsLkzs=</latexit>

p(x)
<latexit sha1_base64="RkS6WocCXPGrw8LB3tnPHSvGrn0=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocxIUZdFNy4r2Ad0xpJJM21oJhmSjFiG2bnxV9y4UMStv+DOvzHTzkJbDwQO59xD7j1BzKjSjvNtLSwuLa+sltbK6xubW9v2zm5LiURi0sSCCdkJkCKMctLUVDPSiSVBUcBIOxhd5X77nkhFBb/V45j4ERpwGlKMtJF69oEnjJ2n04cMepRDL0J6iBFLW9ndSc+uOFVnAjhP3IJUQIFGz/7y+gInEeEaM6RU13Vi7adIaooZycpeokiM8AgNSNdQjiKi/HRyRwaPjNKHoZDmcQ0n6u9EiiKlxlFgJvMl1ayXi/953USHF35KeZxowvH0ozBhUAuYlwL7VBKs2dgQhCU1u0I8RBJhbaormxLc2ZPnSeu06p5Vaze1Sv2yqKME9sEhOAYuOAd1cA0aoAkweATP4BW8WU/Wi/VufUxHF6wiswf+wPr8AUQLmZA=</latexit>

x 2 V+
<latexit sha1_base64="44dgweUkRyVIPUsw8fqnDJFrgr0=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoCiURqS6LunBZwT6gSctkOmmHTiZhZiKUkH9w46+4caGIWzfu/BsnbRbaemDgcM65zL3HixiVyrK+jcLS8srqWnG9tLG5tb1j7u61ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NrzO//UCEpCG/V5OIuAEacupTjJSW+uZJVHFCHcjmk056DB3KoXNDmEK9xAmQGmHEklbaO037ZtmqWlPARWLnpAxyNPrmlzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNpjel8EgrA+iHQj+u4FT9PZGgQMpJ4OlktqWc9zLxP68bK//STSiPYkU4nn3kxwyqEGYFwQEVBCs20QRhQfWuEI+QQFjpGku6BHv+5EXSOqvatWrt7rxcv8rrKIIDcAgqwAYXoA5uQQM0AQaP4Bm8gjfjyXgx3o2PWbRg5DP74A+Mzx8F2J5H</latexit>

p(X) 2 �V+



Modeling Sequences

I want some 
plausible text.

• A sequence model imposes a probability distribution over  
 

• Why is this useful? 

<latexit sha1_base64="ZWtX9Sf0Lfx52czE8mqL1lz+BuU=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiCUGakqMuiG5cV7APasWTSTBuayYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uSfHjwXXxnG+0crq2vrGZmGruL2zu7dfOjhs6ihRlDVoJCLV9olmgkvWMNwI1o4VI6EvWMsf3WZ+a8yU5pF8MJOYeSEZSB5wSoyVvG5IzJASkTanj+e9UtmpODPgZeLmpAw56r3SV7cf0SRk0lBBtO64Tmy8lCjDqWDTYjfRLCZ0RAasY6kkIdNeOgs9xadW6eMgUvZJg2fq742UhFpPQt9OZiH1opeJ/3mdxATXXsplnBgm6fxQkAhsIpw1gPtcMWrExBJCFbdZMR0SRaixPRVtCe7il5dJ86LiXlaq99Vy7SavowDHcAJn4MIV1OAO6tAACk/wDK/whsboBb2jj/noCsp3juAP0OcPtjCSEg==</latexit>

V+

<latexit sha1_base64="tzBH95CUZAkTQl1jggFW/5LBCow=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREirosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOad1Gr39Urjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANsLkzs=</latexit>

p(x)
<latexit sha1_base64="RkS6WocCXPGrw8LB3tnPHSvGrn0=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocxIUZdFNy4r2Ad0xpJJM21oJhmSjFiG2bnxV9y4UMStv+DOvzHTzkJbDwQO59xD7j1BzKjSjvNtLSwuLa+sltbK6xubW9v2zm5LiURi0sSCCdkJkCKMctLUVDPSiSVBUcBIOxhd5X77nkhFBb/V45j4ERpwGlKMtJF69oEnjJ2n04cMepRDL0J6iBFLW9ndSc+uOFVnAjhP3IJUQIFGz/7y+gInEeEaM6RU13Vi7adIaooZycpeokiM8AgNSNdQjiKi/HRyRwaPjNKHoZDmcQ0n6u9EiiKlxlFgJvMl1ayXi/953USHF35KeZxowvH0ozBhUAuYlwL7VBKs2dgQhCU1u0I8RBJhbaormxLc2ZPnSeu06p5Vaze1Sv2yqKME9sEhOAYuOAd1cA0aoAkweATP4BW8WU/Wi/VufUxHF6wiswf+wPr8AUQLmZA=</latexit>

x 2 V+
<latexit sha1_base64="44dgweUkRyVIPUsw8fqnDJFrgr0=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoCiURqS6LunBZwT6gSctkOmmHTiZhZiKUkH9w46+4caGIWzfu/BsnbRbaemDgcM65zL3HixiVyrK+jcLS8srqWnG9tLG5tb1j7u61ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NrzO//UCEpCG/V5OIuAEacupTjJSW+uZJVHFCHcjmk056DB3KoXNDmEK9xAmQGmHEklbaO037ZtmqWlPARWLnpAxyNPrmlzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNpjel8EgrA+iHQj+u4FT9PZGgQMpJ4OlktqWc9zLxP68bK//STSiPYkU4nn3kxwyqEGYFwQEVBCs20QRhQfWuEI+QQFjpGku6BHv+5EXSOqvatWrt7rxcv8rrKIIDcAgqwAYXoA5uQQM0AQaP4Bm8gjfjyXgx3o2PWbRg5DP74A+Mzx8F2J5H</latexit>

p(X) 2 �V+



Modeling Sequences
• A sequence model imposes a probability distribution over  

 

• Why is this useful? 

<latexit sha1_base64="ZWtX9Sf0Lfx52czE8mqL1lz+BuU=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiCUGakqMuiG5cV7APasWTSTBuayYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uSfHjwXXxnG+0crq2vrGZmGruL2zu7dfOjhs6ihRlDVoJCLV9olmgkvWMNwI1o4VI6EvWMsf3WZ+a8yU5pF8MJOYeSEZSB5wSoyVvG5IzJASkTanj+e9UtmpODPgZeLmpAw56r3SV7cf0SRk0lBBtO64Tmy8lCjDqWDTYjfRLCZ0RAasY6kkIdNeOgs9xadW6eMgUvZJg2fq742UhFpPQt9OZiH1opeJ/3mdxATXXsplnBgm6fxQkAhsIpw1gPtcMWrExBJCFbdZMR0SRaixPRVtCe7il5dJ86LiXlaq99Vy7SavowDHcAJn4MIV1OAO6tAACk/wDK/whsboBb2jj/noCsp3juAP0OcPtjCSEg==</latexit>

V+

<latexit sha1_base64="tzBH95CUZAkTQl1jggFW/5LBCow=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREirosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOad1Gr39Urjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANsLkzs=</latexit>

p(x)
<latexit sha1_base64="RkS6WocCXPGrw8LB3tnPHSvGrn0=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocxIUZdFNy4r2Ad0xpJJM21oJhmSjFiG2bnxV9y4UMStv+DOvzHTzkJbDwQO59xD7j1BzKjSjvNtLSwuLa+sltbK6xubW9v2zm5LiURi0sSCCdkJkCKMctLUVDPSiSVBUcBIOxhd5X77nkhFBb/V45j4ERpwGlKMtJF69oEnjJ2n04cMepRDL0J6iBFLW9ndSc+uOFVnAjhP3IJUQIFGz/7y+gInEeEaM6RU13Vi7adIaooZycpeokiM8AgNSNdQjiKi/HRyRwaPjNKHoZDmcQ0n6u9EiiKlxlFgJvMl1ayXi/953USHF35KeZxowvH0ozBhUAuYlwL7VBKs2dgQhCU1u0I8RBJhbaormxLc2ZPnSeu06p5Vaze1Sv2yqKME9sEhOAYuOAd1cA0aoAkweATP4BW8WU/Wi/VufUxHF6wiswf+wPr8AUQLmZA=</latexit>

x 2 V+
<latexit sha1_base64="44dgweUkRyVIPUsw8fqnDJFrgr0=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoCiURqS6LunBZwT6gSctkOmmHTiZhZiKUkH9w46+4caGIWzfu/BsnbRbaemDgcM65zL3HixiVyrK+jcLS8srqWnG9tLG5tb1j7u61ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NrzO//UCEpCG/V5OIuAEacupTjJSW+uZJVHFCHcjmk056DB3KoXNDmEK9xAmQGmHEklbaO037ZtmqWlPARWLnpAxyNPrmlzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNpjel8EgrA+iHQj+u4FT9PZGgQMpJ4OlktqWc9zLxP68bK//STSiPYkU4nn3kxwyqEGYFwQEVBCs20QRhQfWuEI+QQFjpGku6BHv+5EXSOqvatWrt7rxcv8rrKIIDcAgqwAYXoA5uQQM0AQaP4Bm8gjfjyXgx3o2PWbRg5DP74A+Mzx8F2J5H</latexit>

p(X) 2 �V+

<latexit sha1_base64="fuq1JUpUYQz44xyl6RpeTQLpjcM=">AAACCnicbVDLSgMxFM3UV62vUZduokWomzIjUl0W3bisYB/QGUomzbShmWRIMmIZunbjr7hxoYhbv8Cdf2OmHVBbDwQO59zDzT1BzKjSjvNlFZaWV1bXiuuljc2t7R17d6+lRCIxaWLBhOwESBFGOWlqqhnpxJKgKGCkHYyuMr99R6Sigt/qcUz8CA04DSlG2kg9+9ATxs7S6f0EeopGMK78aJ3JSc8uO1VnCrhI3JyUQY5Gz/70+gInEeEaM6RU13Vi7adIaooZmZS8RJEY4REakK6hHEVE+en0lAk8NkofhkKaxzWcqr8TKYqUGkeBmYyQHqp5LxP/87qJDi/8lPI40YTj2aIwYVALmPUC+1QSrNnYEIQlNX+FeIgkwtq0VzIluPMnL5LWadWtVWs3Z+X6ZV5HERyAI1ABLjgHdXANGqAJMHgAT+AFvFqP1rP1Zr3PRgtWntkHf2B9fAOumJrm</latexit>

x ⇠ p(X)



Example: Count-Based  
Language Model

Documents + frequencies:               ('hug', 10), ('pug', 5),  
                             ('pun', 12), ('bun', 4),  
                             (‘hugs', 5)

<latexit sha1_base64="4JhjHwfhWVEs2G6F6HFFkp06iU0="></latexit>

V+ = {b, g, h, . . . , bb, bg, . . . , bug, bun, . . . , sssssss, . . . }

<latexit sha1_base64="92WE2sLSSYTa8Tkk0DnSOXRyjN0=">AAACQXicbZA7SwNBFIVn4yvGV9TSZjAIFhJ2JaiNELSxjGAekA1hdjJJhszOLjN3xbDsX7PxH9jZ21goYmvjJFkWTTww8HHuvdy5xwsF12DbL1ZuaXlldS2/XtjY3NreKe7uNXQQKcrqNBCBanlEM8ElqwMHwVqhYsT3BGt6o+tJvXnPlOaBvINxyDo+GUje55SAsbrFlusTGFIi4kaCL7EbYxfYA8RecpLSIKNhRjKjMCOdUZRgN+kWS3bZngovgpNCCaWqdYvPbi+gkc8kUEG0bjt2CJ2YKOBUsKTgRpqFhI7IgLUNSuIz3YmnCST4yDg93A+UeRLw1P09ERNf67Hvmc7JvXq+NjH/q7Uj6F90Yi7DCJiks0X9SGAI8CRO3OOKURBjA4Qqbv6K6ZAoQsGEXjAhOPMnL0LjtOyclSu3lVL1Ko0jjw7QITpGDjpHVXSDaqiOKHpEr+gdfVhP1pv1aX3NWnNWOrOP/sj6/gGNI7GD</latexit>

V = {b, g, h, n, p, s, u}

<latexit sha1_base64="f87qZukO0a8fZUBUP4IKrqogMEA=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZE1I1Q1IXLCvYB7VAyaaYNzWTGJFMoQ7/DjQtF3Pox7vwbM+0stPVA4HDOvdyT48eCa+M436iwsrq2vlHcLG1t7+zulfcPmjpKFGUNGolItX2imeCSNQw3grVjxUjoC9byR7eZ3xozpXkkH80kZl5IBpIHnBJjJa8bEjOkRKR3U3zdK1ecqjMDXiZuTiqQo94rf3X7EU1CJg0VROuO68TGS4kynAo2LXUTzWJCR2TAOpZKEjLtpbPQU3xilT4OImWfNHim/t5ISaj1JPTtZBZSL3qZ+J/XSUxw5aVcxolhks4PBYnAJsJZA7jPFaNGTCwhVHGbFdMhUYQa21PJluAufnmZNM+q7kX1/OG8UrvJ6yjCERzDKbhwCTW4hzo0gMITPMMrvKExekHv6GM+WkD5ziH8Afr8AVfEkdQ=</latexit>D =



Example: Count-Based  
Language Model

Documents + frequencies:               ('hug', 10), ('pug', 5),  
                             ('pun', 12), ('bun', 4),  
                             (‘hugs', 5)

<latexit sha1_base64="4JhjHwfhWVEs2G6F6HFFkp06iU0="></latexit>

V+ = {b, g, h, . . . , bb, bg, . . . , bug, bun, . . . , sssssss, . . . }

<latexit sha1_base64="92WE2sLSSYTa8Tkk0DnSOXRyjN0=">AAACQXicbZA7SwNBFIVn4yvGV9TSZjAIFhJ2JaiNELSxjGAekA1hdjJJhszOLjN3xbDsX7PxH9jZ21goYmvjJFkWTTww8HHuvdy5xwsF12DbL1ZuaXlldS2/XtjY3NreKe7uNXQQKcrqNBCBanlEM8ElqwMHwVqhYsT3BGt6o+tJvXnPlOaBvINxyDo+GUje55SAsbrFlusTGFIi4kaCL7EbYxfYA8RecpLSIKNhRjKjMCOdUZRgN+kWS3bZngovgpNCCaWqdYvPbi+gkc8kUEG0bjt2CJ2YKOBUsKTgRpqFhI7IgLUNSuIz3YmnCST4yDg93A+UeRLw1P09ERNf67Hvmc7JvXq+NjH/q7Uj6F90Yi7DCJiks0X9SGAI8CRO3OOKURBjA4Qqbv6K6ZAoQsGEXjAhOPMnL0LjtOyclSu3lVL1Ko0jjw7QITpGDjpHVXSDaqiOKHpEr+gdfVhP1pv1aX3NWnNWOrOP/sj6/gGNI7GD</latexit>

V = {b, g, h, n, p, s, u}

<latexit sha1_base64="f87qZukO0a8fZUBUP4IKrqogMEA=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZE1I1Q1IXLCvYB7VAyaaYNzWTGJFMoQ7/DjQtF3Pox7vwbM+0stPVA4HDOvdyT48eCa+M436iwsrq2vlHcLG1t7+zulfcPmjpKFGUNGolItX2imeCSNQw3grVjxUjoC9byR7eZ3xozpXkkH80kZl5IBpIHnBJjJa8bEjOkRKR3U3zdK1ecqjMDXiZuTiqQo94rf3X7EU1CJg0VROuO68TGS4kynAo2LXUTzWJCR2TAOpZKEjLtpbPQU3xilT4OImWfNHim/t5ISaj1JPTtZBZSL3qZ+J/XSUxw5aVcxolhks4PBYnAJsJZA7jPFaNGTCwhVHGbFdMhUYQa21PJluAufnmZNM+q7kX1/OG8UrvJ6yjCERzDKbhwCTW4hzo0gMITPMMrvKExekHv6GM+WkD5ziH8Afr8AVfEkdQ=</latexit>D =

• Learning problem: we want a to estimate 
the probability distribution                       
that generated our observations

<latexit sha1_base64="44dgweUkRyVIPUsw8fqnDJFrgr0=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoCiURqS6LunBZwT6gSctkOmmHTiZhZiKUkH9w46+4caGIWzfu/BsnbRbaemDgcM65zL3HixiVyrK+jcLS8srqWnG9tLG5tb1j7u61ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NrzO//UCEpCG/V5OIuAEacupTjJSW+uZJVHFCHcjmk056DB3KoXNDmEK9xAmQGmHEklbaO037ZtmqWlPARWLnpAxyNPrmlzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNpjel8EgrA+iHQj+u4FT9PZGgQMpJ4OlktqWc9zLxP68bK//STSiPYkU4nn3kxwyqEGYFwQEVBCs20QRhQfWuEI+QQFjpGku6BHv+5EXSOqvatWrt7rxcv8rrKIIDcAgqwAYXoA5uQQM0AQaP4Bm8gjfjyXgx3o2PWbRg5DP74A+Mzx8F2J5H</latexit>

p(X) 2 �V+

<latexit sha1_base64="J186KKFX+eTVRzJsHImp+A2xcKg=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi1WVRFy4r2AdMh5JJM21oJhmSO0IZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMBHcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJbe53n5g2XMlHmCYsiMlI8ohTAlby+zGBMSUiu5sNqjW37s6BV4lXkBoq0BpUv/pDRdOYSaCCGON7bgJBRjRwKtis0k8NSwidkBHzLZUkZibI5pFn+MwqQxwpbZ8EPFd/b2QkNmYah3Yyj2iWvVz8z/NTiK6DjMskBSbp4qMoFRgUzu/HQ64ZBTG1hFDNbVZMx0QTCralii3BWz55lXQu6l6j3ni4rDVvijrK6ASdonPkoSvURPeohdqIIoWe0St6c8B5cd6dj8VoySl2jtEfOJ8/eG+RZQ==</latexit>D



Example: Count-Based  
Language Model

Documents + frequencies:               ('hug', 10), ('pug', 5),  
                             ('pun', 12), ('bun', 4),  
                             (‘hugs', 5)

<latexit sha1_base64="4JhjHwfhWVEs2G6F6HFFkp06iU0="></latexit>

V+ = {b, g, h, . . . , bb, bg, . . . , bug, bun, . . . , sssssss, . . . }

<latexit sha1_base64="92WE2sLSSYTa8Tkk0DnSOXRyjN0=">AAACQXicbZA7SwNBFIVn4yvGV9TSZjAIFhJ2JaiNELSxjGAekA1hdjJJhszOLjN3xbDsX7PxH9jZ21goYmvjJFkWTTww8HHuvdy5xwsF12DbL1ZuaXlldS2/XtjY3NreKe7uNXQQKcrqNBCBanlEM8ElqwMHwVqhYsT3BGt6o+tJvXnPlOaBvINxyDo+GUje55SAsbrFlusTGFIi4kaCL7EbYxfYA8RecpLSIKNhRjKjMCOdUZRgN+kWS3bZngovgpNCCaWqdYvPbi+gkc8kUEG0bjt2CJ2YKOBUsKTgRpqFhI7IgLUNSuIz3YmnCST4yDg93A+UeRLw1P09ERNf67Hvmc7JvXq+NjH/q7Uj6F90Yi7DCJiks0X9SGAI8CRO3OOKURBjA4Qqbv6K6ZAoQsGEXjAhOPMnL0LjtOyclSu3lVL1Ko0jjw7QITpGDjpHVXSDaqiOKHpEr+gdfVhP1pv1aX3NWnNWOrOP/sj6/gGNI7GD</latexit>

V = {b, g, h, n, p, s, u}

<latexit sha1_base64="f87qZukO0a8fZUBUP4IKrqogMEA=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZE1I1Q1IXLCvYB7VAyaaYNzWTGJFMoQ7/DjQtF3Pox7vwbM+0stPVA4HDOvdyT48eCa+M436iwsrq2vlHcLG1t7+zulfcPmjpKFGUNGolItX2imeCSNQw3grVjxUjoC9byR7eZ3xozpXkkH80kZl5IBpIHnBJjJa8bEjOkRKR3U3zdK1ecqjMDXiZuTiqQo94rf3X7EU1CJg0VROuO68TGS4kynAo2LXUTzWJCR2TAOpZKEjLtpbPQU3xilT4OImWfNHim/t5ISaj1JPTtZBZSL3qZ+J/XSUxw5aVcxolhks4PBYnAJsJZA7jPFaNGTCwhVHGbFdMhUYQa21PJluAufnmZNM+q7kX1/OG8UrvJ6yjCERzDKbhwCTW4hzo0gMITPMMrvKExekHv6GM+WkD5ziH8Afr8AVfEkdQ=</latexit>D =

<latexit sha1_base64="wTyuL4pgf1hsTh72dhddh1kmado=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwmiSKw==</latexit>

x
<latexit sha1_base64="QYLO4E4z5mMcJspWrQN/TV0gz0g=">AAACIXicbVDLSsNAFJ34rPUVdelmsAh1UxIp2o1QrAuXFewDmlAmk0k7dPJgZiKWNL/ixl9x40KR7sSfcdJmYVsPDBzOOZe59zgRo0Iaxre2tr6xubVd2Cnu7u0fHOpHx20RxhyTFg5ZyLsOEoTRgLQklYx0I06Q7zDScUaNzO88ES5oGDzKcURsHw0C6lGMpJL6ei0qW6EKZPPJc3oBb6DlehzhpLFopMnE8pEcYsSSu3SS9vWSUTFmgKvEzEkJ5Gj29anlhjj2SSAxQ0L0TCOSdoK4pJiRtGjFgkQIj9CA9BQNkE+EncwuTOG5UlzohVy9QMKZ+nciQb4QY99RyWxJsexl4n9eL5ZezU5oEMWSBHj+kRczKEOY1QVdygmWbKwIwpyqXSEeItWPVKUWVQnm8smrpH1ZMa8q1YdqqX6b11EAp+AMlIEJrkEd3IMmaAEMXsAb+ACf2qv2rn1p03l0TctnTsACtJ9fJQ6kzA==</latexit>

p(x) =
C(x)

|D|

<latexit sha1_base64="VXrLerDXNi7w3h3zFfmoLxhawqI=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQhDIjRV0WdeGygn1AZyyZNG1DM8mQZMQyzI+48VfcuFDEhRvxb8y0A2rrgcDhnHvIvSeIGFXacb6swsLi0vJKcbW0tr6xuWVv7zSViCUmDSyYkO0AKcIoJw1NNSPtSBIUBoy0gtFF5rfuiFRU8Bs9jogfogGnfYqRNlLXrnrC2Fk6uU+hRzn0QqSHGLGkmd4eQU8RHVIeqx/9Mu3aZafiTADniZuTMshR79ofXk/gOCRcY4aU6rhOpP0ESU0xI2nJixWJEB6hAekYylFIlJ9MrkvhgVF6sC+keVzDifo7kaBQqXEYmMlsRTXrZeJ/XifW/TM/oTyKNeF4+lE/ZlALmFUFe1QSrNnYEIQlNbtCPEQSYW0KLZkS3NmT50nzuOKeVKrX1XLtPK+jCPbAPjgELjgFNXAF6qABMHgAT+AFvFqP1rP1Zr1PRwtWntkFf2B9fgO9J6Ly</latexit>

x 2 V+ \ D

hug 10/36 = 0.28

pug 5/36 = 0.14 

pun 12/36 = 0.33

bun 4/36 = 0.11

hugs 5/36 = 0.14

0/36 = 0.00
<latexit sha1_base64="9PF5GbWI9ERuoE429HTS3YemEaQ=">AAAB+HicbVDLSgMxFL3js9ZHR126CRahbsqMSHVZdOOygn1AO5RMmrahmWRIMkId+iVuXCji1k9x59+YaWehrQcCh3PO5d6cMOZMG8/7dtbWNza3tgs7xd29/YOSe3jU0jJRhDaJ5FJ1QqwpZ4I2DTOcdmJFcRRy2g4nt5nffqRKMykezDSmQYRHgg0ZwcZKfbcUV3rSBrL5tDM777tlr+rNgVaJn5My5Gj03a/eQJIkosIQjrXu+l5sghQrwwins2Iv0TTGZIJHtGupwBHVQTo/fIbOrDJAQ6nsEwbN1d8TKY60nkahTUbYjPWyl4n/ed3EDK+DlIk4MVSQxaJhwpGRKGsBDZiixPCpJZgoZm9FZIwVJsZ2VbQl+MtfXiWti6pfq9buL8v1m7yOApzAKVTAhyuowx00oAkEEniGV3hznpwX5935WETXnHzmGP7A+fwBqu+THQ==</latexit>

p(X)

• Learning problem: we want a to estimate 
the probability distribution                       
that generated our observations 

• One simple option: just count based on 
document occurrence 

<latexit sha1_base64="44dgweUkRyVIPUsw8fqnDJFrgr0=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoCiURqS6LunBZwT6gSctkOmmHTiZhZiKUkH9w46+4caGIWzfu/BsnbRbaemDgcM65zL3HixiVyrK+jcLS8srqWnG9tLG5tb1j7u61ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NrzO//UCEpCG/V5OIuAEacupTjJSW+uZJVHFCHcjmk056DB3KoXNDmEK9xAmQGmHEklbaO037ZtmqWlPARWLnpAxyNPrmlzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNpjel8EgrA+iHQj+u4FT9PZGgQMpJ4OlktqWc9zLxP68bK//STSiPYkU4nn3kxwyqEGYFwQEVBCs20QRhQfWuEI+QQFjpGku6BHv+5EXSOqvatWrt7rxcv8rrKIIDcAgqwAYXoA5uQQM0AQaP4Bm8gjfjyXgx3o2PWbRg5DP74A+Mzx8F2J5H</latexit>

p(X) 2 �V+

<latexit sha1_base64="J186KKFX+eTVRzJsHImp+A2xcKg=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi1WVRFy4r2AdMh5JJM21oJhmSO0IZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMBHcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJbe53n5g2XMlHmCYsiMlI8ohTAlby+zGBMSUiu5sNqjW37s6BV4lXkBoq0BpUv/pDRdOYSaCCGON7bgJBRjRwKtis0k8NSwidkBHzLZUkZibI5pFn+MwqQxwpbZ8EPFd/b2QkNmYah3Yyj2iWvVz8z/NTiK6DjMskBSbp4qMoFRgUzu/HQ64ZBTG1hFDNbVZMx0QTCralii3BWz55lXQu6l6j3ni4rDVvijrK6ASdonPkoSvURPeohdqIIoWe0St6c8B5cd6dj8VoySl2jtEfOJ8/eG+RZQ==</latexit>D

<latexit sha1_base64="3aLSGgifRH7tsY7Np4Y0rlhX8Rc=">AAACIXicbVDLSsNAFJ34rPUVdelmsAh1UxKR2o1QrAuXFewDmlAmk0k7dPJgZiKWNL/ixl9x40KR7sSfcdJmYVsPDBzOOZe59zgRo0Iaxre2tr6xubVd2Cnu7u0fHOpHx20RxhyTFg5ZyLsOEoTRgLQklYx0I06Q7zDScUaNzO88ES5oGDzKcURsHw0C6lGMpJL6ei0qW6EKZPPJc3oBb6DlehzhpLFopMnE8pEcYsSSu3SS9vWSUTFmgKvEzEkJ5Gj29anlhjj2SSAxQ0L0TCOSdoK4pJiRtGjFgkQIj9CA9BQNkE+EncwuTOG5UlzohVy9QMKZ+nciQb4QY99RyWxJsexl4n9eL5ZezU5oEMWSBHj+kRczKEOY1QVdygmWbKwIwpyqXSEeItWPVKUWVQnm8smrpH1ZMauV6sNVqX6b11EAp+AMlIEJrkEd3IMmaAEMXsAb+ACf2qv2rn1p03l0TctnTsACtJ9fJbKkzg==</latexit>

p(x) =
C(x)

|D|



Example: Count-Based  
Language Model

• Let’s sample from         ! 

Documents + frequencies:               ('hug', 10), ('pug', 5),  
                             ('pun', 12), ('bun', 4),  
                             (‘hugs', 5)

<latexit sha1_base64="4JhjHwfhWVEs2G6F6HFFkp06iU0="></latexit>

V+ = {b, g, h, . . . , bb, bg, . . . , bug, bun, . . . , sssssss, . . . }

<latexit sha1_base64="92WE2sLSSYTa8Tkk0DnSOXRyjN0=">AAACQXicbZA7SwNBFIVn4yvGV9TSZjAIFhJ2JaiNELSxjGAekA1hdjJJhszOLjN3xbDsX7PxH9jZ21goYmvjJFkWTTww8HHuvdy5xwsF12DbL1ZuaXlldS2/XtjY3NreKe7uNXQQKcrqNBCBanlEM8ElqwMHwVqhYsT3BGt6o+tJvXnPlOaBvINxyDo+GUje55SAsbrFlusTGFIi4kaCL7EbYxfYA8RecpLSIKNhRjKjMCOdUZRgN+kWS3bZngovgpNCCaWqdYvPbi+gkc8kUEG0bjt2CJ2YKOBUsKTgRpqFhI7IgLUNSuIz3YmnCST4yDg93A+UeRLw1P09ERNf67Hvmc7JvXq+NjH/q7Uj6F90Yi7DCJiks0X9SGAI8CRO3OOKURBjA4Qqbv6K6ZAoQsGEXjAhOPMnL0LjtOyclSu3lVL1Ko0jjw7QITpGDjpHVXSDaqiOKHpEr+gdfVhP1pv1aX3NWnNWOrOP/sj6/gGNI7GD</latexit>

V = {b, g, h, n, p, s, u}

<latexit sha1_base64="f87qZukO0a8fZUBUP4IKrqogMEA=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZE1I1Q1IXLCvYB7VAyaaYNzWTGJFMoQ7/DjQtF3Pox7vwbM+0stPVA4HDOvdyT48eCa+M436iwsrq2vlHcLG1t7+zulfcPmjpKFGUNGolItX2imeCSNQw3grVjxUjoC9byR7eZ3xozpXkkH80kZl5IBpIHnBJjJa8bEjOkRKR3U3zdK1ecqjMDXiZuTiqQo94rf3X7EU1CJg0VROuO68TGS4kynAo2LXUTzWJCR2TAOpZKEjLtpbPQU3xilT4OImWfNHim/t5ISaj1JPTtZBZSL3qZ+J/XSUxw5aVcxolhks4PBYnAJsJZA7jPFaNGTCwhVHGbFdMhUYQa21PJluAufnmZNM+q7kX1/OG8UrvJ6yjCERzDKbhwCTW4hzo0gMITPMMrvKExekHv6GM+WkD5ziH8Afr8AVfEkdQ=</latexit>D =

<latexit sha1_base64="9PF5GbWI9ERuoE429HTS3YemEaQ=">AAAB+HicbVDLSgMxFL3js9ZHR126CRahbsqMSHVZdOOygn1AO5RMmrahmWRIMkId+iVuXCji1k9x59+YaWehrQcCh3PO5d6cMOZMG8/7dtbWNza3tgs7xd29/YOSe3jU0jJRhDaJ5FJ1QqwpZ4I2DTOcdmJFcRRy2g4nt5nffqRKMykezDSmQYRHgg0ZwcZKfbcUV3rSBrL5tDM777tlr+rNgVaJn5My5Gj03a/eQJIkosIQjrXu+l5sghQrwwins2Iv0TTGZIJHtGupwBHVQTo/fIbOrDJAQ6nsEwbN1d8TKY60nkahTUbYjPWyl4n/ed3EDK+DlIk4MVSQxaJhwpGRKGsBDZiixPCpJZgoZm9FZIwVJsZ2VbQl+MtfXiWti6pfq9buL8v1m7yOApzAKVTAhyuowx00oAkEEniGV3hznpwX5935WETXnHzmGP7A+fwBqu+THQ==</latexit>

p(X)
<latexit sha1_base64="wTyuL4pgf1hsTh72dhddh1kmado=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwmiSKw==</latexit>

x
<latexit sha1_base64="QYLO4E4z5mMcJspWrQN/TV0gz0g=">AAACIXicbVDLSsNAFJ34rPUVdelmsAh1UxIp2o1QrAuXFewDmlAmk0k7dPJgZiKWNL/ixl9x40KR7sSfcdJmYVsPDBzOOZe59zgRo0Iaxre2tr6xubVd2Cnu7u0fHOpHx20RxhyTFg5ZyLsOEoTRgLQklYx0I06Q7zDScUaNzO88ES5oGDzKcURsHw0C6lGMpJL6ei0qW6EKZPPJc3oBb6DlehzhpLFopMnE8pEcYsSSu3SS9vWSUTFmgKvEzEkJ5Gj29anlhjj2SSAxQ0L0TCOSdoK4pJiRtGjFgkQIj9CA9BQNkE+EncwuTOG5UlzohVy9QMKZ+nciQb4QY99RyWxJsexl4n9eL5ZezU5oEMWSBHj+kRczKEOY1QVdygmWbKwIwpyqXSEeItWPVKUWVQnm8smrpH1ZMa8q1YdqqX6b11EAp+AMlIEJrkEd3IMmaAEMXsAb+ACf2qv2rn1p03l0TctnTsACtJ9fJQ6kzA==</latexit>

p(x) =
C(x)

|D|

<latexit sha1_base64="VXrLerDXNi7w3h3zFfmoLxhawqI=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQhDIjRV0WdeGygn1AZyyZNG1DM8mQZMQyzI+48VfcuFDEhRvxb8y0A2rrgcDhnHvIvSeIGFXacb6swsLi0vJKcbW0tr6xuWVv7zSViCUmDSyYkO0AKcIoJw1NNSPtSBIUBoy0gtFF5rfuiFRU8Bs9jogfogGnfYqRNlLXrnrC2Fk6uU+hRzn0QqSHGLGkmd4eQU8RHVIeqx/9Mu3aZafiTADniZuTMshR79ofXk/gOCRcY4aU6rhOpP0ESU0xI2nJixWJEB6hAekYylFIlJ9MrkvhgVF6sC+keVzDifo7kaBQqXEYmMlsRTXrZeJ/XifW/TM/oTyKNeF4+lE/ZlALmFUFe1QSrNnYEIQlNbtCPEQSYW0KLZkS3NmT50nzuOKeVKrX1XLtPK+jCPbAPjgELjgFNXAF6qABMHgAT+AFvFqP1rP1Zr1PRwtWntkFf2B9fgO9J6Ly</latexit>

x 2 V+ \ D

hug 10/36 = 0.28

pug 5/36 = 0.14 

pun 12/36 = 0.33

bun 4/36 = 0.11

hugs 5/36 = 0.14

0/36 = 0.00
<latexit sha1_base64="9PF5GbWI9ERuoE429HTS3YemEaQ=">AAAB+HicbVDLSgMxFL3js9ZHR126CRahbsqMSHVZdOOygn1AO5RMmrahmWRIMkId+iVuXCji1k9x59+YaWehrQcCh3PO5d6cMOZMG8/7dtbWNza3tgs7xd29/YOSe3jU0jJRhDaJ5FJ1QqwpZ4I2DTOcdmJFcRRy2g4nt5nffqRKMykezDSmQYRHgg0ZwcZKfbcUV3rSBrL5tDM777tlr+rNgVaJn5My5Gj03a/eQJIkosIQjrXu+l5sghQrwwins2Iv0TTGZIJHtGupwBHVQTo/fIbOrDJAQ6nsEwbN1d8TKY60nkahTUbYjPWyl4n/ed3EDK+DlIk4MVSQxaJhwpGRKGsBDZiixPCpJZgoZm9FZIwVJsZ2VbQl+MtfXiWti6pfq9buL8v1m7yOApzAKVTAhyuowx00oAkEEniGV3hznpwX5935WETXnHzmGP7A+fwBqu+THQ==</latexit>

p(X)



Example: Count-Based  
Language Model

• Let’s sample from         !  
0.98 → hugs 

Documents + frequencies:               ('hug', 10), ('pug', 5),  
                             ('pun', 12), ('bun', 4),  
                             (‘hugs', 5)

<latexit sha1_base64="4JhjHwfhWVEs2G6F6HFFkp06iU0="></latexit>

V+ = {b, g, h, . . . , bb, bg, . . . , bug, bun, . . . , sssssss, . . . }

<latexit sha1_base64="92WE2sLSSYTa8Tkk0DnSOXRyjN0=">AAACQXicbZA7SwNBFIVn4yvGV9TSZjAIFhJ2JaiNELSxjGAekA1hdjJJhszOLjN3xbDsX7PxH9jZ21goYmvjJFkWTTww8HHuvdy5xwsF12DbL1ZuaXlldS2/XtjY3NreKe7uNXQQKcrqNBCBanlEM8ElqwMHwVqhYsT3BGt6o+tJvXnPlOaBvINxyDo+GUje55SAsbrFlusTGFIi4kaCL7EbYxfYA8RecpLSIKNhRjKjMCOdUZRgN+kWS3bZngovgpNCCaWqdYvPbi+gkc8kUEG0bjt2CJ2YKOBUsKTgRpqFhI7IgLUNSuIz3YmnCST4yDg93A+UeRLw1P09ERNf67Hvmc7JvXq+NjH/q7Uj6F90Yi7DCJiks0X9SGAI8CRO3OOKURBjA4Qqbv6K6ZAoQsGEXjAhOPMnL0LjtOyclSu3lVL1Ko0jjw7QITpGDjpHVXSDaqiOKHpEr+gdfVhP1pv1aX3NWnNWOrOP/sj6/gGNI7GD</latexit>

V = {b, g, h, n, p, s, u}

<latexit sha1_base64="f87qZukO0a8fZUBUP4IKrqogMEA=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZE1I1Q1IXLCvYB7VAyaaYNzWTGJFMoQ7/DjQtF3Pox7vwbM+0stPVA4HDOvdyT48eCa+M436iwsrq2vlHcLG1t7+zulfcPmjpKFGUNGolItX2imeCSNQw3grVjxUjoC9byR7eZ3xozpXkkH80kZl5IBpIHnBJjJa8bEjOkRKR3U3zdK1ecqjMDXiZuTiqQo94rf3X7EU1CJg0VROuO68TGS4kynAo2LXUTzWJCR2TAOpZKEjLtpbPQU3xilT4OImWfNHim/t5ISaj1JPTtZBZSL3qZ+J/XSUxw5aVcxolhks4PBYnAJsJZA7jPFaNGTCwhVHGbFdMhUYQa21PJluAufnmZNM+q7kX1/OG8UrvJ6yjCERzDKbhwCTW4hzo0gMITPMMrvKExekHv6GM+WkD5ziH8Afr8AVfEkdQ=</latexit>D =

<latexit sha1_base64="9PF5GbWI9ERuoE429HTS3YemEaQ=">AAAB+HicbVDLSgMxFL3js9ZHR126CRahbsqMSHVZdOOygn1AO5RMmrahmWRIMkId+iVuXCji1k9x59+YaWehrQcCh3PO5d6cMOZMG8/7dtbWNza3tgs7xd29/YOSe3jU0jJRhDaJ5FJ1QqwpZ4I2DTOcdmJFcRRy2g4nt5nffqRKMykezDSmQYRHgg0ZwcZKfbcUV3rSBrL5tDM777tlr+rNgVaJn5My5Gj03a/eQJIkosIQjrXu+l5sghQrwwins2Iv0TTGZIJHtGupwBHVQTo/fIbOrDJAQ6nsEwbN1d8TKY60nkahTUbYjPWyl4n/ed3EDK+DlIk4MVSQxaJhwpGRKGsBDZiixPCpJZgoZm9FZIwVJsZ2VbQl+MtfXiWti6pfq9buL8v1m7yOApzAKVTAhyuowx00oAkEEniGV3hznpwX5935WETXnHzmGP7A+fwBqu+THQ==</latexit>

p(X)
<latexit sha1_base64="wTyuL4pgf1hsTh72dhddh1kmado=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwmiSKw==</latexit>

x
<latexit sha1_base64="QYLO4E4z5mMcJspWrQN/TV0gz0g=">AAACIXicbVDLSsNAFJ34rPUVdelmsAh1UxIp2o1QrAuXFewDmlAmk0k7dPJgZiKWNL/ixl9x40KR7sSfcdJmYVsPDBzOOZe59zgRo0Iaxre2tr6xubVd2Cnu7u0fHOpHx20RxhyTFg5ZyLsOEoTRgLQklYx0I06Q7zDScUaNzO88ES5oGDzKcURsHw0C6lGMpJL6ei0qW6EKZPPJc3oBb6DlehzhpLFopMnE8pEcYsSSu3SS9vWSUTFmgKvEzEkJ5Gj29anlhjj2SSAxQ0L0TCOSdoK4pJiRtGjFgkQIj9CA9BQNkE+EncwuTOG5UlzohVy9QMKZ+nciQb4QY99RyWxJsexl4n9eL5ZezU5oEMWSBHj+kRczKEOY1QVdygmWbKwIwpyqXSEeItWPVKUWVQnm8smrpH1ZMa8q1YdqqX6b11EAp+AMlIEJrkEd3IMmaAEMXsAb+ACf2qv2rn1p03l0TctnTsACtJ9fJQ6kzA==</latexit>

p(x) =
C(x)

|D|

<latexit sha1_base64="VXrLerDXNi7w3h3zFfmoLxhawqI=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQhDIjRV0WdeGygn1AZyyZNG1DM8mQZMQyzI+48VfcuFDEhRvxb8y0A2rrgcDhnHvIvSeIGFXacb6swsLi0vJKcbW0tr6xuWVv7zSViCUmDSyYkO0AKcIoJw1NNSPtSBIUBoy0gtFF5rfuiFRU8Bs9jogfogGnfYqRNlLXrnrC2Fk6uU+hRzn0QqSHGLGkmd4eQU8RHVIeqx/9Mu3aZafiTADniZuTMshR79ofXk/gOCRcY4aU6rhOpP0ESU0xI2nJixWJEB6hAekYylFIlJ9MrkvhgVF6sC+keVzDifo7kaBQqXEYmMlsRTXrZeJ/XifW/TM/oTyKNeF4+lE/ZlALmFUFe1QSrNnYEIQlNbtCPEQSYW0KLZkS3NmT50nzuOKeVKrX1XLtPK+jCPbAPjgELjgFNXAF6qABMHgAT+AFvFqP1rP1Zr1PRwtWntkFf2B9fgO9J6Ly</latexit>

x 2 V+ \ D

hug 10/36 = 0.28

pug 5/36 = 0.14 

pun 12/36 = 0.33

bun 4/36 = 0.11

hugs 5/36 = 0.14

0/36 = 0.00
<latexit sha1_base64="9PF5GbWI9ERuoE429HTS3YemEaQ=">AAAB+HicbVDLSgMxFL3js9ZHR126CRahbsqMSHVZdOOygn1AO5RMmrahmWRIMkId+iVuXCji1k9x59+YaWehrQcCh3PO5d6cMOZMG8/7dtbWNza3tgs7xd29/YOSe3jU0jJRhDaJ5FJ1QqwpZ4I2DTOcdmJFcRRy2g4nt5nffqRKMykezDSmQYRHgg0ZwcZKfbcUV3rSBrL5tDM777tlr+rNgVaJn5My5Gj03a/eQJIkosIQjrXu+l5sghQrwwins2Iv0TTGZIJHtGupwBHVQTo/fIbOrDJAQ6nsEwbN1d8TKY60nkahTUbYjPWyl4n/ed3EDK+DlIk4MVSQxaJhwpGRKGsBDZiixPCpJZgoZm9FZIwVJsZ2VbQl+MtfXiWti6pfq9buL8v1m7yOApzAKVTAhyuowx00oAkEEniGV3hznpwX5935WETXnHzmGP7A+fwBqu+THQ==</latexit>

p(X)



Example: Count-Based  
Language Model

• Let’s sample from         !  
0.98 → hugs 
0.84 → bun 

Documents + frequencies:               ('hug', 10), ('pug', 5),  
                             ('pun', 12), ('bun', 4),  
                             (‘hugs', 5)

<latexit sha1_base64="4JhjHwfhWVEs2G6F6HFFkp06iU0="></latexit>

V+ = {b, g, h, . . . , bb, bg, . . . , bug, bun, . . . , sssssss, . . . }

<latexit sha1_base64="92WE2sLSSYTa8Tkk0DnSOXRyjN0=">AAACQXicbZA7SwNBFIVn4yvGV9TSZjAIFhJ2JaiNELSxjGAekA1hdjJJhszOLjN3xbDsX7PxH9jZ21goYmvjJFkWTTww8HHuvdy5xwsF12DbL1ZuaXlldS2/XtjY3NreKe7uNXQQKcrqNBCBanlEM8ElqwMHwVqhYsT3BGt6o+tJvXnPlOaBvINxyDo+GUje55SAsbrFlusTGFIi4kaCL7EbYxfYA8RecpLSIKNhRjKjMCOdUZRgN+kWS3bZngovgpNCCaWqdYvPbi+gkc8kUEG0bjt2CJ2YKOBUsKTgRpqFhI7IgLUNSuIz3YmnCST4yDg93A+UeRLw1P09ERNf67Hvmc7JvXq+NjH/q7Uj6F90Yi7DCJiks0X9SGAI8CRO3OOKURBjA4Qqbv6K6ZAoQsGEXjAhOPMnL0LjtOyclSu3lVL1Ko0jjw7QITpGDjpHVXSDaqiOKHpEr+gdfVhP1pv1aX3NWnNWOrOP/sj6/gGNI7GD</latexit>

V = {b, g, h, n, p, s, u}

<latexit sha1_base64="f87qZukO0a8fZUBUP4IKrqogMEA=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZE1I1Q1IXLCvYB7VAyaaYNzWTGJFMoQ7/DjQtF3Pox7vwbM+0stPVA4HDOvdyT48eCa+M436iwsrq2vlHcLG1t7+zulfcPmjpKFGUNGolItX2imeCSNQw3grVjxUjoC9byR7eZ3xozpXkkH80kZl5IBpIHnBJjJa8bEjOkRKR3U3zdK1ecqjMDXiZuTiqQo94rf3X7EU1CJg0VROuO68TGS4kynAo2LXUTzWJCR2TAOpZKEjLtpbPQU3xilT4OImWfNHim/t5ISaj1JPTtZBZSL3qZ+J/XSUxw5aVcxolhks4PBYnAJsJZA7jPFaNGTCwhVHGbFdMhUYQa21PJluAufnmZNM+q7kX1/OG8UrvJ6yjCERzDKbhwCTW4hzo0gMITPMMrvKExekHv6GM+WkD5ziH8Afr8AVfEkdQ=</latexit>D =

<latexit sha1_base64="9PF5GbWI9ERuoE429HTS3YemEaQ=">AAAB+HicbVDLSgMxFL3js9ZHR126CRahbsqMSHVZdOOygn1AO5RMmrahmWRIMkId+iVuXCji1k9x59+YaWehrQcCh3PO5d6cMOZMG8/7dtbWNza3tgs7xd29/YOSe3jU0jJRhDaJ5FJ1QqwpZ4I2DTOcdmJFcRRy2g4nt5nffqRKMykezDSmQYRHgg0ZwcZKfbcUV3rSBrL5tDM777tlr+rNgVaJn5My5Gj03a/eQJIkosIQjrXu+l5sghQrwwins2Iv0TTGZIJHtGupwBHVQTo/fIbOrDJAQ6nsEwbN1d8TKY60nkahTUbYjPWyl4n/ed3EDK+DlIk4MVSQxaJhwpGRKGsBDZiixPCpJZgoZm9FZIwVJsZ2VbQl+MtfXiWti6pfq9buL8v1m7yOApzAKVTAhyuowx00oAkEEniGV3hznpwX5935WETXnHzmGP7A+fwBqu+THQ==</latexit>

p(X)
<latexit sha1_base64="wTyuL4pgf1hsTh72dhddh1kmado=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwmiSKw==</latexit>

x
<latexit sha1_base64="QYLO4E4z5mMcJspWrQN/TV0gz0g=">AAACIXicbVDLSsNAFJ34rPUVdelmsAh1UxIp2o1QrAuXFewDmlAmk0k7dPJgZiKWNL/ixl9x40KR7sSfcdJmYVsPDBzOOZe59zgRo0Iaxre2tr6xubVd2Cnu7u0fHOpHx20RxhyTFg5ZyLsOEoTRgLQklYx0I06Q7zDScUaNzO88ES5oGDzKcURsHw0C6lGMpJL6ei0qW6EKZPPJc3oBb6DlehzhpLFopMnE8pEcYsSSu3SS9vWSUTFmgKvEzEkJ5Gj29anlhjj2SSAxQ0L0TCOSdoK4pJiRtGjFgkQIj9CA9BQNkE+EncwuTOG5UlzohVy9QMKZ+nciQb4QY99RyWxJsexl4n9eL5ZezU5oEMWSBHj+kRczKEOY1QVdygmWbKwIwpyqXSEeItWPVKUWVQnm8smrpH1ZMa8q1YdqqX6b11EAp+AMlIEJrkEd3IMmaAEMXsAb+ACf2qv2rn1p03l0TctnTsACtJ9fJQ6kzA==</latexit>

p(x) =
C(x)

|D|

<latexit sha1_base64="VXrLerDXNi7w3h3zFfmoLxhawqI=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQhDIjRV0WdeGygn1AZyyZNG1DM8mQZMQyzI+48VfcuFDEhRvxb8y0A2rrgcDhnHvIvSeIGFXacb6swsLi0vJKcbW0tr6xuWVv7zSViCUmDSyYkO0AKcIoJw1NNSPtSBIUBoy0gtFF5rfuiFRU8Bs9jogfogGnfYqRNlLXrnrC2Fk6uU+hRzn0QqSHGLGkmd4eQU8RHVIeqx/9Mu3aZafiTADniZuTMshR79ofXk/gOCRcY4aU6rhOpP0ESU0xI2nJixWJEB6hAekYylFIlJ9MrkvhgVF6sC+keVzDifo7kaBQqXEYmMlsRTXrZeJ/XifW/TM/oTyKNeF4+lE/ZlALmFUFe1QSrNnYEIQlNbtCPEQSYW0KLZkS3NmT50nzuOKeVKrX1XLtPK+jCPbAPjgELjgFNXAF6qABMHgAT+AFvFqP1rP1Zr1PRwtWntkFf2B9fgO9J6Ly</latexit>

x 2 V+ \ D

hug 10/36 = 0.28

pug 5/36 = 0.14 

pun 12/36 = 0.33

bun 4/36 = 0.11

hugs 5/36 = 0.14

0/36 = 0.00
<latexit sha1_base64="9PF5GbWI9ERuoE429HTS3YemEaQ=">AAAB+HicbVDLSgMxFL3js9ZHR126CRahbsqMSHVZdOOygn1AO5RMmrahmWRIMkId+iVuXCji1k9x59+YaWehrQcCh3PO5d6cMOZMG8/7dtbWNza3tgs7xd29/YOSe3jU0jJRhDaJ5FJ1QqwpZ4I2DTOcdmJFcRRy2g4nt5nffqRKMykezDSmQYRHgg0ZwcZKfbcUV3rSBrL5tDM777tlr+rNgVaJn5My5Gj03a/eQJIkosIQjrXu+l5sghQrwwins2Iv0TTGZIJHtGupwBHVQTo/fIbOrDJAQ6nsEwbN1d8TKY60nkahTUbYjPWyl4n/ed3EDK+DlIk4MVSQxaJhwpGRKGsBDZiixPCpJZgoZm9FZIwVJsZ2VbQl+MtfXiWti6pfq9buL8v1m7yOApzAKVTAhyuowx00oAkEEniGV3hznpwX5935WETXnHzmGP7A+fwBqu+THQ==</latexit>

p(X)



Example: Count-Based  
Language Model

• Let’s sample from         !  
0.98 → hugs 
0.84 → bun 
0.55 → pun 

Documents + frequencies:               ('hug', 10), ('pug', 5),  
                             ('pun', 12), ('bun', 4),  
                             (‘hugs', 5)

<latexit sha1_base64="4JhjHwfhWVEs2G6F6HFFkp06iU0="></latexit>

V+ = {b, g, h, . . . , bb, bg, . . . , bug, bun, . . . , sssssss, . . . }

<latexit sha1_base64="92WE2sLSSYTa8Tkk0DnSOXRyjN0=">AAACQXicbZA7SwNBFIVn4yvGV9TSZjAIFhJ2JaiNELSxjGAekA1hdjJJhszOLjN3xbDsX7PxH9jZ21goYmvjJFkWTTww8HHuvdy5xwsF12DbL1ZuaXlldS2/XtjY3NreKe7uNXQQKcrqNBCBanlEM8ElqwMHwVqhYsT3BGt6o+tJvXnPlOaBvINxyDo+GUje55SAsbrFlusTGFIi4kaCL7EbYxfYA8RecpLSIKNhRjKjMCOdUZRgN+kWS3bZngovgpNCCaWqdYvPbi+gkc8kUEG0bjt2CJ2YKOBUsKTgRpqFhI7IgLUNSuIz3YmnCST4yDg93A+UeRLw1P09ERNf67Hvmc7JvXq+NjH/q7Uj6F90Yi7DCJiks0X9SGAI8CRO3OOKURBjA4Qqbv6K6ZAoQsGEXjAhOPMnL0LjtOyclSu3lVL1Ko0jjw7QITpGDjpHVXSDaqiOKHpEr+gdfVhP1pv1aX3NWnNWOrOP/sj6/gGNI7GD</latexit>

V = {b, g, h, n, p, s, u}

<latexit sha1_base64="f87qZukO0a8fZUBUP4IKrqogMEA=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZE1I1Q1IXLCvYB7VAyaaYNzWTGJFMoQ7/DjQtF3Pox7vwbM+0stPVA4HDOvdyT48eCa+M436iwsrq2vlHcLG1t7+zulfcPmjpKFGUNGolItX2imeCSNQw3grVjxUjoC9byR7eZ3xozpXkkH80kZl5IBpIHnBJjJa8bEjOkRKR3U3zdK1ecqjMDXiZuTiqQo94rf3X7EU1CJg0VROuO68TGS4kynAo2LXUTzWJCR2TAOpZKEjLtpbPQU3xilT4OImWfNHim/t5ISaj1JPTtZBZSL3qZ+J/XSUxw5aVcxolhks4PBYnAJsJZA7jPFaNGTCwhVHGbFdMhUYQa21PJluAufnmZNM+q7kX1/OG8UrvJ6yjCERzDKbhwCTW4hzo0gMITPMMrvKExekHv6GM+WkD5ziH8Afr8AVfEkdQ=</latexit>D =

<latexit sha1_base64="9PF5GbWI9ERuoE429HTS3YemEaQ=">AAAB+HicbVDLSgMxFL3js9ZHR126CRahbsqMSHVZdOOygn1AO5RMmrahmWRIMkId+iVuXCji1k9x59+YaWehrQcCh3PO5d6cMOZMG8/7dtbWNza3tgs7xd29/YOSe3jU0jJRhDaJ5FJ1QqwpZ4I2DTOcdmJFcRRy2g4nt5nffqRKMykezDSmQYRHgg0ZwcZKfbcUV3rSBrL5tDM777tlr+rNgVaJn5My5Gj03a/eQJIkosIQjrXu+l5sghQrwwins2Iv0TTGZIJHtGupwBHVQTo/fIbOrDJAQ6nsEwbN1d8TKY60nkahTUbYjPWyl4n/ed3EDK+DlIk4MVSQxaJhwpGRKGsBDZiixPCpJZgoZm9FZIwVJsZ2VbQl+MtfXiWti6pfq9buL8v1m7yOApzAKVTAhyuowx00oAkEEniGV3hznpwX5935WETXnHzmGP7A+fwBqu+THQ==</latexit>

p(X)
<latexit sha1_base64="wTyuL4pgf1hsTh72dhddh1kmado=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwmiSKw==</latexit>

x
<latexit sha1_base64="QYLO4E4z5mMcJspWrQN/TV0gz0g=">AAACIXicbVDLSsNAFJ34rPUVdelmsAh1UxIp2o1QrAuXFewDmlAmk0k7dPJgZiKWNL/ixl9x40KR7sSfcdJmYVsPDBzOOZe59zgRo0Iaxre2tr6xubVd2Cnu7u0fHOpHx20RxhyTFg5ZyLsOEoTRgLQklYx0I06Q7zDScUaNzO88ES5oGDzKcURsHw0C6lGMpJL6ei0qW6EKZPPJc3oBb6DlehzhpLFopMnE8pEcYsSSu3SS9vWSUTFmgKvEzEkJ5Gj29anlhjj2SSAxQ0L0TCOSdoK4pJiRtGjFgkQIj9CA9BQNkE+EncwuTOG5UlzohVy9QMKZ+nciQb4QY99RyWxJsexl4n9eL5ZezU5oEMWSBHj+kRczKEOY1QVdygmWbKwIwpyqXSEeItWPVKUWVQnm8smrpH1ZMa8q1YdqqX6b11EAp+AMlIEJrkEd3IMmaAEMXsAb+ACf2qv2rn1p03l0TctnTsACtJ9fJQ6kzA==</latexit>

p(x) =
C(x)

|D|

<latexit sha1_base64="VXrLerDXNi7w3h3zFfmoLxhawqI=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQhDIjRV0WdeGygn1AZyyZNG1DM8mQZMQyzI+48VfcuFDEhRvxb8y0A2rrgcDhnHvIvSeIGFXacb6swsLi0vJKcbW0tr6xuWVv7zSViCUmDSyYkO0AKcIoJw1NNSPtSBIUBoy0gtFF5rfuiFRU8Bs9jogfogGnfYqRNlLXrnrC2Fk6uU+hRzn0QqSHGLGkmd4eQU8RHVIeqx/9Mu3aZafiTADniZuTMshR79ofXk/gOCRcY4aU6rhOpP0ESU0xI2nJixWJEB6hAekYylFIlJ9MrkvhgVF6sC+keVzDifo7kaBQqXEYmMlsRTXrZeJ/XifW/TM/oTyKNeF4+lE/ZlALmFUFe1QSrNnYEIQlNbtCPEQSYW0KLZkS3NmT50nzuOKeVKrX1XLtPK+jCPbAPjgELjgFNXAF6qABMHgAT+AFvFqP1rP1Zr1PRwtWntkFf2B9fgO9J6Ly</latexit>

x 2 V+ \ D

hug 10/36 = 0.28

pug 5/36 = 0.14 

pun 12/36 = 0.33

bun 4/36 = 0.11

hugs 5/36 = 0.14

0/36 = 0.00
<latexit sha1_base64="9PF5GbWI9ERuoE429HTS3YemEaQ=">AAAB+HicbVDLSgMxFL3js9ZHR126CRahbsqMSHVZdOOygn1AO5RMmrahmWRIMkId+iVuXCji1k9x59+YaWehrQcCh3PO5d6cMOZMG8/7dtbWNza3tgs7xd29/YOSe3jU0jJRhDaJ5FJ1QqwpZ4I2DTOcdmJFcRRy2g4nt5nffqRKMykezDSmQYRHgg0ZwcZKfbcUV3rSBrL5tDM777tlr+rNgVaJn5My5Gj03a/eQJIkosIQjrXu+l5sghQrwwins2Iv0TTGZIJHtGupwBHVQTo/fIbOrDJAQ6nsEwbN1d8TKY60nkahTUbYjPWyl4n/ed3EDK+DlIk4MVSQxaJhwpGRKGsBDZiixPCpJZgoZm9FZIwVJsZ2VbQl+MtfXiWti6pfq9buL8v1m7yOApzAKVTAhyuowx00oAkEEniGV3hznpwX5935WETXnHzmGP7A+fwBqu+THQ==</latexit>

p(X)



Example: Count-Based  
Language Model

• Let’s sample from         !  
0.98 → hugs 
0.84 → bun 
0.55 → pun 

• This directly generates our observation 
data! But nobody ever does this 

• Why not? 

Documents + frequencies:               ('hug', 10), ('pug', 5),  
                             ('pun', 12), ('bun', 4),  
                             (‘hugs', 5)

<latexit sha1_base64="4JhjHwfhWVEs2G6F6HFFkp06iU0="></latexit>

V+ = {b, g, h, . . . , bb, bg, . . . , bug, bun, . . . , sssssss, . . . }

<latexit sha1_base64="92WE2sLSSYTa8Tkk0DnSOXRyjN0=">AAACQXicbZA7SwNBFIVn4yvGV9TSZjAIFhJ2JaiNELSxjGAekA1hdjJJhszOLjN3xbDsX7PxH9jZ21goYmvjJFkWTTww8HHuvdy5xwsF12DbL1ZuaXlldS2/XtjY3NreKe7uNXQQKcrqNBCBanlEM8ElqwMHwVqhYsT3BGt6o+tJvXnPlOaBvINxyDo+GUje55SAsbrFlusTGFIi4kaCL7EbYxfYA8RecpLSIKNhRjKjMCOdUZRgN+kWS3bZngovgpNCCaWqdYvPbi+gkc8kUEG0bjt2CJ2YKOBUsKTgRpqFhI7IgLUNSuIz3YmnCST4yDg93A+UeRLw1P09ERNf67Hvmc7JvXq+NjH/q7Uj6F90Yi7DCJiks0X9SGAI8CRO3OOKURBjA4Qqbv6K6ZAoQsGEXjAhOPMnL0LjtOyclSu3lVL1Ko0jjw7QITpGDjpHVXSDaqiOKHpEr+gdfVhP1pv1aX3NWnNWOrOP/sj6/gGNI7GD</latexit>

V = {b, g, h, n, p, s, u}

<latexit sha1_base64="f87qZukO0a8fZUBUP4IKrqogMEA=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZE1I1Q1IXLCvYB7VAyaaYNzWTGJFMoQ7/DjQtF3Pox7vwbM+0stPVA4HDOvdyT48eCa+M436iwsrq2vlHcLG1t7+zulfcPmjpKFGUNGolItX2imeCSNQw3grVjxUjoC9byR7eZ3xozpXkkH80kZl5IBpIHnBJjJa8bEjOkRKR3U3zdK1ecqjMDXiZuTiqQo94rf3X7EU1CJg0VROuO68TGS4kynAo2LXUTzWJCR2TAOpZKEjLtpbPQU3xilT4OImWfNHim/t5ISaj1JPTtZBZSL3qZ+J/XSUxw5aVcxolhks4PBYnAJsJZA7jPFaNGTCwhVHGbFdMhUYQa21PJluAufnmZNM+q7kX1/OG8UrvJ6yjCERzDKbhwCTW4hzo0gMITPMMrvKExekHv6GM+WkD5ziH8Afr8AVfEkdQ=</latexit>D =

<latexit sha1_base64="9PF5GbWI9ERuoE429HTS3YemEaQ=">AAAB+HicbVDLSgMxFL3js9ZHR126CRahbsqMSHVZdOOygn1AO5RMmrahmWRIMkId+iVuXCji1k9x59+YaWehrQcCh3PO5d6cMOZMG8/7dtbWNza3tgs7xd29/YOSe3jU0jJRhDaJ5FJ1QqwpZ4I2DTOcdmJFcRRy2g4nt5nffqRKMykezDSmQYRHgg0ZwcZKfbcUV3rSBrL5tDM777tlr+rNgVaJn5My5Gj03a/eQJIkosIQjrXu+l5sghQrwwins2Iv0TTGZIJHtGupwBHVQTo/fIbOrDJAQ6nsEwbN1d8TKY60nkahTUbYjPWyl4n/ed3EDK+DlIk4MVSQxaJhwpGRKGsBDZiixPCpJZgoZm9FZIwVJsZ2VbQl+MtfXiWti6pfq9buL8v1m7yOApzAKVTAhyuowx00oAkEEniGV3hznpwX5935WETXnHzmGP7A+fwBqu+THQ==</latexit>

p(X)
<latexit sha1_base64="wTyuL4pgf1hsTh72dhddh1kmado=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwmiSKw==</latexit>

x
<latexit sha1_base64="QYLO4E4z5mMcJspWrQN/TV0gz0g=">AAACIXicbVDLSsNAFJ34rPUVdelmsAh1UxIp2o1QrAuXFewDmlAmk0k7dPJgZiKWNL/ixl9x40KR7sSfcdJmYVsPDBzOOZe59zgRo0Iaxre2tr6xubVd2Cnu7u0fHOpHx20RxhyTFg5ZyLsOEoTRgLQklYx0I06Q7zDScUaNzO88ES5oGDzKcURsHw0C6lGMpJL6ei0qW6EKZPPJc3oBb6DlehzhpLFopMnE8pEcYsSSu3SS9vWSUTFmgKvEzEkJ5Gj29anlhjj2SSAxQ0L0TCOSdoK4pJiRtGjFgkQIj9CA9BQNkE+EncwuTOG5UlzohVy9QMKZ+nciQb4QY99RyWxJsexl4n9eL5ZezU5oEMWSBHj+kRczKEOY1QVdygmWbKwIwpyqXSEeItWPVKUWVQnm8smrpH1ZMa8q1YdqqX6b11EAp+AMlIEJrkEd3IMmaAEMXsAb+ACf2qv2rn1p03l0TctnTsACtJ9fJQ6kzA==</latexit>

p(x) =
C(x)

|D|

<latexit sha1_base64="VXrLerDXNi7w3h3zFfmoLxhawqI=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQhDIjRV0WdeGygn1AZyyZNG1DM8mQZMQyzI+48VfcuFDEhRvxb8y0A2rrgcDhnHvIvSeIGFXacb6swsLi0vJKcbW0tr6xuWVv7zSViCUmDSyYkO0AKcIoJw1NNSPtSBIUBoy0gtFF5rfuiFRU8Bs9jogfogGnfYqRNlLXrnrC2Fk6uU+hRzn0QqSHGLGkmd4eQU8RHVIeqx/9Mu3aZafiTADniZuTMshR79ofXk/gOCRcY4aU6rhOpP0ESU0xI2nJixWJEB6hAekYylFIlJ9MrkvhgVF6sC+keVzDifo7kaBQqXEYmMlsRTXrZeJ/XifW/TM/oTyKNeF4+lE/ZlALmFUFe1QSrNnYEIQlNbtCPEQSYW0KLZkS3NmT50nzuOKeVKrX1XLtPK+jCPbAPjgELjgFNXAF6qABMHgAT+AFvFqP1rP1Zr1PRwtWntkFf2B9fgO9J6Ly</latexit>

x 2 V+ \ D

hug 10/36 = 0.28

pug 5/36 = 0.14 

pun 12/36 = 0.33

bun 4/36 = 0.11

hugs 5/36 = 0.14

0/36 = 0.00
<latexit sha1_base64="9PF5GbWI9ERuoE429HTS3YemEaQ=">AAAB+HicbVDLSgMxFL3js9ZHR126CRahbsqMSHVZdOOygn1AO5RMmrahmWRIMkId+iVuXCji1k9x59+YaWehrQcCh3PO5d6cMOZMG8/7dtbWNza3tgs7xd29/YOSe3jU0jJRhDaJ5FJ1QqwpZ4I2DTOcdmJFcRRy2g4nt5nffqRKMykezDSmQYRHgg0ZwcZKfbcUV3rSBrL5tDM777tlr+rNgVaJn5My5Gj03a/eQJIkosIQjrXu+l5sghQrwwins2Iv0TTGZIJHtGupwBHVQTo/fIbOrDJAQ6nsEwbN1d8TKY60nkahTUbYjPWyl4n/ed3EDK+DlIk4MVSQxaJhwpGRKGsBDZiixPCpJZgoZm9FZIwVJsZ2VbQl+MtfXiWti6pfq9buL8v1m7yOApzAKVTAhyuowx00oAkEEniGV3hznpwX5935WETXnHzmGP7A+fwBqu+THQ==</latexit>

p(X)



3rd person 
singular 
pronoun, 
masculine

3rd person 
singular 
present, 
masculine

accusative 
case of 
“dog”

Language Modeling is Hard

• How might we go about assigning a probability to any 
possible sequence, even ones we’ve never seen before? 

• One intuition: sentences have internal consistencies!

2nd person 
singular 
pronoun, 
formal

3rd person 
singular 
present 
indicative

você fala inglês? 
do you speak English?

అతను       కుక్కను       చూస్తా డు 

atanu        kukkanu    cūstāḍu 
he             the dog     sees

<latexit sha1_base64="tzBH95CUZAkTQl1jggFW/5LBCow=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREirosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOad1Gr39Urjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANsLkzs=</latexit>

p(x)
<latexit sha1_base64="RkS6WocCXPGrw8LB3tnPHSvGrn0=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocxIUZdFNy4r2Ad0xpJJM21oJhmSjFiG2bnxV9y4UMStv+DOvzHTzkJbDwQO59xD7j1BzKjSjvNtLSwuLa+sltbK6xubW9v2zm5LiURi0sSCCdkJkCKMctLUVDPSiSVBUcBIOxhd5X77nkhFBb/V45j4ERpwGlKMtJF69oEnjJ2n04cMepRDL0J6iBFLW9ndSc+uOFVnAjhP3IJUQIFGz/7y+gInEeEaM6RU13Vi7adIaooZycpeokiM8AgNSNdQjiKi/HRyRwaPjNKHoZDmcQ0n6u9EiiKlxlFgJvMl1ayXi/953USHF35KeZxowvH0ozBhUAuYlwL7VBKs2dgQhCU1u0I8RBJhbaormxLc2ZPnSeu06p5Vaze1Sv2yqKME9sEhOAYuOAd1cA0aoAkweATP4BW8WU/Wi/VufUxHF6wiswf+wPr8AUQLmZA=</latexit>

x 2 V+
<latexit sha1_base64="44dgweUkRyVIPUsw8fqnDJFrgr0=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoCiURqS6LunBZwT6gSctkOmmHTiZhZiKUkH9w46+4caGIWzfu/BsnbRbaemDgcM65zL3HixiVyrK+jcLS8srqWnG9tLG5tb1j7u61ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NrzO//UCEpCG/V5OIuAEacupTjJSW+uZJVHFCHcjmk056DB3KoXNDmEK9xAmQGmHEklbaO037ZtmqWlPARWLnpAxyNPrmlzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNpjel8EgrA+iHQj+u4FT9PZGgQMpJ4OlktqWc9zLxP68bK//STSiPYkU4nn3kxwyqEGYFwQEVBCs20QRhQfWuEI+QQFjpGku6BHv+5EXSOqvatWrt7rxcv8rrKIIDcAgqwAYXoA5uQQM0AQaP4Bm8gjfjyXgx3o2PWbRg5DP74A+Mzx8F2J5H</latexit>

p(X) 2 �V+



One Approximation
Autoregressive language modeling:  

• The probability of a sequence is a product of local token 
probabilities 

• The probability of a token depends on the ones that came before it
<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)



Another Approximation

<latexit sha1_base64="ohbmUfYDzkKpCbwQ7k7NuLf+JbY="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1, xi+1 . . . xn)

Masked language modeling:  

• The probability of a sequence is a product of local token 
probabilities 

• The probability of a token depends on the ones that came before 
and after it

This approximation will come up later in the class! For 
now, we’ll focus on autoregressive language modeling. 

(There are other approximations too!)



Sampling from an  
Autoregressive Language Model

<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="w1fjWoK2S1/gXcYbSzldhKgaNRI=">AAACKHicbZBNS8MwGMfT+Tbn29Sjl+AQNpijHTK9iEMvHie4F9hKSdN0C0vTkqTiKPs4XvwqXkQU2dVPYtYN0c0HQv78npfk+bsRo1KZ5sTIrKyurW9kN3Nb2zu7e/n9g5YMY4FJE4csFB0XScIoJ01FFSOdSBAUuIy03eHNNN9+IELSkN+rUUTsAPU59SlGSiMnf3UJo+KjY5VgeldhL6AeTEHPC5VMKf+h5Rkta53wU2tccvIFs2KmAZeFNRcFMI+Gk3/TE3AcEK4wQ1J2LTNSdoKEopiRca4XSxIhPER90tWSo4BIO0kXHcMTTTzoh0IfrmBKf3ckKJByFLi6MkBqIBdzU/hfrhsr/8JOKI9iRTiePeTHDKoQTl2DHhUEKzbSAmFB9V8hHiCBsNLe5rQJ1uLKy6JVrVi1Su3urFC/ntuRBUfgGBSBBc5BHdyCBmgCDJ7AC3gHH8az8Wp8GpNZacaY9xyCP2F8fQOh8qK9</latexit>

= p(x1)p(x2 | x1) . . . p(xn | x1, . . . , xn�1)

<latexit sha1_base64="vtUhjvouiS6k76ttA9H6+OxdfEI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOnLjQc=</latexit>x <latexit sha1_base64="xPMudc/ZRN35YVe0DK8C+9iWOrU=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNuGJtklyYpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3mdx6p0iySD2YaU1/gkWQhI9hkUlx9Oh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqh59Vr9/rLSuMnjKMIJnEIVPLiCBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHfzeN5g==</latexit>

p(x)
the 0.04

in 0.02

and 0.02

every 0.02

…

<latexit sha1_base64="os7WTM0OusX0TEF/o4katy3l2fk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1I6r3YF3PihX3JqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8VOsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhNd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0n7oubVa/X7y0rjJo+jCCdwClXw4AoacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz91i45q</latexit>

p(X1)

<latexit sha1_base64="pcfVddTsl4T5bbhW4XmSeEhchJw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJSHUjFN24rGAf0JQymU7aoZNJmJmIJXbhr7hxoYhbf8Odf+OkzUJbDwwczrmHe+f4MWdKO863VVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRdea37qlULBJ3ehzTbogHggWMYG2knn3gRcbO0unDBF0ij2Mx4LRnl52KMwVaJG5OypCj3rO/vH5EkpAKTThWquM6se6mWGpGOJ2UvETRGJMRHtCOoQKHVHXT6f0TdGyUPgoiaZ7QaKr+TqQ4VGoc+mYyxHqo5r1M/M/rJDq46KZMxImmgswWBQlHOkJZGajPJCWajw3BRDJzKyJDLDHRprKSKcGd//IiaZ5W3GqlentWrl3ldRThEI7gBFw4hxrcQB0aQOARnuEV3qwn68V6tz5mowUrz+zDH1ifP+1llg4=</latexit>

x = h the

Let’s sample a sequence from this approximation: 

• Sample the first word
<latexit sha1_base64="H6Yy07FBFfMDA3eCUjlfvtTEW14=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0Wom5KIVJdFXbisYB/QxDCZTtqhk0mYmYgl5Bfc+CtuXCji1p07/8ZJm4W2HrhwOOde7r3HjxmVyrK+jdLS8srqWnm9srG5tb1j7u51ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPL3O/e0+EpBG/VZOYuCEachpQjJSWPLP24NnQkTSEca3n2cfQoRw6V4QpdJc6IVIjjFjayTLPrFp1awq4SOyCVEGBlmd+OYMIJyHhCjMkZd+2YuWmSCiKGckqTiJJjPAYDUlfU45CIt10+lEGj7QygEEkdHEFp+rviRSFUk5CX3fmN8p5Lxf/8/qJCs7dlPI4UYTj2aIgYVBFMI8HDqggWLGJJggLqm+FeIQEwkqHWNEh2PMvL5LOSd1u1Bs3p9XmRRFHGRyAQ1ADNjgDTXANWqANMHgEz+AVvBlPxovxbnzMWktGMbMP/sD4/AHKNJxv</latexit>

x1 ⇠ p(X1) 2 �V

Chain rule  
decomposition



<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="w1fjWoK2S1/gXcYbSzldhKgaNRI=">AAACKHicbZBNS8MwGMfT+Tbn29Sjl+AQNpijHTK9iEMvHie4F9hKSdN0C0vTkqTiKPs4XvwqXkQU2dVPYtYN0c0HQv78npfk+bsRo1KZ5sTIrKyurW9kN3Nb2zu7e/n9g5YMY4FJE4csFB0XScIoJ01FFSOdSBAUuIy03eHNNN9+IELSkN+rUUTsAPU59SlGSiMnf3UJo+KjY5VgeldhL6AeTEHPC5VMKf+h5Rkta53wU2tccvIFs2KmAZeFNRcFMI+Gk3/TE3AcEK4wQ1J2LTNSdoKEopiRca4XSxIhPER90tWSo4BIO0kXHcMTTTzoh0IfrmBKf3ckKJByFLi6MkBqIBdzU/hfrhsr/8JOKI9iRTiePeTHDKoQTl2DHhUEKzbSAmFB9V8hHiCBsNLe5rQJ1uLKy6JVrVi1Su3urFC/ntuRBUfgGBSBBc5BHdyCBmgCDJ7AC3gHH8az8Wp8GpNZacaY9xyCP2F8fQOh8qK9</latexit>

= p(x1)p(x2 | x1) . . . p(xn | x1, . . . , xn�1)

<latexit sha1_base64="vtUhjvouiS6k76ttA9H6+OxdfEI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOnLjQc=</latexit>x <latexit sha1_base64="xPMudc/ZRN35YVe0DK8C+9iWOrU=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNuGJtklyYpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3mdx6p0iySD2YaU1/gkWQhI9hkUlx9Oh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqh59Vr9/rLSuMnjKMIJnEIVPLiCBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHfzeN5g==</latexit>

p(x)
-ir 0.03

same 0.02

impact 0.02

line 0.02

…

<latexit sha1_base64="pcfVddTsl4T5bbhW4XmSeEhchJw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJSHUjFN24rGAf0JQymU7aoZNJmJmIJXbhr7hxoYhbf8Odf+OkzUJbDwwczrmHe+f4MWdKO863VVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRdea37qlULBJ3ehzTbogHggWMYG2knn3gRcbO0unDBF0ij2Mx4LRnl52KMwVaJG5OypCj3rO/vH5EkpAKTThWquM6se6mWGpGOJ2UvETRGJMRHtCOoQKHVHXT6f0TdGyUPgoiaZ7QaKr+TqQ4VGoc+mYyxHqo5r1M/M/rJDq46KZMxImmgswWBQlHOkJZGajPJCWajw3BRDJzKyJDLDHRprKSKcGd//IiaZ5W3GqlentWrl3ldRThEI7gBFw4hxrcQB0aQOARnuEV3qwn68V6tz5mowUrz+zDH1ifP+1llg4=</latexit>

x = h the, same

<latexit sha1_base64="scq+2PuFJbYsyBusUFCtimVvTXw=">AAACBXicbVDJSgNBEO2JW4xb1KMeGoMQL2EmSPQiBL14jGAWSMLQ06kkTXoWumskYcjFi7/ixYMiXv0Hb/6NneWgiQ8KHu9VUVXPi6TQaNvfVmpldW19I72Z2dre2d3L7h/UdBgrDlUeylA1PKZBigCqKFBCI1LAfE9C3RvcTPz6AygtwuAeRxG0fdYLRFdwhkZys8dRvuEWacsXHTp0HXpFWwhDTLAP4zM3m7ML9hR0mThzkiNzVNzsV6sT8tiHALlkWjcdO8J2whQKLmGcacUaIsYHrAdNQwPmg24n0y/G9NQoHdoNlakA6VT9PZEwX+uR75lOn2FfL3oT8T+vGWP3sp2IIIoRAj5b1I0lxZBOIqEdoYCjHBnCuBLmVsr7TDGOJriMCcFZfHmZ1IoFp1Qo3Z3nytfzONLkiJyQPHHIBSmTW1IhVcLJI3kmr+TNerJerHfrY9aasuYzh+QPrM8fP9yXLQ==</latexit>

p(X2 | x1 = the)

Sampling from an  
Autoregressive Language Model

Let’s sample a sequence from this approximation: 

• Sample the first word 

• Sample the second word 

<latexit sha1_base64="H6Yy07FBFfMDA3eCUjlfvtTEW14=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0Wom5KIVJdFXbisYB/QxDCZTtqhk0mYmYgl5Bfc+CtuXCji1p07/8ZJm4W2HrhwOOde7r3HjxmVyrK+jdLS8srqWnm9srG5tb1j7u51ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPL3O/e0+EpBG/VZOYuCEachpQjJSWPLP24NnQkTSEca3n2cfQoRw6V4QpdJc6IVIjjFjayTLPrFp1awq4SOyCVEGBlmd+OYMIJyHhCjMkZd+2YuWmSCiKGckqTiJJjPAYDUlfU45CIt10+lEGj7QygEEkdHEFp+rviRSFUk5CX3fmN8p5Lxf/8/qJCs7dlPI4UYTj2aIgYVBFMI8HDqggWLGJJggLqm+FeIQEwkqHWNEh2PMvL5LOSd1u1Bs3p9XmRRFHGRyAQ1ADNjgDTXANWqANMHgEz+AVvBlPxovxbnzMWktGMbMP/sD4/AHKNJxv</latexit>

x1 ⇠ p(X1) 2 �V
<latexit sha1_base64="Rc9Pmvjuivoo3YHcKOTSCf6dg4A=">AAACGnicbZDLSgMxFIYz9VbrrerSTbAIdVNmilSXRV24rGAv0BmHTCZtQ5PMkGSkZehzuPFV3LhQxJ248W3MtF1o6w+Bj/+cQ875g5hRpW3728qtrK6tb+Q3C1vbO7t7xf2DlooSiUkTRyySnQApwqggTU01I51YEsQDRtrB8Cqrtx+IVDQSd3ocE4+jvqA9ipE2ll90Rn4VuopyGJc7GXIawpHvnEKXCuheE6bRfepypAcYsbQ1mfjFkl2xp4LL4MyhBOZq+MVPN4xwwonQmCGluo4day9FUlPMyKTgJorECA9Rn3QNCsSJ8tLpaRN4YpwQ9iJpntBw6v6eSBFXaswD05ntqBZrmflfrZvo3oWXUhEnmgg8+6iXMKgjmOUEQyoJ1mxsAGFJza4QD5BEWJs0CyYEZ/HkZWhVK06tUrs9K9Uv53HkwRE4BmXggHNQBzegAZoAg0fwDF7Bm/VkvVjv1sesNWfNZw7BH1lfP/Q/n6k=</latexit>

x2 ⇠ p(X2 | x1) 2 �V



<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="w1fjWoK2S1/gXcYbSzldhKgaNRI=">AAACKHicbZBNS8MwGMfT+Tbn29Sjl+AQNpijHTK9iEMvHie4F9hKSdN0C0vTkqTiKPs4XvwqXkQU2dVPYtYN0c0HQv78npfk+bsRo1KZ5sTIrKyurW9kN3Nb2zu7e/n9g5YMY4FJE4csFB0XScIoJ01FFSOdSBAUuIy03eHNNN9+IELSkN+rUUTsAPU59SlGSiMnf3UJo+KjY5VgeldhL6AeTEHPC5VMKf+h5Rkta53wU2tccvIFs2KmAZeFNRcFMI+Gk3/TE3AcEK4wQ1J2LTNSdoKEopiRca4XSxIhPER90tWSo4BIO0kXHcMTTTzoh0IfrmBKf3ckKJByFLi6MkBqIBdzU/hfrhsr/8JOKI9iRTiePeTHDKoQTl2DHhUEKzbSAmFB9V8hHiCBsNLe5rQJ1uLKy6JVrVi1Su3urFC/ntuRBUfgGBSBBc5BHdyCBmgCDJ7AC3gHH8az8Wp8GpNZacaY9xyCP2F8fQOh8qK9</latexit>

= p(x1)p(x2 | x1) . . . p(xn | x1, . . . , xn�1)

<latexit sha1_base64="vtUhjvouiS6k76ttA9H6+OxdfEI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOnLjQc=</latexit>x <latexit sha1_base64="xPMudc/ZRN35YVe0DK8C+9iWOrU=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNuGJtklyYpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3mdx6p0iySD2YaU1/gkWQhI9hkUlx9Oh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqh59Vr9/rLSuMnjKMIJnEIVPLiCBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHfzeN5g==</latexit>

p(x)
as 0.08

way 0.04

thing 0.04

time 0.04

…

<latexit sha1_base64="pcfVddTsl4T5bbhW4XmSeEhchJw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJSHUjFN24rGAf0JQymU7aoZNJmJmIJXbhr7hxoYhbf8Odf+OkzUJbDwwczrmHe+f4MWdKO863VVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRdea37qlULBJ3ehzTbogHggWMYG2knn3gRcbO0unDBF0ij2Mx4LRnl52KMwVaJG5OypCj3rO/vH5EkpAKTThWquM6se6mWGpGOJ2UvETRGJMRHtCOoQKHVHXT6f0TdGyUPgoiaZ7QaKr+TqQ4VGoc+mYyxHqo5r1M/M/rJDq46KZMxImmgswWBQlHOkJZGajPJCWajw3BRDJzKyJDLDHRprKSKcGd//IiaZ5W3GqlentWrl3ldRThEI7gBFw4hxrcQB0aQOARnuEV3qwn68V6tz5mowUrz+zDH1ifP+1llg4=</latexit>

x = h the, same, thing

<latexit sha1_base64="Q1AjexgfjR0dqu/8Gp8gWfz1zNk=">AAACHHicbZBNS8NAEIY3ftb6VfXoZbEIClISFfVY9OKxgq2FJoTNdtoubjZhdyKW0B/ixb/ixYMiXjwI/hu3NQe/BhYe3neG2XmjVAqDrvvhTE3PzM7NlxbKi0vLK6uVtfWWSTLNockTmeh2xAxIoaCJAiW0Uw0sjiRcRddnY//qBrQRibrEYQpBzPpK9ARnaKWwcpDutMMD6seiS33JVF8C9RFuMccBjPYKNiyGEfX1xN8NK1W35k6K/gWvgCopqhFW3vxuwrMYFHLJjOl4bopBzjQKLmFU9jMDKePXrA8di8puM0E+OW5Et63Spb1E26eQTtTvEzmLjRnGke2MGQ7Mb28s/ud1MuydBLlQaYag+NeiXiYpJnScFO0KDRzl0ALjWti/Uj5gmnG0eZZtCN7vk/9Ca7/mHdWOLg6r9dMijhLZJFtkh3jkmNTJOWmQJuHkjjyQJ/Ls3DuPzovz+tU65RQzG+RHOe+fMXqhfg==</latexit>

p(X3 | hthe, samei)

Sampling from an  
Autoregressive Language Model

Let’s sample a sequence from this approximation: 

• Sample the first word 

• Sample the second word  

• Sample the third word 

<latexit sha1_base64="H6Yy07FBFfMDA3eCUjlfvtTEW14=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0Wom5KIVJdFXbisYB/QxDCZTtqhk0mYmYgl5Bfc+CtuXCji1p07/8ZJm4W2HrhwOOde7r3HjxmVyrK+jdLS8srqWnm9srG5tb1j7u51ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPL3O/e0+EpBG/VZOYuCEachpQjJSWPLP24NnQkTSEca3n2cfQoRw6V4QpdJc6IVIjjFjayTLPrFp1awq4SOyCVEGBlmd+OYMIJyHhCjMkZd+2YuWmSCiKGckqTiJJjPAYDUlfU45CIt10+lEGj7QygEEkdHEFp+rviRSFUk5CX3fmN8p5Lxf/8/qJCs7dlPI4UYTj2aIgYVBFMI8HDqggWLGJJggLqm+FeIQEwkqHWNEh2PMvL5LOSd1u1Bs3p9XmRRFHGRyAQ1ADNjgDTXANWqANMHgEz+AVvBlPxovxbnzMWktGMbMP/sD4/AHKNJxv</latexit>

x1 ⇠ p(X1) 2 �V



<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="w1fjWoK2S1/gXcYbSzldhKgaNRI=">AAACKHicbZBNS8MwGMfT+Tbn29Sjl+AQNpijHTK9iEMvHie4F9hKSdN0C0vTkqTiKPs4XvwqXkQU2dVPYtYN0c0HQv78npfk+bsRo1KZ5sTIrKyurW9kN3Nb2zu7e/n9g5YMY4FJE4csFB0XScIoJ01FFSOdSBAUuIy03eHNNN9+IELSkN+rUUTsAPU59SlGSiMnf3UJo+KjY5VgeldhL6AeTEHPC5VMKf+h5Rkta53wU2tccvIFs2KmAZeFNRcFMI+Gk3/TE3AcEK4wQ1J2LTNSdoKEopiRca4XSxIhPER90tWSo4BIO0kXHcMTTTzoh0IfrmBKf3ckKJByFLi6MkBqIBdzU/hfrhsr/8JOKI9iRTiePeTHDKoQTl2DHhUEKzbSAmFB9V8hHiCBsNLe5rQJ1uLKy6JVrVi1Su3urFC/ntuRBUfgGBSBBc5BHdyCBmgCDJ7AC3gHH8az8Wp8GpNZacaY9xyCP2F8fQOh8qK9</latexit>

= p(x1)p(x2 | x1) . . . p(xn | x1, . . . , xn�1)

<latexit sha1_base64="vtUhjvouiS6k76ttA9H6+OxdfEI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOnLjQc=</latexit>x <latexit sha1_base64="xPMudc/ZRN35YVe0DK8C+9iWOrU=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNuGJtklyYpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3mdx6p0iySD2YaU1/gkWQhI9hkUlx9Oh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqh59Vr9/rLSuMnjKMIJnEIVPLiCBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHfzeN5g==</latexit>

p(x)
. 0.11

as 0.08

that 0.07

, 0.06

…

<latexit sha1_base64="pcfVddTsl4T5bbhW4XmSeEhchJw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJSHUjFN24rGAf0JQymU7aoZNJmJmIJXbhr7hxoYhbf8Odf+OkzUJbDwwczrmHe+f4MWdKO863VVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRdea37qlULBJ3ehzTbogHggWMYG2knn3gRcbO0unDBF0ij2Mx4LRnl52KMwVaJG5OypCj3rO/vH5EkpAKTThWquM6se6mWGpGOJ2UvETRGJMRHtCOoQKHVHXT6f0TdGyUPgoiaZ7QaKr+TqQ4VGoc+mYyxHqo5r1M/M/rJDq46KZMxImmgswWBQlHOkJZGajPJCWajw3BRDJzKyJDLDHRprKSKcGd//IiaZ5W3GqlentWrl3ldRThEI7gBFw4hxrcQB0aQOARnuEV3qwn68V6tz5mowUrz+zDH1ifP+1llg4=</latexit>

x = h the, same, thing, that

Sampling from an  
Autoregressive Language Model

Let’s sample a sequence from this approximation: 

• Sample the first word 

• Sample the second word  

• Sample the third word  

• Keep sampling until we hit EOS 

<latexit sha1_base64="H6Yy07FBFfMDA3eCUjlfvtTEW14=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0Wom5KIVJdFXbisYB/QxDCZTtqhk0mYmYgl5Bfc+CtuXCji1p07/8ZJm4W2HrhwOOde7r3HjxmVyrK+jdLS8srqWnm9srG5tb1j7u51ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPL3O/e0+EpBG/VZOYuCEachpQjJSWPLP24NnQkTSEca3n2cfQoRw6V4QpdJc6IVIjjFjayTLPrFp1awq4SOyCVEGBlmd+OYMIJyHhCjMkZd+2YuWmSCiKGckqTiJJjPAYDUlfU45CIt10+lEGj7QygEEkdHEFp+rviRSFUk5CX3fmN8p5Lxf/8/qJCs7dlPI4UYTj2aIgYVBFMI8HDqggWLGJJggLqm+FeIQEwkqHWNEh2PMvL5LOSd1u1Bs3p9XmRRFHGRyAQ1ADNjgDTXANWqANMHgEz+AVvBlPxovxbnzMWktGMbMP/sD4/AHKNJxv</latexit>

x1 ⇠ p(X1) 2 �V
<latexit sha1_base64="6c7DykEw6sW8uIsYUVs9FdGindU=">AAACGHicbZBNS8MwGMfT+TbnW9Wjl+AQJszZikyPQy8eJ7gXWEtJ02wLS9OSpOIo+xhe/CpePCjidTe/jVnXg24+EPjx/z9Pkufvx4xKZVnfRmFldW19o7hZ2tre2d0z9w/aMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFHtzO/80iEpBF/UOOYuCEacNqnGCkteeZ5XOl6FDohDaDDEB8wAp88uwqdIFKyqjmlZ/YEOiLzTj2zbNWsrOAy2DmUQV5Nz5zqm3ASEq4wQ1L2bCtWboqEopiRSclJJIkRHqEB6WnkKCTSTbPFJvBEKwHsR0IfrmCm/p5IUSjlOPR1Z4jUUC56M/E/r5eo/rWbUh4ninA8f6ifMKgiOEsJBlQQrNhYA8KC6r9CPEQCYaWzLOkQ7MWVl6F9UbPrtfr9Zblxk8dRBEfgGFSADa5AA9yBJmgBDJ7BK3gHH8aL8WZ8Gl/z1oKRzxyCP2VMfwDgRJ5z</latexit>

p(Xi | hx1, . . . , xi�1i)



<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="w1fjWoK2S1/gXcYbSzldhKgaNRI=">AAACKHicbZBNS8MwGMfT+Tbn29Sjl+AQNpijHTK9iEMvHie4F9hKSdN0C0vTkqTiKPs4XvwqXkQU2dVPYtYN0c0HQv78npfk+bsRo1KZ5sTIrKyurW9kN3Nb2zu7e/n9g5YMY4FJE4csFB0XScIoJ01FFSOdSBAUuIy03eHNNN9+IELSkN+rUUTsAPU59SlGSiMnf3UJo+KjY5VgeldhL6AeTEHPC5VMKf+h5Rkta53wU2tccvIFs2KmAZeFNRcFMI+Gk3/TE3AcEK4wQ1J2LTNSdoKEopiRca4XSxIhPER90tWSo4BIO0kXHcMTTTzoh0IfrmBKf3ckKJByFLi6MkBqIBdzU/hfrhsr/8JOKI9iRTiePeTHDKoQTl2DHhUEKzbSAmFB9V8hHiCBsNLe5rQJ1uLKy6JVrVi1Su3urFC/ntuRBUfgGBSBBc5BHdyCBmgCDJ7AC3gHH8az8Wp8GpNZacaY9xyCP2F8fQOh8qK9</latexit>

= p(x1)p(x2 | x1) . . . p(xn | x1, . . . , xn�1)

<latexit sha1_base64="vtUhjvouiS6k76ttA9H6+OxdfEI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOnLjQc=</latexit>x <latexit sha1_base64="xPMudc/ZRN35YVe0DK8C+9iWOrU=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNuGJtklyYpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3mdx6p0iySD2YaU1/gkWQhI9hkUlx9Oh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqh59Vr9/rLSuMnjKMIJnEIVPLiCBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHfzeN5g==</latexit>

p(x)
happened 0.11

happens 0.08

makes 0.07

the 0.06

…

<latexit sha1_base64="pcfVddTsl4T5bbhW4XmSeEhchJw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJSHUjFN24rGAf0JQymU7aoZNJmJmIJXbhr7hxoYhbf8Odf+OkzUJbDwwczrmHe+f4MWdKO863VVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRdea37qlULBJ3ehzTbogHggWMYG2knn3gRcbO0unDBF0ij2Mx4LRnl52KMwVaJG5OypCj3rO/vH5EkpAKTThWquM6se6mWGpGOJ2UvETRGJMRHtCOoQKHVHXT6f0TdGyUPgoiaZ7QaKr+TqQ4VGoc+mYyxHqo5r1M/M/rJDq46KZMxImmgswWBQlHOkJZGajPJCWajw3BRDJzKyJDLDHRprKSKcGd//IiaZ5W3GqlentWrl3ldRThEI7gBFw4hxrcQB0aQOARnuEV3qwn68V6tz5mowUrz+zDH1ifP+1llg4=</latexit>

x = h the, same, thing, that, the

Sampling from an  
Autoregressive Language Model

Let’s sample a sequence from this approximation: 

• Sample the first word 

• Sample the second word  

• Sample the third word  

• Keep sampling until we hit EOS 

<latexit sha1_base64="H6Yy07FBFfMDA3eCUjlfvtTEW14=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0Wom5KIVJdFXbisYB/QxDCZTtqhk0mYmYgl5Bfc+CtuXCji1p07/8ZJm4W2HrhwOOde7r3HjxmVyrK+jdLS8srqWnm9srG5tb1j7u51ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPL3O/e0+EpBG/VZOYuCEachpQjJSWPLP24NnQkTSEca3n2cfQoRw6V4QpdJc6IVIjjFjayTLPrFp1awq4SOyCVEGBlmd+OYMIJyHhCjMkZd+2YuWmSCiKGckqTiJJjPAYDUlfU45CIt10+lEGj7QygEEkdHEFp+rviRSFUk5CX3fmN8p5Lxf/8/qJCs7dlPI4UYTj2aIgYVBFMI8HDqggWLGJJggLqm+FeIQEwkqHWNEh2PMvL5LOSd1u1Bs3p9XmRRFHGRyAQ1ADNjgDTXANWqANMHgEz+AVvBlPxovxbnzMWktGMbMP/sD4/AHKNJxv</latexit>

x1 ⇠ p(X1) 2 �V
<latexit sha1_base64="6c7DykEw6sW8uIsYUVs9FdGindU=">AAACGHicbZBNS8MwGMfT+TbnW9Wjl+AQJszZikyPQy8eJ7gXWEtJ02wLS9OSpOIo+xhe/CpePCjidTe/jVnXg24+EPjx/z9Pkufvx4xKZVnfRmFldW19o7hZ2tre2d0z9w/aMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFHtzO/80iEpBF/UOOYuCEacNqnGCkteeZ5XOl6FDohDaDDEB8wAp88uwqdIFKyqjmlZ/YEOiLzTj2zbNWsrOAy2DmUQV5Nz5zqm3ASEq4wQ1L2bCtWboqEopiRSclJJIkRHqEB6WnkKCTSTbPFJvBEKwHsR0IfrmCm/p5IUSjlOPR1Z4jUUC56M/E/r5eo/rWbUh4ninA8f6ifMKgiOEsJBlQQrNhYA8KC6r9CPEQCYaWzLOkQ7MWVl6F9UbPrtfr9Zblxk8dRBEfgGFSADa5AA9yBJmgBDJ7BK3gHH8aL8WZ8Gl/z1oKRzxyCP2VMfwDgRJ5z</latexit>

p(Xi | hx1, . . . , xi�1i)



<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="w1fjWoK2S1/gXcYbSzldhKgaNRI=">AAACKHicbZBNS8MwGMfT+Tbn29Sjl+AQNpijHTK9iEMvHie4F9hKSdN0C0vTkqTiKPs4XvwqXkQU2dVPYtYN0c0HQv78npfk+bsRo1KZ5sTIrKyurW9kN3Nb2zu7e/n9g5YMY4FJE4csFB0XScIoJ01FFSOdSBAUuIy03eHNNN9+IELSkN+rUUTsAPU59SlGSiMnf3UJo+KjY5VgeldhL6AeTEHPC5VMKf+h5Rkta53wU2tccvIFs2KmAZeFNRcFMI+Gk3/TE3AcEK4wQ1J2LTNSdoKEopiRca4XSxIhPER90tWSo4BIO0kXHcMTTTzoh0IfrmBKf3ckKJByFLi6MkBqIBdzU/hfrhsr/8JOKI9iRTiePeTHDKoQTl2DHhUEKzbSAmFB9V8hHiCBsNLe5rQJ1uLKy6JVrVi1Su3urFC/ntuRBUfgGBSBBc5BHdyCBmgCDJ7AC3gHH8az8Wp8GpNZacaY9xyCP2F8fQOh8qK9</latexit>

= p(x1)p(x2 | x1) . . . p(xn | x1, . . . , xn�1)

<latexit sha1_base64="vtUhjvouiS6k76ttA9H6+OxdfEI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOnLjQc=</latexit>x <latexit sha1_base64="xPMudc/ZRN35YVe0DK8C+9iWOrU=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNuGJtklyYpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3mdx6p0iySD2YaU1/gkWQhI9hkUlx9Oh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqh59Vr9/rLSuMnjKMIJnEIVPLiCBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHfzeN5g==</latexit>

p(x)
-y 0.03

-ir 0.02

person 0.02

line 0.02

…

<latexit sha1_base64="pcfVddTsl4T5bbhW4XmSeEhchJw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJSHUjFN24rGAf0JQymU7aoZNJmJmIJXbhr7hxoYhbf8Odf+OkzUJbDwwczrmHe+f4MWdKO863VVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRdea37qlULBJ3ehzTbogHggWMYG2knn3gRcbO0unDBF0ij2Mx4LRnl52KMwVaJG5OypCj3rO/vH5EkpAKTThWquM6se6mWGpGOJ2UvETRGJMRHtCOoQKHVHXT6f0TdGyUPgoiaZ7QaKr+TqQ4VGoc+mYyxHqo5r1M/M/rJDq46KZMxImmgswWBQlHOkJZGajPJCWajw3BRDJzKyJDLDHRprKSKcGd//IiaZ5W3GqlentWrl3ldRThEI7gBFw4hxrcQB0aQOARnuEV3qwn68V6tz5mowUrz+zDH1ifP+1llg4=</latexit>

x = h the, same, thing, that, the, -y

Sampling from an  
Autoregressive Language Model

Let’s sample a sequence from this approximation: 

• Sample the first word 

• Sample the second word  

• Sample the third word  

• Keep sampling until we hit EOS 

<latexit sha1_base64="H6Yy07FBFfMDA3eCUjlfvtTEW14=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0Wom5KIVJdFXbisYB/QxDCZTtqhk0mYmYgl5Bfc+CtuXCji1p07/8ZJm4W2HrhwOOde7r3HjxmVyrK+jdLS8srqWnm9srG5tb1j7u51ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPL3O/e0+EpBG/VZOYuCEachpQjJSWPLP24NnQkTSEca3n2cfQoRw6V4QpdJc6IVIjjFjayTLPrFp1awq4SOyCVEGBlmd+OYMIJyHhCjMkZd+2YuWmSCiKGckqTiJJjPAYDUlfU45CIt10+lEGj7QygEEkdHEFp+rviRSFUk5CX3fmN8p5Lxf/8/qJCs7dlPI4UYTj2aIgYVBFMI8HDqggWLGJJggLqm+FeIQEwkqHWNEh2PMvL5LOSd1u1Bs3p9XmRRFHGRyAQ1ADNjgDTXANWqANMHgEz+AVvBlPxovxbnzMWktGMbMP/sD4/AHKNJxv</latexit>

x1 ⇠ p(X1) 2 �V
<latexit sha1_base64="6c7DykEw6sW8uIsYUVs9FdGindU=">AAACGHicbZBNS8MwGMfT+TbnW9Wjl+AQJszZikyPQy8eJ7gXWEtJ02wLS9OSpOIo+xhe/CpePCjidTe/jVnXg24+EPjx/z9Pkufvx4xKZVnfRmFldW19o7hZ2tre2d0z9w/aMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFHtzO/80iEpBF/UOOYuCEacNqnGCkteeZ5XOl6FDohDaDDEB8wAp88uwqdIFKyqjmlZ/YEOiLzTj2zbNWsrOAy2DmUQV5Nz5zqm3ASEq4wQ1L2bCtWboqEopiRSclJJIkRHqEB6WnkKCTSTbPFJvBEKwHsR0IfrmCm/p5IUSjlOPR1Z4jUUC56M/E/r5eo/rWbUh4ninA8f6ifMKgiOEsJBlQQrNhYA8KC6r9CPEQCYaWzLOkQ7MWVl6F9UbPrtfr9Zblxk8dRBEfgGFSADa5AA9yBJmgBDJ7BK3gHH8aL8WZ8Gl/z1oKRzxyCP2VMfwDgRJ5z</latexit>

p(Xi | hx1, . . . , xi�1i)



<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="w1fjWoK2S1/gXcYbSzldhKgaNRI=">AAACKHicbZBNS8MwGMfT+Tbn29Sjl+AQNpijHTK9iEMvHie4F9hKSdN0C0vTkqTiKPs4XvwqXkQU2dVPYtYN0c0HQv78npfk+bsRo1KZ5sTIrKyurW9kN3Nb2zu7e/n9g5YMY4FJE4csFB0XScIoJ01FFSOdSBAUuIy03eHNNN9+IELSkN+rUUTsAPU59SlGSiMnf3UJo+KjY5VgeldhL6AeTEHPC5VMKf+h5Rkta53wU2tccvIFs2KmAZeFNRcFMI+Gk3/TE3AcEK4wQ1J2LTNSdoKEopiRca4XSxIhPER90tWSo4BIO0kXHcMTTTzoh0IfrmBKf3ckKJByFLi6MkBqIBdzU/hfrhsr/8JOKI9iRTiePeTHDKoQTl2DHhUEKzbSAmFB9V8hHiCBsNLe5rQJ1uLKy6JVrVi1Su3urFC/ntuRBUfgGBSBBc5BHdyCBmgCDJ7AC3gHH8az8Wp8GpNZacaY9xyCP2F8fQOh8qK9</latexit>

= p(x1)p(x2 | x1) . . . p(xn | x1, . . . , xn�1)
Let’s sample a sequence from this approximation: 

• Sample the first word 

• Sample the second word  

• Sample the third word  

• Keep sampling until we hit EOS 

<latexit sha1_base64="vtUhjvouiS6k76ttA9H6+OxdfEI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOnLjQc=</latexit>x <latexit sha1_base64="xPMudc/ZRN35YVe0DK8C+9iWOrU=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNuGJtklyYpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3mdx6p0iySD2YaU1/gkWQhI9hkUlx9Oh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqh59Vr9/rLSuMnjKMIJnEIVPLiCBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHfzeN5g==</latexit>

p(x)
are 0.12

were 0.05

have 0.04

had 0.02

…

<latexit sha1_base64="pcfVddTsl4T5bbhW4XmSeEhchJw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJSHUjFN24rGAf0JQymU7aoZNJmJmIJXbhr7hxoYhbf8Odf+OkzUJbDwwczrmHe+f4MWdKO863VVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRdea37qlULBJ3ehzTbogHggWMYG2knn3gRcbO0unDBF0ij2Mx4LRnl52KMwVaJG5OypCj3rO/vH5EkpAKTThWquM6se6mWGpGOJ2UvETRGJMRHtCOoQKHVHXT6f0TdGyUPgoiaZ7QaKr+TqQ4VGoc+mYyxHqo5r1M/M/rJDq46KZMxImmgswWBQlHOkJZGajPJCWajw3BRDJzKyJDLDHRprKSKcGd//IiaZ5W3GqlentWrl3ldRThEI7gBFw4hxrcQB0aQOARnuEV3qwn68V6tz5mowUrz+zDH1ifP+1llg4=</latexit>

x = h the, same, thing, that, the, -y, had

Sampling from an  
Autoregressive Language Model

<latexit sha1_base64="H6Yy07FBFfMDA3eCUjlfvtTEW14=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0Wom5KIVJdFXbisYB/QxDCZTtqhk0mYmYgl5Bfc+CtuXCji1p07/8ZJm4W2HrhwOOde7r3HjxmVyrK+jdLS8srqWnm9srG5tb1j7u51ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPL3O/e0+EpBG/VZOYuCEachpQjJSWPLP24NnQkTSEca3n2cfQoRw6V4QpdJc6IVIjjFjayTLPrFp1awq4SOyCVEGBlmd+OYMIJyHhCjMkZd+2YuWmSCiKGckqTiJJjPAYDUlfU45CIt10+lEGj7QygEEkdHEFp+rviRSFUk5CX3fmN8p5Lxf/8/qJCs7dlPI4UYTj2aIgYVBFMI8HDqggWLGJJggLqm+FeIQEwkqHWNEh2PMvL5LOSd1u1Bs3p9XmRRFHGRyAQ1ADNjgDTXANWqANMHgEz+AVvBlPxovxbnzMWktGMbMP/sD4/AHKNJxv</latexit>

x1 ⇠ p(X1) 2 �V
<latexit sha1_base64="6c7DykEw6sW8uIsYUVs9FdGindU=">AAACGHicbZBNS8MwGMfT+TbnW9Wjl+AQJszZikyPQy8eJ7gXWEtJ02wLS9OSpOIo+xhe/CpePCjidTe/jVnXg24+EPjx/z9Pkufvx4xKZVnfRmFldW19o7hZ2tre2d0z9w/aMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFHtzO/80iEpBF/UOOYuCEacNqnGCkteeZ5XOl6FDohDaDDEB8wAp88uwqdIFKyqjmlZ/YEOiLzTj2zbNWsrOAy2DmUQV5Nz5zqm3ASEq4wQ1L2bCtWboqEopiRSclJJIkRHqEB6WnkKCTSTbPFJvBEKwHsR0IfrmCm/p5IUSjlOPR1Z4jUUC56M/E/r5eo/rWbUh4ninA8f6ifMKgiOEsJBlQQrNhYA8KC6r9CPEQCYaWzLOkQ7MWVl6F9UbPrtfr9Zblxk8dRBEfgGFSADa5AA9yBJmgBDJ7BK3gHH8aL8WZ8Gl/z1oKRzxyCP2VMfwDgRJ5z</latexit>

p(Xi | hx1, . . . , xi�1i)



<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="w1fjWoK2S1/gXcYbSzldhKgaNRI=">AAACKHicbZBNS8MwGMfT+Tbn29Sjl+AQNpijHTK9iEMvHie4F9hKSdN0C0vTkqTiKPs4XvwqXkQU2dVPYtYN0c0HQv78npfk+bsRo1KZ5sTIrKyurW9kN3Nb2zu7e/n9g5YMY4FJE4csFB0XScIoJ01FFSOdSBAUuIy03eHNNN9+IELSkN+rUUTsAPU59SlGSiMnf3UJo+KjY5VgeldhL6AeTEHPC5VMKf+h5Rkta53wU2tccvIFs2KmAZeFNRcFMI+Gk3/TE3AcEK4wQ1J2LTNSdoKEopiRca4XSxIhPER90tWSo4BIO0kXHcMTTTzoh0IfrmBKf3ckKJByFLi6MkBqIBdzU/hfrhsr/8JOKI9iRTiePeTHDKoQTl2DHhUEKzbSAmFB9V8hHiCBsNLe5rQJ1uLKy6JVrVi1Su3urFC/ntuRBUfgGBSBBc5BHdyCBmgCDJ7AC3gHH8az8Wp8GpNZacaY9xyCP2F8fQOh8qK9</latexit>

= p(x1)p(x2 | x1) . . . p(xn | x1, . . . , xn�1)
Let’s sample a sequence from this approximation: 

• Sample the first word 

• Sample the second word  

• Sample the third word  

• Keep sampling until we hit EOS 

<latexit sha1_base64="vtUhjvouiS6k76ttA9H6+OxdfEI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOnLjQc=</latexit>x <latexit sha1_base64="xPMudc/ZRN35YVe0DK8C+9iWOrU=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNuGJtklyYpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3mdx6p0iySD2YaU1/gkWQhI9hkUlx9Oh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqh59Vr9/rLSuMnjKMIJnEIVPLiCBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHfzeN5g==</latexit>

p(x)
done 0.08

said 0.04

EOS 0.04

to 0.02

…

<latexit sha1_base64="pcfVddTsl4T5bbhW4XmSeEhchJw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJSHUjFN24rGAf0JQymU7aoZNJmJmIJXbhr7hxoYhbf8Odf+OkzUJbDwwczrmHe+f4MWdKO863VVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRdea37qlULBJ3ehzTbogHggWMYG2knn3gRcbO0unDBF0ij2Mx4LRnl52KMwVaJG5OypCj3rO/vH5EkpAKTThWquM6se6mWGpGOJ2UvETRGJMRHtCOoQKHVHXT6f0TdGyUPgoiaZ7QaKr+TqQ4VGoc+mYyxHqo5r1M/M/rJDq46KZMxImmgswWBQlHOkJZGajPJCWajw3BRDJzKyJDLDHRprKSKcGd//IiaZ5W3GqlentWrl3ldRThEI7gBFw4hxrcQB0aQOARnuEV3qwn68V6tz5mowUrz+zDH1ifP+1llg4=</latexit>

x = h

<latexit sha1_base64="6c7DykEw6sW8uIsYUVs9FdGindU=">AAACGHicbZBNS8MwGMfT+TbnW9Wjl+AQJszZikyPQy8eJ7gXWEtJ02wLS9OSpOIo+xhe/CpePCjidTe/jVnXg24+EPjx/z9Pkufvx4xKZVnfRmFldW19o7hZ2tre2d0z9w/aMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFHtzO/80iEpBF/UOOYuCEacNqnGCkteeZ5XOl6FDohDaDDEB8wAp88uwqdIFKyqjmlZ/YEOiLzTj2zbNWsrOAy2DmUQV5Nz5zqm3ASEq4wQ1L2bCtWboqEopiRSclJJIkRHqEB6WnkKCTSTbPFJvBEKwHsR0IfrmCm/p5IUSjlOPR1Z4jUUC56M/E/r5eo/rWbUh4ninA8f6ifMKgiOEsJBlQQrNhYA8KC6r9CPEQCYaWzLOkQ7MWVl6F9UbPrtfr9Zblxk8dRBEfgGFSADa5AA9yBJmgBDJ7BK3gHH8aL8WZ8Gl/z1oKRzxyCP2VMfwDgRJ5z</latexit>

p(Xi | hx1, . . . , xi�1i)

the, same, thing, that, the, -y, had, EOS
<latexit sha1_base64="NpLpiGABOxSxN0/8QaXnKnY3d/g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip01dUjgQOyhW36i5A1omXkwrkaA7KX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFufOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmv5MhV8iMmFpCmeL2VsLGVFFmbEIlG4K3+vI6aV9VvVq19nBdadzmcRThDM7hEjyoQwPuoQktYDCBZ3iFNydxXpx352PZWnDymVP4A+fzB2Tqj6A=</latexit>

i
the same thing that they had

Sampling from an  
Autoregressive Language Model

<latexit sha1_base64="H6Yy07FBFfMDA3eCUjlfvtTEW14=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0Wom5KIVJdFXbisYB/QxDCZTtqhk0mYmYgl5Bfc+CtuXCji1p07/8ZJm4W2HrhwOOde7r3HjxmVyrK+jdLS8srqWnm9srG5tb1j7u51ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPL3O/e0+EpBG/VZOYuCEachpQjJSWPLP24NnQkTSEca3n2cfQoRw6V4QpdJc6IVIjjFjayTLPrFp1awq4SOyCVEGBlmd+OYMIJyHhCjMkZd+2YuWmSCiKGckqTiJJjPAYDUlfU45CIt10+lEGj7QygEEkdHEFp+rviRSFUk5CX3fmN8p5Lxf/8/qJCs7dlPI4UYTj2aIgYVBFMI8HDqggWLGJJggLqm+FeIQEwkqHWNEh2PMvL5LOSd1u1Bs3p9XmRRFHGRyAQ1ADNjgDTXANWqANMHgEz+AVvBlPxovxbnzMWktGMbMP/sD4/AHKNJxv</latexit>

x1 ⇠ p(X1) 2 �V



probability that the sentence 
ends after the sequence 

<latexit sha1_base64="v+WwG/QxxxyxqSxQY3oGL15XF2U=">AAACDHicbVC7TsMwFL3hWcqrwMhiUSExlCpBqDBWsDAWiT6kJqoc12mtOk5kO4gq6gew8CssDCDEygew8Te4aQZoOZKlo3POtX2PH3OmtG1/W0vLK6tr64WN4ubW9s5uaW+/paJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/dD312/dUKhaJOz2OqRfigWABI1gbqVcquxyLAafooedUkNuPtKoYnopTZ4JcmXkmZVftDGiRODkpQ45Gr/RlLiJJSIUmHCvVdexYeymWmhFOJ0U3UTTGZIQHtGuowCFVXpotM0HHRumjIJLmCI0y9fdEikOlxqFvkiHWQzXvTcX/vG6ig0svZSJONBVk9lCQcKQjNG0G9ZmkRPOxIZhIZv6KyBBLTLTpr2hKcOZXXiSts6pTq9Zuz8v1q7yOAhzCEZyAAxdQhxtoQBMIPMIzvMKb9WS9WO/Wxyy6ZOUzB/AH1ucP6BeaSQ==</latexit>

hx1, . . . , xn�1i

probability that 
the second word 
is      , given that 
the first word is <latexit sha1_base64="P4GArwQ3oaXEfJT4toixLcIzE8A=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qnn9Uplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEPQo2r</latexit>x1

<latexit sha1_base64="0qSiA+TXOQEOvRSqdJWQbG5jZ2U=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrlqt3F6XadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AEMaNrA==</latexit>x2

probability that 
the first word is <latexit sha1_base64="P4GArwQ3oaXEfJT4toixLcIzE8A=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qnn9Uplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEPQo2r</latexit>x1

Autoregressive  
Language Models

<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="w1fjWoK2S1/gXcYbSzldhKgaNRI=">AAACKHicbZBNS8MwGMfT+Tbn29Sjl+AQNpijHTK9iEMvHie4F9hKSdN0C0vTkqTiKPs4XvwqXkQU2dVPYtYN0c0HQv78npfk+bsRo1KZ5sTIrKyurW9kN3Nb2zu7e/n9g5YMY4FJE4csFB0XScIoJ01FFSOdSBAUuIy03eHNNN9+IELSkN+rUUTsAPU59SlGSiMnf3UJo+KjY5VgeldhL6AeTEHPC5VMKf+h5Rkta53wU2tccvIFs2KmAZeFNRcFMI+Gk3/TE3AcEK4wQ1J2LTNSdoKEopiRca4XSxIhPER90tWSo4BIO0kXHcMTTTzoh0IfrmBKf3ckKJByFLi6MkBqIBdzU/hfrhsr/8JOKI9iRTiePeTHDKoQTl2DHhUEKzbSAmFB9V8hHiCBsNLe5rQJ1uLKy6JVrVi1Su3urFC/ntuRBUfgGBSBBc5BHdyCBmgCDJ7AC3gHH8az8Wp8GpNZacaY9xyCP2F8fQOh8qK9</latexit>

= p(x1)p(x2 | x1) . . . p(xn | x1, . . . , xn�1)

Core modeling challenge: 
How do we compute these conditional probabilities?


