
Sequence Modeling: 
Generation

CS 288: Advanced Natural Language Processing



Generation

• Given a language model                     , how do we get a plausible 
sequence out of it?  

• Autoregressive language model: 
 
 

• We can sample directly from this approximation 

• We can adjust this distribution, then sample from it 

• We can try to find the most plausible sequence  
in 

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

p(X) 2 �V+

I 
want some 

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

x ⇠ p(X)

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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="dx8Ez2g4Pce9qOQxW6kDq4zOXds=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiCUGZEqsuiG5cV7APasWTSTBuayYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uSfHjwXXxnG+0crq2vrGZmGruL2zu7dfOjhs6ihRlDVoJCLV9olmgkvWMNwI1o4VI6EvWMsf3WZ+a8yU5pF8MJOYeSEZSB5wSoyVvG5IzJASkTanj+e9UtmpODPgZeLmpAw56r3SV7cf0SRk0lBBtO64Tmy8lCjDqWDTYjfRLCZ0RAasY6kkIdNeOgs9xadW6eMgUvZJg2fq742UhFpPQt9OZiH1opeJ/3mdxATXXsplnBgm6fxQkAhsIpw1gPtcMWrExBJCFbdZMR0SRaixPRVtCe7il5dJ86LiVivV+8ty7SavowDHcAJn4MIV1OAO6tAACk/wDK/whsboBb2jj/noCsp3juAP0OcPttSSFA==</latexit>

V+



Sequential Generation

• As we generate, we build our output sequence    , which 
starts as an empty sequence

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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x
<latexit sha1_base64="yg9lwAcam6XdinXrHMSOYkbtCgM=">AAACCnicbVDLSgMxFM34rPU16tJNtAiuyoxIFUQounFZwT6gM5RMmmlDM8mQZMQydO3GX3HjQhG3foE7/8bMdBbaeiBwOOcebu4JYkaVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoOvPb90QqKvidHsfEj9CA05BipI3Usw88YewsnT5M4CX0GOIDRqB3AT2Z055dcapODjhP3IJUQIFGz/7y+gInEeEaM6RU13Vi7adIaooZmZS9RJEY4REakK6hHEVE+Wl+ygQeGaUPQyHN4xrm6u9EiiKlxlFgJiOkh2rWy8T/vG6iw3M/pTxONOF4uihMGNQCZr3APpUEazY2BGFJzV8hHiKJsDbtlU0J7uzJ86R1UnVr1drtaaV+VdRRAvvgEBwDF5yBOrgBDdAEGDyCZ/AK3qwn68V6tz6mowtWkdkDf2B9/gCE3Joo</latexit>

x = h i



Sequential Generation

• As we generate, we build our output sequence    , which 
starts as an empty sequence 

• At each step i, we choose an item from the vocabulary     by 
performing some operation on the local probability 
distribution

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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="u4JRhm6rsBtclnlER7ii2hgf6yM=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy0emDgcM69zLknTAQ36HlfTmltfWNzq7xd2dnd2z+oHh51jEo1ZW2qhNK9kBgmuGRt5ChYL9GMxKFg3XB6m/vdR6YNV/IBZwkLYjKWPOKUoJX6g5jghBKRdebDas2rewu4f4lfkBoUaA2rn4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3TOrjNxIafskugv150ZGYmNmcWgn84hm1cvF/7x+itF1kHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968l/Suaj7jXrj/rLWvCnqKMMJnMI5+HAFTbiDFrSBgoIneIFXB51n5815X46WnGLnGH7B+fgGk8mRdw==</latexit>V
<latexit sha1_base64="O/5JO7Ofb5LP4mSxe08MW1/S3cM="></latexit>

p(Xi | x1, . . . , xi�1) 2 �V

<latexit sha1_base64="yg9lwAcam6XdinXrHMSOYkbtCgM=">AAACCnicbVDLSgMxFM34rPU16tJNtAiuyoxIFUQounFZwT6gM5RMmmlDM8mQZMQydO3GX3HjQhG3foE7/8bMdBbaeiBwOOcebu4JYkaVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoOvPb90QqKvidHsfEj9CA05BipI3Usw88YewsnT5M4CX0GOIDRqB3AT2Z055dcapODjhP3IJUQIFGz/7y+gInEeEaM6RU13Vi7adIaooZmZS9RJEY4REakK6hHEVE+Wl+ygQeGaUPQyHN4xrm6u9EiiKlxlFgJiOkh2rWy8T/vG6iw3M/pTxONOF4uihMGNQCZr3APpUEazY2BGFJzV8hHiKJsDbtlU0J7uzJ86R1UnVr1drtaaV+VdRRAvvgEBwDF5yBOrgBDdAEGDyCZ/AK3qwn68V6tz6mowtWkdkDf2B9/gCE3Joo</latexit>

x = h i



Sequential Generation

• As we generate, we build our output sequence    , which 
starts as an empty sequence 

• At each step i, we choose an item from the vocabulary     by 
performing some operation on the local probability 
distribution 

• Then, we append this to our running sequence

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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="u4JRhm6rsBtclnlER7ii2hgf6yM=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy0emDgcM69zLknTAQ36HlfTmltfWNzq7xd2dnd2z+oHh51jEo1ZW2qhNK9kBgmuGRt5ChYL9GMxKFg3XB6m/vdR6YNV/IBZwkLYjKWPOKUoJX6g5jghBKRdebDas2rewu4f4lfkBoUaA2rn4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3TOrjNxIafskugv150ZGYmNmcWgn84hm1cvF/7x+itF1kHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968l/Suaj7jXrj/rLWvCnqKMMJnMI5+HAFTbiDFrSBgoIneIFXB51n5815X46WnGLnGH7B+fgGk8mRdw==</latexit>V
<latexit sha1_base64="O/5JO7Ofb5LP4mSxe08MW1/S3cM="></latexit>

p(Xi | x1, . . . , xi�1) 2 �V

<latexit sha1_base64="8+atiM5V6xHSL2pms4WoCdv8QvM=">AAACHnicbVDLSgMxFM3UV62vqks3wSIIQpkRrS6LblxWsA/oDCWT3rahmcyQZKRl6Je48VfcuFBEcKV/Y6adhW09EDiccw839/gRZ0rb9o+VW1ldW9/Ibxa2tnd294r7Bw0VxpJCnYY8lC2fKOBMQF0zzaEVSSCBz6HpD29Tv/kIUrFQPOhxBF5A+oL1GCXaSJ3ipRsaO00nowl2+6AVnpPOsMuJ6HPAow7DrpzyTrFkl+0p8DJxMlJCGWqd4pfbDWkcgNCUE6Xajh1pLyFSM8phUnBjBRGhQ9KHtqGCBKC8ZHreBJ8YpYt7oTRPaDxV/yYSEig1DnwzGRA9UIteKv7ntWPdu/YSJqJYg6CzRb2YYx3itCvcZRKo5mNDCJXM/BXTAZGEatNowZTgLJ68TBrnZadSrtxflKo3WR15dISO0Sly0BWqojtUQ3VE0RN6QW/o3Xq2Xq0P63M2mrOyzCGag/X9CwTaowY=</latexit>

x x+ hxii

<latexit sha1_base64="yg9lwAcam6XdinXrHMSOYkbtCgM=">AAACCnicbVDLSgMxFM34rPU16tJNtAiuyoxIFUQounFZwT6gM5RMmmlDM8mQZMQydO3GX3HjQhG3foE7/8bMdBbaeiBwOOcebu4JYkaVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoOvPb90QqKvidHsfEj9CA05BipI3Usw88YewsnT5M4CX0GOIDRqB3AT2Z055dcapODjhP3IJUQIFGz/7y+gInEeEaM6RU13Vi7adIaooZmZS9RJEY4REakK6hHEVE+Wl+ygQeGaUPQyHN4xrm6u9EiiKlxlFgJiOkh2rWy8T/vG6iw3M/pTxONOF4uihMGNQCZr3APpUEazY2BGFJzV8hHiKJsDbtlU0J7uzJ86R1UnVr1drtaaV+VdRRAvvgEBwDF5yBOrgBDdAEGDyCZ/AK3qwn68V6tz6mowtWkdkDf2B9/gCE3Joo</latexit>

x = h i



Sequential Generation

• As we generate, we build our output sequence    , which 
starts as an empty sequence 

• At each step i, we choose an item from the vocabulary     by 
performing some operation on the local probability 
distribution 

• Then, we append this to our running sequence 

• If we ever choose EOS, we stop generation

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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="u4JRhm6rsBtclnlER7ii2hgf6yM=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy0emDgcM69zLknTAQ36HlfTmltfWNzq7xd2dnd2z+oHh51jEo1ZW2qhNK9kBgmuGRt5ChYL9GMxKFg3XB6m/vdR6YNV/IBZwkLYjKWPOKUoJX6g5jghBKRdebDas2rewu4f4lfkBoUaA2rn4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3TOrjNxIafskugv150ZGYmNmcWgn84hm1cvF/7x+itF1kHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968l/Suaj7jXrj/rLWvCnqKMMJnMI5+HAFTbiDFrSBgoIneIFXB51n5815X46WnGLnGH7B+fgGk8mRdw==</latexit>V
<latexit sha1_base64="O/5JO7Ofb5LP4mSxe08MW1/S3cM="></latexit>

p(Xi | x1, . . . , xi�1) 2 �V

<latexit sha1_base64="8+atiM5V6xHSL2pms4WoCdv8QvM=">AAACHnicbVDLSgMxFM3UV62vqks3wSIIQpkRrS6LblxWsA/oDCWT3rahmcyQZKRl6Je48VfcuFBEcKV/Y6adhW09EDiccw839/gRZ0rb9o+VW1ldW9/Ibxa2tnd294r7Bw0VxpJCnYY8lC2fKOBMQF0zzaEVSSCBz6HpD29Tv/kIUrFQPOhxBF5A+oL1GCXaSJ3ipRsaO00nowl2+6AVnpPOsMuJ6HPAow7DrpzyTrFkl+0p8DJxMlJCGWqd4pfbDWkcgNCUE6Xajh1pLyFSM8phUnBjBRGhQ9KHtqGCBKC8ZHreBJ8YpYt7oTRPaDxV/yYSEig1DnwzGRA9UIteKv7ntWPdu/YSJqJYg6CzRb2YYx3itCvcZRKo5mNDCJXM/BXTAZGEatNowZTgLJ68TBrnZadSrtxflKo3WR15dISO0Sly0BWqojtUQ3VE0RN6QW/o3Xq2Xq0P63M2mrOyzCGag/X9CwTaowY=</latexit>

x x+ hxii

<latexit sha1_base64="yg9lwAcam6XdinXrHMSOYkbtCgM=">AAACCnicbVDLSgMxFM34rPU16tJNtAiuyoxIFUQounFZwT6gM5RMmmlDM8mQZMQydO3GX3HjQhG3foE7/8bMdBbaeiBwOOcebu4JYkaVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoOvPb90QqKvidHsfEj9CA05BipI3Usw88YewsnT5M4CX0GOIDRqB3AT2Z055dcapODjhP3IJUQIFGz/7y+gInEeEaM6RU13Vi7adIaooZmZS9RJEY4REakK6hHEVE+Wl+ygQeGaUPQyHN4xrm6u9EiiKlxlFgJiOkh2rWy8T/vG6iw3M/pTxONOF4uihMGNQCZr3APpUEazY2BGFJzV8hHiKJsDbtlU0J7uzJ86R1UnVr1drtaaV+VdRRAvvgEBwDF5yBOrgBDdAEGDyCZ/AK3qwn68V6tz6mowtWkdkDf2B9/gCE3Joo</latexit>

x = h i



Sequential Generation

• As we generate, we build our output sequence    , which 
starts as an empty sequence 

• At each step i, we choose an item from the vocabulary     by 
performing some operation on the local probability 
distribution 

• Then, we append this to our running sequence 

• If we ever choose EOS, we stop generation 

• Main point: generation methods differ wrt the operation 
they perform on

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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="u4JRhm6rsBtclnlER7ii2hgf6yM=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy0emDgcM69zLknTAQ36HlfTmltfWNzq7xd2dnd2z+oHh51jEo1ZW2qhNK9kBgmuGRt5ChYL9GMxKFg3XB6m/vdR6YNV/IBZwkLYjKWPOKUoJX6g5jghBKRdebDas2rewu4f4lfkBoUaA2rn4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3TOrjNxIafskugv150ZGYmNmcWgn84hm1cvF/7x+itF1kHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968l/Suaj7jXrj/rLWvCnqKMMJnMI5+HAFTbiDFrSBgoIneIFXB51n5815X46WnGLnGH7B+fgGk8mRdw==</latexit>V
<latexit sha1_base64="O/5JO7Ofb5LP4mSxe08MW1/S3cM="></latexit>

p(Xi | x1, . . . , xi�1) 2 �V

<latexit sha1_base64="8+atiM5V6xHSL2pms4WoCdv8QvM=">AAACHnicbVDLSgMxFM3UV62vqks3wSIIQpkRrS6LblxWsA/oDCWT3rahmcyQZKRl6Je48VfcuFBEcKV/Y6adhW09EDiccw839/gRZ0rb9o+VW1ldW9/Ibxa2tnd294r7Bw0VxpJCnYY8lC2fKOBMQF0zzaEVSSCBz6HpD29Tv/kIUrFQPOhxBF5A+oL1GCXaSJ3ipRsaO00nowl2+6AVnpPOsMuJ6HPAow7DrpzyTrFkl+0p8DJxMlJCGWqd4pfbDWkcgNCUE6Xajh1pLyFSM8phUnBjBRGhQ9KHtqGCBKC8ZHreBJ8YpYt7oTRPaDxV/yYSEig1DnwzGRA9UIteKv7ntWPdu/YSJqJYg6CzRb2YYx3itCvcZRKo5mNDCJXM/BXTAZGEatNowZTgLJ68TBrnZadSrtxflKo3WR15dISO0Sly0BWqojtUQ3VE0RN6QW/o3Xq2Xq0P63M2mrOyzCGag/X9CwTaowY=</latexit>

x x+ hxii

<latexit sha1_base64="yg9lwAcam6XdinXrHMSOYkbtCgM=">AAACCnicbVDLSgMxFM34rPU16tJNtAiuyoxIFUQounFZwT6gM5RMmmlDM8mQZMQydO3GX3HjQhG3foE7/8bMdBbaeiBwOOcebu4JYkaVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoOvPb90QqKvidHsfEj9CA05BipI3Usw88YewsnT5M4CX0GOIDRqB3AT2Z055dcapODjhP3IJUQIFGz/7y+gInEeEaM6RU13Vi7adIaooZmZS9RJEY4REakK6hHEVE+Wl+ygQeGaUPQyHN4xrm6u9EiiKlxlFgJiOkh2rWy8T/vG6iw3M/pTxONOF4uihMGNQCZr3APpUEazY2BGFJzV8hHiKJsDbtlU0J7uzJ86R1UnVr1drtaaV+VdRRAvvgEBwDF5yBOrgBDdAEGDyCZ/AK3qwn68V6tz6mowtWkdkDf2B9/gCE3Joo</latexit>

x = h i

<latexit sha1_base64="yBUEN2c9qLfnMtgn/YI2IlMgKqQ=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqFDLjEh1WXTjsoK9QDsMmUymDU0yQ5IRy9ClG1/FjQtF3PoI7nwb08tCW38IfPznnCTnDxJGlXacbyu3tLyyupZfL2xsbm3v2Lt7TRWnEpMGjlks2wFShFFBGppqRtqJJIgHjLSCwfW43ronUtFY3OlhQjyOeoJGFCNtLN8+TEptn8IupyF88N0y7IaxVmXDGT11Rye+XXQqzkRwEdwZFMFMdd/+MjfglBOhMUNKdVwn0V6GpKaYkVGhmyqSIDxAPdIxKBAnyssmi4zgsXFCGMXSHKHhxP09kSGu1JAHppMj3VfztbH5X62T6ujSy6hIUk0Enj4UpQzqGI5TgSGVBGs2NICwpOavEPeRRFib7AomBHd+5UVonlXcaqV6e16sXc3iyIMDcARKwAUXoAZuQB00AAaP4Bm8gjfryXqx3q2PaWvOms3sgz+yPn8AyGKX7w==</latexit>

p(Xi | x1, . . . , xi�1)



Recap: Ancestral Sampling
<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

Operation: sample directly from 
<latexit sha1_base64="yBUEN2c9qLfnMtgn/YI2IlMgKqQ=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqFDLjEh1WXTjsoK9QDsMmUymDU0yQ5IRy9ClG1/FjQtF3PoI7nwb08tCW38IfPznnCTnDxJGlXacbyu3tLyyupZfL2xsbm3v2Lt7TRWnEpMGjlks2wFShFFBGppqRtqJJIgHjLSCwfW43ronUtFY3OlhQjyOeoJGFCNtLN8+TEptn8IupyF88N0y7IaxVmXDGT11Rye+XXQqzkRwEdwZFMFMdd/+MjfglBOhMUNKdVwn0V6GpKaYkVGhmyqSIDxAPdIxKBAnyssmi4zgsXFCGMXSHKHhxP09kSGu1JAHppMj3VfztbH5X62T6ujSy6hIUk0Enj4UpQzqGI5TgSGVBGs2NICwpOavEPeRRFib7AomBHd+5UVonlXcaqV6e16sXc3iyIMDcARKwAUXoAZuQB00AAaP4Bm8gjfryXqx3q2PaWvOms3sgz+yPn8AyGKX7w==</latexit>

p(Xi | x1, . . . , xi�1)
<latexit sha1_base64="pcfVddTsl4T5bbhW4XmSeEhchJw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJSHUjFN24rGAf0JQymU7aoZNJmJmIJXbhr7hxoYhbf8Odf+OkzUJbDwwczrmHe+f4MWdKO863VVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRdea37qlULBJ3ehzTbogHggWMYG2knn3gRcbO0unDBF0ij2Mx4LRnl52KMwVaJG5OypCj3rO/vH5EkpAKTThWquM6se6mWGpGOJ2UvETRGJMRHtCOoQKHVHXT6f0TdGyUPgoiaZ7QaKr+TqQ4VGoc+mYyxHqo5r1M/M/rJDq46KZMxImmgswWBQlHOkJZGajPJCWajw3BRDJzKyJDLDHRprKSKcGd//IiaZ5W3GqlentWrl3ldRThEI7gBFw4hxrcQB0aQOARnuEV3qw n68V6tz5mowUrz+zDH1ifP+1llg4=</latexit>

x = h
number = random(0, 100) 
 
number is 65

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

p(X1)
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b h p
<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(
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Recap: Ancestral Sampling
<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

Operation: sample directly from 
<latexit sha1_base64="yBUEN2c9qLfnMtgn/YI2IlMgKqQ=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqFDLjEh1WXTjsoK9QDsMmUymDU0yQ5IRy9ClG1/FjQtF3PoI7nwb08tCW38IfPznnCTnDxJGlXacbyu3tLyyupZfL2xsbm3v2Lt7TRWnEpMGjlks2wFShFFBGppqRtqJJIgHjLSCwfW43ronUtFY3OlhQjyOeoJGFCNtLN8+TEptn8IupyF88N0y7IaxVmXDGT11Rye+XXQqzkRwEdwZFMFMdd/+MjfglBOhMUNKdVwn0V6GpKaYkVGhmyqSIDxAPdIxKBAnyssmi4zgsXFCGMXSHKHhxP09kSGu1JAHppMj3VfztbH5X62T6ujSy6hIUk0Enj4UpQzqGI5TgSGVBGs2NICwpOavEPeRRFib7AomBHd+5UVonlXcaqV6e16sXc3iyIMDcARKwAUXoAZuQB00AAaP4Bm8gjfryXqx3q2PaWvOms3sgz+yPn8AyGKX7w==</latexit>

p(Xi | x1, . . . , xi�1)
<latexit sha1_base64="pcfVddTsl4T5bbhW4XmSeEhchJw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJSHUjFN24rGAf0JQymU7aoZNJmJmIJXbhr7hxoYhbf8Odf+OkzUJbDwwczrmHe+f4MWdKO863VVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRdea37qlULBJ3ehzTbogHggWMYG2knn3gRcbO0unDBF0ij2Mx4LRnl52KMwVaJG5OypCj3rO/vH5EkpAKTThWquM6se6mWGpGOJ2UvETRGJMRHtCOoQKHVHXT6f0TdGyUPgoiaZ7QaKr+TqQ4VGoc+mYyxHqo5r1M/M/rJDq46KZMxImmgswWBQlHOkJZGajPJCWajw3BRDJzKyJDLDHRprKSKcGd//IiaZ5W3GqlentWrl3ldRThEI7gBFw4hxrcQB0aQOARnuEV3qw n68V6tz5mowUrz+zDH1ifP+1llg4=</latexit>

x = h
number = random(0, 100) 
 
number is 63

p

<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(
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)
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u<latexit sha1_base64="1YGQT1Zy18cJi7vhhFTmS75sS/c=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAYhXsJMkOhFCHrxGMEskAlDT09P0qRnobtGEoaAF3/FiwdFvPoT3vwbO8tBEx8UPN6roqqelwiuwLK+jdzK6tr6Rn6zsLW9s7tn7h80VZxKyho0FrFse0QxwSPWAA6CtRPJSOgJ1vIGNxO/9cCk4nF0D6OEdUPSi3jAKQEtueZRUmq7FeyE3MdD18ZX2AE2hCwZn7lm0SpbU+BlYs9JEc1Rd80vx49pGrIIqCBKdWwrgW5GJHAq2LjgpIolhA5Ij3U0jUjIVDeb/jDGp1rxcRBLXRHgqfp7IiOhUqPQ050hgb5a9Cbif14nheCym/EoSYFFdLYoSAWGGE8CwT6XjIIYaUKo5PpWTPtEEgo6toIOwV58eZk0K2W7Wq7enRdr1/M48ugYnaASstEFqqFbVEcNRNEjekav6M14Ml6Md+Nj1poz5jOH6A+Mzx+mrJZI</latexit>

p(X2 | x1 = p)u

0

25
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u



Recap: Ancestral Sampling
<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

Operation: sample directly from 
<latexit sha1_base64="yBUEN2c9qLfnMtgn/YI2IlMgKqQ=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqFDLjEh1WXTjsoK9QDsMmUymDU0yQ5IRy9ClG1/FjQtF3PoI7nwb08tCW38IfPznnCTnDxJGlXacbyu3tLyyupZfL2xsbm3v2Lt7TRWnEpMGjlks2wFShFFBGppqRtqJJIgHjLSCwfW43ronUtFY3OlhQjyOeoJGFCNtLN8+TEptn8IupyF88N0y7IaxVmXDGT11Rye+XXQqzkRwEdwZFMFMdd/+MjfglBOhMUNKdVwn0V6GpKaYkVGhmyqSIDxAPdIxKBAnyssmi4zgsXFCGMXSHKHhxP09kSGu1JAHppMj3VfztbH5X62T6ujSy6hIUk0Enj4UpQzqGI5TgSGVBGs2NICwpOavEPeRRFib7AomBHd+5UVonlXcaqV6e16sXc3iyIMDcARKwAUXoAZuQB00AAaP4Bm8gjfryXqx3q2PaWvOms3sgz+yPn8AyGKX7w==</latexit>

p(Xi | x1, . . . , xi�1)
<latexit sha1_base64="pcfVddTsl4T5bbhW4XmSeEhchJw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJSHUjFN24rGAf0JQymU7aoZNJmJmIJXbhr7hxoYhbf8Odf+OkzUJbDwwczrmHe+f4MWdKO863VVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRdea37qlULBJ3ehzTbogHggWMYG2knn3gRcbO0unDBF0ij2Mx4LRnl52KMwVaJG5OypCj3rO/vH5EkpAKTThWquM6se6mWGpGOJ2UvETRGJMRHtCOoQKHVHXT6f0TdGyUPgoiaZ7QaKr+TqQ4VGoc+mYyxHqo5r1M/M/rJDq46KZMxImmgswWBQlHOkJZGajPJCWajw3BRDJzKyJDLDHRprKSKcGd//IiaZ5W3GqlentWrl3ldRThEI7gBFw4hxrcQB0aQOARnuEV3qw n68V6tz5mowUrz+zDH1ifP+1llg4=</latexit>

x = hp
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g n
<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(
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)

0
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u
<latexit sha1_base64="AB1qsXJ3NC4EGZeGOSK1rZ70Xrc=">AAACF3icbZBNS8NAEIY3ftb6VfXoZbEIClISleqx6MVjBVsLTSmb7aQubjZhdyKWkH/hxb/ixYMiXvXmv3Fbc/BrYOHhfWeYnTdIpDDouh/O1PTM7Nx8aaG8uLS8slpZW2+bONUcWjyWse4EzIAUClooUEIn0cCiQMJlcH069i9vQBsRqwscJdCL2FCJUHCGVupXaslOp39A/UgMqC+ZGkqgPsItZkm+V1CaU19PrN1+perW3EnRv+AVUCVFNfuVd38Q8zQChVwyY7qem2AvYxoFl5CX/dRAwvg1G0LXomIRmF42uSun21YZ0DDW9imkE/X7RMYiY0ZRYDsjhlfmtzcW//O6KYbHvUyoJEVQ/GtRmEqKMR2HRAdCA0c5ssC4FvavlF8xzTjaKMs2BO/3yX+hvV/z6rX6+WG1cVLEUSKbZIvsEI8ckQY5I03SIpzckQfyRJ6de+fReXFev1qnnGJmg/wo5+0TENqfSg==</latexit>

p(X3 | hp, ui)n



Recap: Ancestral Sampling
<latexit sha1_base64="dtUG6AryMe+cM/uTFsxMP5xWWA0="></latexit>

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

Operation: sample directly from 
<latexit sha1_base64="yBUEN2c9qLfnMtgn/YI2IlMgKqQ=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqFDLjEh1WXTjsoK9QDsMmUymDU0yQ5IRy9ClG1/FjQtF3PoI7nwb08tCW38IfPznnCTnDxJGlXacbyu3tLyyupZfL2xsbm3v2Lt7TRWnEpMGjlks2wFShFFBGppqRtqJJIgHjLSCwfW43ronUtFY3OlhQjyOeoJGFCNtLN8+TEptn8IupyF88N0y7IaxVmXDGT11Rye+XXQqzkRwEdwZFMFMdd/+MjfglBOhMUNKdVwn0V6GpKaYkVGhmyqSIDxAPdIxKBAnyssmi4zgsXFCGMXSHKHhxP09kSGu1JAHppMj3VfztbH5X62T6ujSy6hIUk0Enj4UpQzqGI5TgSGVBGs2NICwpOavEPeRRFib7AomBHd+5UVonlXcaqV6e16sXc3iyIMDcARKwAUXoAZuQB00AAaP4Bm8gjfryXqx3q2PaWvOms3sgz+yPn8AyGKX7w==</latexit>

p(Xi | x1, . . . , xi�1)
<latexit sha1_base64="pcfVddTsl4T5bbhW4XmSeEhchJw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJSHUjFN24rGAf0JQymU7aoZNJmJmIJXbhr7hxoYhbf8Odf+OkzUJbDwwczrmHe+f4MWdKO863VVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRdea37qlULBJ3ehzTbogHggWMYG2knn3gRcbO0unDBF0ij2Mx4LRnl52KMwVaJG5OypCj3rO/vH5EkpAKTThWquM6se6mWGpGOJ2UvETRGJMRHtCOoQKHVHXT6f0TdGyUPgoiaZ7QaKr+TqQ4VGoc+mYyxHqo5r1M/M/rJDq46KZMxImmgswWBQlHOkJZGajPJCWajw3BRDJzKyJDLDHRprKSKcGd//IiaZ5W3GqlentWrl3ldRThEI7gBFw4hxrcQB0aQOARnuEV3qw n68V6tz5mowUrz+zDH1ifP+1llg4=</latexit>

x = hp
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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
)

u n
<latexit sha1_base64="yBUEN2c9qLfnMtgn/YI2IlMgKqQ=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqFDLjEh1WXTjsoK9QDsMmUymDU0yQ5IRy9ClG1/FjQtF3PoI7nwb08tCW38IfPznnCTnDxJGlXacbyu3tLyyupZfL2xsbm3v2Lt7TRWnEpMGjlks2wFShFFBGppqRtqJJIgHjLSCwfW43ronUtFY3OlhQjyOeoJGFCNtLN8+TEptn8IupyF88N0y7IaxVmXDGT11Rye+XXQqzkRwEdwZFMFMdd/+MjfglBOhMUNKdVwn0V6GpKaYkVGhmyqSIDxAPdIxKBAnyssmi4zgsXFCGMXSHKHhxP09kSGu1JAHppMj3VfztbH5X62T6ujSy6hIUk0Enj4UpQzqGI5TgSGVBGs2NICwpOavEPeRRFib7AomBHd+5UVonlXcaqV6e16sXc3iyIMDcARKwAUXoAZuQB00AAaP4Bm8gjfryXqx3q2PaWvOms3sgz+yPn8AyGKX7w==</latexit>

p(Xi | x1, . . . , xi�1)
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EOS
<latexit sha1_base64="NpLpiGABOxSxN0/8QaXnKnY3d/g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip01dUjgQOyhW36i5A1omXkwrkaA7KX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFufOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmv5MhV8iMmFpCmeL2VsLGVFFmbEIlG4K3+vI6aV9VvVq19nBdadzmcRThDM7hEjyoQwPuoQktYDCBZ3iFNydxXpx352PZWnDymVP4A+fzB2Tqj6A=</latexit>

i
pun



Adjusting the Temperature

Sneak peek: computing probabilities over wordtypes using 
pretty much any modern language model 

• Score each wordtype independently 

• Renormalize using softmax

Operation: modify the logits 
before computing probabilities

<latexit sha1_base64="q6sDfbX3vKLTk4OT0kwMqzIgGk8=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILdQyI0UFEYpuXFawF+gMJZNm2tDMheSMtQx9CTe+ihsXirgV3Pk2ppeFtv4Q+PjPOUnO70aCKzDNbyO1tLyyupZez2xsbm3vZHf36iqMJWU1GopQNl2imOABqwEHwZqRZMR3BWu4/etxvXHPpOJhcAfDiDk+6Qbc45SAttrZosoPCvgSe/kBtn3ewQ9tq4jtTgiqqDnhx9boAtvQY0AK7WzOLJkT4UWwZpBDM1Xb2S99E419FgAVRKmWZUbgJEQCp4KNMnasWERon3RZS2NAfKacZLLVCB9pp4O9UOoTAJ64vycS4is19F3d6RPoqfna2Pyv1orBO3cSHkQxsIBOH/JigSHE44hwh0tGQQw1ECq5/iumPSIJBR1kRodgza+8CPWTknVaKt+Wc5WrWRxpdIAOUR5Z6AxV0A2qohqi6BE9o1f0ZjwZL8a78TFtTRmzmX30R8bnD/0mnEE=</latexit>

s(w) = f(w | x1, . . . , xi�1; ✓) logits

<latexit sha1_base64="Hb+nTN9VQbwKlHsMb4g4D5JJiqs="></latexit>

p(Xi = w | x1, . . . , xi�1) =
exp(s(w))P

w02V exp(s(w0))



Adjusting the Temperature
Operation: modify the logits 

before computing probabilities
<latexit sha1_base64="q6sDfbX3vKLTk4OT0kwMqzIgGk8=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILdQyI0UFEYpuXFawF+gMJZNm2tDMheSMtQx9CTe+ihsXirgV3Pk2ppeFtv4Q+PjPOUnO70aCKzDNbyO1tLyyupZez2xsbm3vZHf36iqMJWU1GopQNl2imOABqwEHwZqRZMR3BWu4/etxvXHPpOJhcAfDiDk+6Qbc45SAttrZosoPCvgSe/kBtn3ewQ9tq4jtTgiqqDnhx9boAtvQY0AK7WzOLJkT4UWwZpBDM1Xb2S99E419FgAVRKmWZUbgJEQCp4KNMnasWERon3RZS2NAfKacZLLVCB9pp4O9UOoTAJ64vycS4is19F3d6RPoqfna2Pyv1orBO3cSHkQxsIBOH/JigSHE44hwh0tGQQw1ECq5/iumPSIJBR1kRodgza+8CPWTknVaKt+Wc5WrWRxpdIAOUR5Z6AxV0A2qohqi6BE9o1f0ZjwZL8a78TFtTRmzmX30R8bnD/0mnEE=</latexit>

s(w) = f(w | x1, . . . , xi�1; ✓) logits

Temperature parameter controls the 
“smoothness” of this distribution:

<latexit sha1_base64="btrKne3Lixze9JWp8bBix5RiiNc="></latexit>

p(Xi = w | x1, . . . , xi�1) =
exp(s(w)/⌧)P

w02V exp(s(w0)/⌧)

<latexit sha1_base64="Hb+nTN9VQbwKlHsMb4g4D5JJiqs="></latexit>

p(Xi = w | x1, . . . , xi�1) =
exp(s(w))P

w02V exp(s(w0))



Adjusting the Temperature
Operation: modify the logits 

before computing probabilities
<latexit sha1_base64="q6sDfbX3vKLTk4OT0kwMqzIgGk8=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILdQyI0UFEYpuXFawF+gMJZNm2tDMheSMtQx9CTe+ihsXirgV3Pk2ppeFtv4Q+PjPOUnO70aCKzDNbyO1tLyyupZez2xsbm3vZHf36iqMJWU1GopQNl2imOABqwEHwZqRZMR3BWu4/etxvXHPpOJhcAfDiDk+6Qbc45SAttrZosoPCvgSe/kBtn3ewQ9tq4jtTgiqqDnhx9boAtvQY0AK7WzOLJkT4UWwZpBDM1Xb2S99E419FgAVRKmWZUbgJEQCp4KNMnasWERon3RZS2NAfKacZLLVCB9pp4O9UOoTAJ64vycS4is19F3d6RPoqfna2Pyv1orBO3cSHkQxsIBOH/JigSHE44hwh0tGQQw1ECq5/iumPSIJBR1kRodgza+8CPWTknVaKt+Wc5WrWRxpdIAOUR5Z6AxV0A2qohqi6BE9o1f0ZjwZL8a78TFtTRmzmX30R8bnD/0mnEE=</latexit>

s(w) = f(w | x1, . . . , xi�1; ✓) logits

• τ = 1: no changes to the probability distribution

<latexit sha1_base64="btrKne3Lixze9JWp8bBix5RiiNc="></latexit>

p(Xi = w | x1, . . . , xi�1) =
exp(s(w)/⌧)P

w02V exp(s(w0)/⌧)
<latexit sha1_base64="os7WTM0OusX0TEF/o4katy3l2fk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1I6r3YF3PihX3JqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8VOsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhNd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0n7oubVa/X7y0rjJo+jCCdwClXw4AoacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz91i45q</latexit>

p(X1)
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b h p
<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
)



Adjusting the Temperature
Operation: modify the logits 

before computing probabilities
<latexit sha1_base64="q6sDfbX3vKLTk4OT0kwMqzIgGk8=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILdQyI0UFEYpuXFawF+gMJZNm2tDMheSMtQx9CTe+ihsXirgV3Pk2ppeFtv4Q+PjPOUnO70aCKzDNbyO1tLyyupZez2xsbm3vZHf36iqMJWU1GopQNl2imOABqwEHwZqRZMR3BWu4/etxvXHPpOJhcAfDiDk+6Qbc45SAttrZosoPCvgSe/kBtn3ewQ9tq4jtTgiqqDnhx9boAtvQY0AK7WzOLJkT4UWwZpBDM1Xb2S99E419FgAVRKmWZUbgJEQCp4KNMnasWERon3RZS2NAfKacZLLVCB9pp4O9UOoTAJ64vycS4is19F3d6RPoqfna2Pyv1orBO3cSHkQxsIBOH/JigSHE44hwh0tGQQw1ECq5/iumPSIJBR1kRodgza+8CPWTknVaKt+Wc5WrWRxpdIAOUR5Z6AxV0A2qohqi6BE9o1f0ZjwZL8a78TFtTRmzmX30R8bnD/0mnEE=</latexit>

s(w) = f(w | x1, . . . , xi�1; ✓) logits

• τ = 1: no changes to the probability distribution 

• τ → 0: relative probability assigned to highest-
probability item in distribution increases 

• in practice, setting a temperature of 0 
recovers “argmax”, putting all of the mass on 
the highest-probability item

<latexit sha1_base64="btrKne3Lixze9JWp8bBix5RiiNc="></latexit>

p(Xi = w | x1, . . . , xi�1) =
exp(s(w)/⌧)P

w02V exp(s(w0)/⌧)
<latexit sha1_base64="os7WTM0OusX0TEF/o4katy3l2fk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1I6r3YF3PihX3JqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8VOsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhNd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0n7oubVa/X7y0rjJo+jCCdwClXw4AoacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz91i45q</latexit>

p(X1)
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b h p
<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
)



Adjusting the Temperature
Operation: modify the logits 

before computing probabilities
<latexit sha1_base64="q6sDfbX3vKLTk4OT0kwMqzIgGk8=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILdQyI0UFEYpuXFawF+gMJZNm2tDMheSMtQx9CTe+ihsXirgV3Pk2ppeFtv4Q+PjPOUnO70aCKzDNbyO1tLyyupZez2xsbm3vZHf36iqMJWU1GopQNl2imOABqwEHwZqRZMR3BWu4/etxvXHPpOJhcAfDiDk+6Qbc45SAttrZosoPCvgSe/kBtn3ewQ9tq4jtTgiqqDnhx9boAtvQY0AK7WzOLJkT4UWwZpBDM1Xb2S99E419FgAVRKmWZUbgJEQCp4KNMnasWERon3RZS2NAfKacZLLVCB9pp4O9UOoTAJ64vycS4is19F3d6RPoqfna2Pyv1orBO3cSHkQxsIBOH/JigSHE44hwh0tGQQw1ECq5/iumPSIJBR1kRodgza+8CPWTknVaKt+Wc5WrWRxpdIAOUR5Z6AxV0A2qohqi6BE9o1f0ZjwZL8a78TFtTRmzmX30R8bnD/0mnEE=</latexit>

s(w) = f(w | x1, . . . , xi�1; ✓) logits

• τ = 1: no changes to the probability distribution 

• τ → 0: relative probability assigned to highest-
probability item in distribution increases 

• τ → ∞: distribution becomes more and more 
uniform

<latexit sha1_base64="btrKne3Lixze9JWp8bBix5RiiNc="></latexit>

p(Xi = w | x1, . . . , xi�1) =
exp(s(w)/⌧)P

w02V exp(s(w0)/⌧)
<latexit sha1_base64="os7WTM0OusX0TEF/o4katy3l2fk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1I6r3YF3PihX3JqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8VOsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhNd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0n7oubVa/X7y0rjJo+jCCdwClXw4AoacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz91i45q</latexit>

p(X1)
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b h p
<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
)



Adjusting the Temperature
Operation: modify the logits 

before computing probabilities
<latexit sha1_base64="q6sDfbX3vKLTk4OT0kwMqzIgGk8=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILdQyI0UFEYpuXFawF+gMJZNm2tDMheSMtQx9CTe+ihsXirgV3Pk2ppeFtv4Q+PjPOUnO70aCKzDNbyO1tLyyupZez2xsbm3vZHf36iqMJWU1GopQNl2imOABqwEHwZqRZMR3BWu4/etxvXHPpOJhcAfDiDk+6Qbc45SAttrZosoPCvgSe/kBtn3ewQ9tq4jtTgiqqDnhx9boAtvQY0AK7WzOLJkT4UWwZpBDM1Xb2S99E419FgAVRKmWZUbgJEQCp4KNMnasWERon3RZS2NAfKacZLLVCB9pp4O9UOoTAJ64vycS4is19F3d6RPoqfna2Pyv1orBO3cSHkQxsIBOH/JigSHE44hwh0tGQQw1ECq5/iumPSIJBR1kRodgza+8CPWTknVaKt+Wc5WrWRxpdIAOUR5Z6AxV0A2qohqi6BE9o1f0ZjwZL8a78TFtTRmzmX30R8bnD/0mnEE=</latexit>

s(w) = f(w | x1, . . . , xi�1; ✓) logits
<latexit sha1_base64="btrKne3Lixze9JWp8bBix5RiiNc="></latexit>

p(Xi = w | x1, . . . , xi�1) =
exp(s(w)/⌧)P

w02V exp(s(w0)/⌧)

Harshit Sharma



Adjusting the Temperature
Operation: modify the logits 

before computing probabilities
<latexit sha1_base64="q6sDfbX3vKLTk4OT0kwMqzIgGk8=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILdQyI0UFEYpuXFawF+gMJZNm2tDMheSMtQx9CTe+ihsXirgV3Pk2ppeFtv4Q+PjPOUnO70aCKzDNbyO1tLyyupZez2xsbm3vZHf36iqMJWU1GopQNl2imOABqwEHwZqRZMR3BWu4/etxvXHPpOJhcAfDiDk+6Qbc45SAttrZosoPCvgSe/kBtn3ewQ9tq4jtTgiqqDnhx9boAtvQY0AK7WzOLJkT4UWwZpBDM1Xb2S99E419FgAVRKmWZUbgJEQCp4KNMnasWERon3RZS2NAfKacZLLVCB9pp4O9UOoTAJ64vycS4is19F3d6RPoqfna2Pyv1orBO3cSHkQxsIBOH/JigSHE44hwh0tGQQw1ECq5/iumPSIJBR1kRodgza+8CPWTknVaKt+Wc5WrWRxpdIAOUR5Z6AxV0A2qohqi6BE9o1f0ZjwZL8a78TFtTRmzmX30R8bnD/0mnEE=</latexit>

s(w) = f(w | x1, . . . , xi�1; ✓) logits
<latexit sha1_base64="btrKne3Lixze9JWp8bBix5RiiNc="></latexit>

p(Xi = w | x1, . . . , xi�1) =
exp(s(w)/⌧)P

w02V exp(s(w0)/⌧)

3blue1brown



Adjusting the Temperature
Operation: modify the logits 

before computing probabilities
<latexit sha1_base64="q6sDfbX3vKLTk4OT0kwMqzIgGk8=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILdQyI0UFEYpuXFawF+gMJZNm2tDMheSMtQx9CTe+ihsXirgV3Pk2ppeFtv4Q+PjPOUnO70aCKzDNbyO1tLyyupZez2xsbm3vZHf36iqMJWU1GopQNl2imOABqwEHwZqRZMR3BWu4/etxvXHPpOJhcAfDiDk+6Qbc45SAttrZosoPCvgSe/kBtn3ewQ9tq4jtTgiqqDnhx9boAtvQY0AK7WzOLJkT4UWwZpBDM1Xb2S99E419FgAVRKmWZUbgJEQCp4KNMnasWERon3RZS2NAfKacZLLVCB9pp4O9UOoTAJ64vycS4is19F3d6RPoqfna2Pyv1orBO3cSHkQxsIBOH/JigSHE44hwh0tGQQw1ECq5/iumPSIJBR1kRodgza+8CPWTknVaKt+Wc5WrWRxpdIAOUR5Z6AxV0A2qohqi6BE9o1f0ZjwZL8a78TFtTRmzmX30R8bnD/0mnEE=</latexit>

s(w) = f(w | x1, . . . , xi�1; ✓) logits
<latexit sha1_base64="btrKne3Lixze9JWp8bBix5RiiNc="></latexit>

p(Xi = w | x1, . . . , xi�1) =
exp(s(w)/⌧)P

w02V exp(s(w0)/⌧)

• Temperature allows us to control the entropy of the output 
distribution without changing its relative ranking of items 

• Higher temperature: closer to a uniform distribution 

• Lower temperature: “peakier” distribution (in the limit, gives all 
probability mass to the most probable item)



Finding the Most  
Probable Sequence

• Why is this hard?

Operation: find 
<latexit sha1_base64="NbY+2Y2CPsaWo/41zRnwn6S1emA=">AAACI3icbVDLSsNAFJ34rPUVdelmsAgVoSRSVFwV3bisYB/QxDCZTtuhk0mYmUhLyL+48VfcuFCKGxf+i5M2i9p6YOBw7rl37j1+xKhUlvVtrKyurW9sFraK2zu7e/vmwWFThrHApIFDFoq2jyRhlJOGooqRdiQICnxGWv7wLqu3nomQNOSPahwRN0B9TnsUI6Ulz7xxkOhDJ0AjL3FC7cwGJaMUOpRnshpgxJJm+nSewqg87zjzzJJVsaaAy8TOSQnkqHvmxOmGOA4IV5ghKTu2FSk3QUJRzEhadGJJIoSHqE86mnIUEOkm0xtTeKqVLuyFQj+u4FSd70hQIOU48LUz21ou1jLxv1onVr1rN6E8ihXhePZRL2ZQhTALDHapIFixsSYIC6p3hXiABMJKx1rUIdiLJy+T5kXFvqxUH6ql2m0eRwEcgxNQBja4AjVwD+qgATB4AW/gA3war8a7MTG+ZtYVI+85An9g/PwCeI+laA==</latexit>

arg max
x2V+

p(x)



Finding the Most  
Probable Sequence

• Why is this hard? 

• An approximation: greedy “sampling” 

• Just choose the most probable wordtype at each 
generation step (no random sampling needed)

Operation: find 
<latexit sha1_base64="NbY+2Y2CPsaWo/41zRnwn6S1emA=">AAACI3icbVDLSsNAFJ34rPUVdelmsAgVoSRSVFwV3bisYB/QxDCZTtuhk0mYmUhLyL+48VfcuFCKGxf+i5M2i9p6YOBw7rl37j1+xKhUlvVtrKyurW9sFraK2zu7e/vmwWFThrHApIFDFoq2jyRhlJOGooqRdiQICnxGWv7wLqu3nomQNOSPahwRN0B9TnsUI6Ulz7xxkOhDJ0AjL3FC7cwGJaMUOpRnshpgxJJm+nSewqg87zjzzJJVsaaAy8TOSQnkqHvmxOmGOA4IV5ghKTu2FSk3QUJRzEhadGJJIoSHqE86mnIUEOkm0xtTeKqVLuyFQj+u4FSd70hQIOU48LUz21ou1jLxv1onVr1rN6E8ihXhePZRL2ZQhTALDHapIFixsSYIC6p3hXiABMJKx1rUIdiLJy+T5kXFvqxUH6ql2m0eRwEcgxNQBja4AjVwD+qgATB4AW/gA3war8a7MTG+ZtYVI+85An9g/PwCeI+laA==</latexit>

arg max
x2V+

p(x)

<latexit sha1_base64="AlFZAXXT4W/bJVAldGnxAMwiDAI="></latexit>

xi  argmax
x2V

p(Xi | x1, . . . , xi�1)



Finding the Most  
Probable Sequence

Operation: choose  

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

x = hp

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

p(X1)
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b h p
<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

25

50

75

100
b
h
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<latexit sha1_base64="AlFZAXXT4W/bJVAldGnxAMwiDAI="></latexit>

xi  argmax
x2V

p(Xi | x1, . . . , xi�1)



Finding the Most  
Probable Sequence

Operation: choose  

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

x = hp

<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

25
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75

100
u<latexit sha1_base64="1YGQT1Zy18cJi7vhhFTmS75sS/c=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAYhXsJMkOhFCHrxGMEskAlDT09P0qRnobtGEoaAF3/FiwdFvPoT3vwbO8tBEx8UPN6roqqelwiuwLK+jdzK6tr6Rn6zsLW9s7tn7h80VZxKyho0FrFse0QxwSPWAA6CtRPJSOgJ1vIGNxO/9cCk4nF0D6OEdUPSi3jAKQEtueZRUmq7FeyE3MdD18ZX2AE2hCwZn7lm0SpbU+BlYs9JEc1Rd80vx49pGrIIqCBKdWwrgW5GJHAq2LjgpIolhA5Ij3U0jUjIVDeb/jDGp1rxcRBLXRHgqfp7IiOhUqPQ050hgb5a9Cbif14nheCym/EoSYFFdLYoSAWGGE8CwT6XjIIYaUKo5PpWTPtEEgo6toIOwV58eZk0K2W7Wq7enRdr1/M48ugYnaASstEFqqFbVEcNRNEjekav6M14Ml6Md+Nj1poz5jOH6A+Mzx+mrJZI</latexit>

p(X2 | x1 = p)

0

25

50

75

100

u

u

<latexit sha1_base64="AlFZAXXT4W/bJVAldGnxAMwiDAI="></latexit>

xi  argmax
x2V

p(Xi | x1, . . . , xi�1)



Finding the Most  
Probable Sequence

Operation: choose  

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

x = hpu
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<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

25

50

75

100
g
n

<latexit sha1_base64="AB1qsXJ3NC4EGZeGOSK1rZ70Xrc=">AAACF3icbZBNS8NAEIY3ftb6VfXoZbEIClISleqx6MVjBVsLTSmb7aQubjZhdyKWkH/hxb/ixYMiXvXmv3Fbc/BrYOHhfWeYnTdIpDDouh/O1PTM7Nx8aaG8uLS8slpZW2+bONUcWjyWse4EzIAUClooUEIn0cCiQMJlcH069i9vQBsRqwscJdCL2FCJUHCGVupXaslOp39A/UgMqC+ZGkqgPsItZkm+V1CaU19PrN1+perW3EnRv+AVUCVFNfuVd38Q8zQChVwyY7qem2AvYxoFl5CX/dRAwvg1G0LXomIRmF42uSun21YZ0DDW9imkE/X7RMYiY0ZRYDsjhlfmtzcW//O6KYbHvUyoJEVQ/GtRmEqKMR2HRAdCA0c5ssC4FvavlF8xzTjaKMs2BO/3yX+hvV/z6rX6+WG1cVLEUSKbZIvsEI8ckQY5I03SIpzckQfyRJ6de+fReXFev1qnnGJmg/wo5+0TENqfSg==</latexit>

p(X3 | hp, ui)

g

<latexit sha1_base64="AlFZAXXT4W/bJVAldGnxAMwiDAI="></latexit>

xi  argmax
x2V

p(Xi | x1, . . . , xi�1)



Finding the Most  
Probable Sequence

Operation: choose  

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

x = hpu
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<latexit sha1_base64="xPMudc/ZRN35YVe0DK8C+9iWOrU=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNuGJtklyYpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3mdx6p0iySD2YaU1/gkWQhI9hkUlx9Oh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqh59Vr9/rLSuMnjKMIJnEIVPLiCBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHfzeN5g==</latexit>
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<latexit sha1_base64="yBUEN2c9qLfnMtgn/YI2IlMgKqQ=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqFDLjEh1WXTjsoK9QDsMmUymDU0yQ5IRy9ClG1/FjQtF3PoI7nwb08tCW38IfPznnCTnDxJGlXacbyu3tLyyupZfL2xsbm3v2Lt7TRWnEpMGjlks2wFShFFBGppqRtqJJIgHjLSCwfW43ronUtFY3OlhQjyOeoJGFCNtLN8+TEptn8IupyF88N0y7IaxVmXDGT11Rye+XXQqzkRwEdwZFMFMdd/+MjfglBOhMUNKdVwn0V6GpKaYkVGhmyqSIDxAPdIxKBAnyssmi4zgsXFCGMXSHKHhxP09kSGu1JAHppMj3VfztbH5X62T6ujSy6hIUk0Enj4UpQzqGI5TgSGVBGs2NICwpOavEPeRRFib7AomBHd+5UVonlXcaqV6e16sXc3iyIMDcARKwAUXoAZuQB00AAaP4Bm8gjfryXqx3q2PaWvOms3sgz+yPn8AyGKX7w==</latexit>

p(Xi | x1, . . . , xi�1)

EOS
<latexit sha1_base64="NpLpiGABOxSxN0/8QaXnKnY3d/g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip01dUjgQOyhW36i5A1omXkwrkaA7KX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFufOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmv5MhV8iMmFpCmeL2VsLGVFFmbEIlG4K3+vI6aV9VvVq19nBdadzmcRThDM7hEjyoQwPuoQktYDCBZ3iFNydxXpx352PZWnDymVP4A+fzB2Tqj6A=</latexit>

i
pug

<latexit sha1_base64="AlFZAXXT4W/bJVAldGnxAMwiDAI="></latexit>

xi  argmax
x2V

p(Xi | x1, . . . , xi�1)



Finding the Most  
Probable Sequence

• Why isn’t this guaranteed to get us the highest-probability sequence? 

• A better approximation for global argmax: beam search 

• During generation, we maintain a “beam” of n sequences instead of just 
one 

• At each generation step i, 

Operation: choose  
<latexit sha1_base64="AlFZAXXT4W/bJVAldGnxAMwiDAI="></latexit>

xi  argmax
x2V

p(Xi | x1, . . . , xi�1)



Finding the Most  
Probable Sequence

• Why isn’t this guaranteed to get us the highest-probability sequence? 

• A better approximation for global argmax: beam search 

• During generation, we maintain a “beam” of n sequences instead of just 
one 

• At each generation step i,  

• We select the n most likely next tokens      for each prefix, and create 
n more sequences

Operation: choose  

<latexit sha1_base64="HaBglEp6wcup/VTscahBV6GSJgU=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APaodxJ0zY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEAuujet+O4W19Y3NreJ2aWd3b/+gfHjU1FGiKGvQSESqHaBmgkvWMNwI1o4VwzAQrBWM7zK/NWFK80g+mmnM/BCHkg84RWMlvxuiGVEUaXvW471yxa26c5BV4uWkAjnqvfJXtx/RJGTSUIFadzw3Nn6KynAq2KzUTTSLkY5xyDqWSgyZ9tN56Bk5s0qfDCJlnzRkrv7eSDHUehoGdjILqZe9TPzP6yRmcOOnXMaJYZIuDg0SQUxEsgZInytGjZhaglRxm5XQESqkxvZUsiV4y19eJc2LqndVvXy4rNRu8zqKcAKncA4eXEMN7qEODaDwBM/wCm/OxHlx3p2PxWjByXeO4Q+czx8YypJT</latexit>Xi

<latexit sha1_base64="AlFZAXXT4W/bJVAldGnxAMwiDAI="></latexit>

xi  argmax
x2V

p(Xi | x1, . . . , xi�1)



Finding the Most  
Probable Sequence

• Why isn’t this guaranteed to get us the highest-probability sequence? 

• A better approximation for global argmax: beam search 

• During generation, we maintain a “beam” of n sequences instead of just 
one 

• At each generation step i,  

• We select the n most likely next tokens      for each prefix, and create 
n more sequences 

• Then we look at all the n2 sequences so far, and discard all but the n 
most likely sequences

Operation: choose  

<latexit sha1_base64="HaBglEp6wcup/VTscahBV6GSJgU=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APaodxJ0zY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEAuujet+O4W19Y3NreJ2aWd3b/+gfHjU1FGiKGvQSESqHaBmgkvWMNwI1o4VwzAQrBWM7zK/NWFK80g+mmnM/BCHkg84RWMlvxuiGVEUaXvW471yxa26c5BV4uWkAjnqvfJXtx/RJGTSUIFadzw3Nn6KynAq2KzUTTSLkY5xyDqWSgyZ9tN56Bk5s0qfDCJlnzRkrv7eSDHUehoGdjILqZe9TPzP6yRmcOOnXMaJYZIuDg0SQUxEsgZInytGjZhaglRxm5XQESqkxvZUsiV4y19eJc2LqndVvXy4rNRu8zqKcAKncA4eXEMN7qEODaDwBM/wCm/OxHlx3p2PxWjByXeO4Q+czx8YypJT</latexit>Xi

<latexit sha1_base64="AlFZAXXT4W/bJVAldGnxAMwiDAI="></latexit>

xi  argmax
x2V

p(Xi | x1, . . . , xi�1)



Finding the Most  
Probable Sequence

• Why isn’t this guaranteed to get us the highest-probability sequence? 

• A better approximation for global argmax: beam search 

• During generation, we maintain a “beam” of n sequences instead of just 
one 

• At each generation step i,  

• We select the n most likely next tokens      for each prefix, and create 
n more sequences 

• Then we look at all the n2 sequences so far, and discard all but the n 
most likely sequences 

• At the end, we select the sequence that has the highest probability 
among the set

Operation: choose  

<latexit sha1_base64="HaBglEp6wcup/VTscahBV6GSJgU=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APaodxJ0zY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEAuujet+O4W19Y3NreJ2aWd3b/+gfHjU1FGiKGvQSESqHaBmgkvWMNwI1o4VwzAQrBWM7zK/NWFK80g+mmnM/BCHkg84RWMlvxuiGVEUaXvW471yxa26c5BV4uWkAjnqvfJXtx/RJGTSUIFadzw3Nn6KynAq2KzUTTSLkY5xyDqWSgyZ9tN56Bk5s0qfDCJlnzRkrv7eSDHUehoGdjILqZe9TPzP6yRmcOOnXMaJYZIuDg0SQUxEsgZInytGjZhaglRxm5XQESqkxvZUsiV4y19eJc2LqndVvXy4rNRu8zqKcAKncA4eXEMN7qEODaDwBM/wCm/OxHlx3p2PxWjByXeO4Q+czx8YypJT</latexit>Xi

<latexit sha1_base64="AlFZAXXT4W/bJVAldGnxAMwiDAI="></latexit>

xi  argmax
x2V

p(Xi | x1, . . . , xi�1)



Beam Search, n = 3
the

in

and

every

0.1

way

0.1

<latexit sha1_base64="5cMnoTHqBR0gEkxJyL/Rk/kWeWo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1I6r3YF3PihX3JqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8V OsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhNd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0n7ouZd1ur39UrjJo+jCCdwClXw4AoacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz90545o</latexit>

p(X1)

0.4

0.3

0.2



Beam Search, n = 3
the

in

and

<latexit sha1_base64="5cMnoTHqBR0gEkxJyL/Rk/kWeWo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1I6r3YF3PihX3JqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8V OsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhNd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0n7ouZd1ur39UrjJo+jCCdwClXw4AoacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz90545o</latexit>

p(X1) Discard all but the  
top 3 continuations

Prefix Probability
the 0.4
in 0.3
and 0.2

B
ea

m

0.4

0.3

0.2



Beam Search, n = 3
the

in

and

<latexit sha1_base64="5cMnoTHqBR0gEkxJyL/Rk/kWeWo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1I6r3YF3PihX3JqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8V OsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhNd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0n7ouZd1ur39UrjJo+jCCdwClXw4AoacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz90545o</latexit>

p(X1) Continue with beam 
item #1 as prefix

<latexit sha1_base64="ZDZSN4RKfcG96SjxcFk+pArDEC4=">AAACBXicbVDJSgNBEO2JW4xb1KMeGoMQL2EmBPUiBL14jGAWSMLQ06kkTXoWumskYcjFi7/ixYMiXv0Hb/6NneWgiQ8KHu9VUVXPi6TQaNvfVmpldW19I72Z2dre2d3L7h/UdBgrDlUeylA1PKZBigCqKFBCI1LAfE9C3RvcTPz6AygtwuAeRxG0fdYLRFdwhkZys8dRvuEWacsXHTp0HXpFWwhDTLAP4zM3m7ML9hR0mThzkiNzVNzsV6sT8tiHALlkWjcdO8J2whQKLmGcacUaIsYHrAdNQwPmg24n0y/G9NQoHdoNlakA6VT9PZEwX+uR75lOn2FfL3oT8T+vGWP3sp2IIIoRAj5b1I0lxZBOIqEdoYCjHBnCuBLmVsr7TDGOJriMCcFZfHmZ1IoF57xQuivlytfzONLkiJyQPHHIBSmTW1IhVcLJI3kmr+TNerJerHfrY9aasuYzh+QPrM8fPziXKw==</latexit>

p(X2 | x1 = the)
list

0.3

look

0.2

parents

0.1

Prefix Probability
the 0.04
in 0.02
and 0.02

highlight

0.05

seat

0.05 B
ea

m

0.4

0.3

0.2



Beam Search, n = 3
<latexit sha1_base64="5cMnoTHqBR0gEkxJyL/Rk/kWeWo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1I6r3YF3PihX3JqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8V OsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhNd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0n7ouZd1ur39UrjJo+jCCdwClXw4AoacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz90545o</latexit>

p(X1) Discard all but the  
top 3 continuations

<latexit sha1_base64="ZDZSN4RKfcG96SjxcFk+pArDEC4=">AAACBXicbVDJSgNBEO2JW4xb1KMeGoMQL2EmBPUiBL14jGAWSMLQ06kkTXoWumskYcjFi7/ixYMiXv0Hb/6NneWgiQ8KHu9VUVXPi6TQaNvfVmpldW19I72Z2dre2d3L7h/UdBgrDlUeylA1PKZBigCqKFBCI1LAfE9C3RvcTPz6AygtwuAeRxG0fdYLRFdwhkZys8dRvuEWacsXHTp0HXpFWwhDTLAP4zM3m7ML9hR0mThzkiNzVNzsV6sT8tiHALlkWjcdO8J2whQKLmGcacUaIsYHrAdNQwPmg24n0y/G9NQoHdoNlakA6VT9PZEwX+uR75lOn2FfL3oT8T+vGWP3sp2IIIoRAj5b1I0lxZBOIqEdoYCjHBnCuBLmVsr7TDGOJriMCcFZfHmZ1IoF57xQuivlytfzONLkiJyQPHHIBSmTW1IhVcLJI3kmr+TNerJerHfrY9aasuYzh+QPrM8fPziXKw==</latexit>

p(X2 | x1 = the)

Prefix Probability
the 0.04
in 0.02
and 0.02

B
ea

m

Prefix Probability
the list 0.4*0.3
the look 0.3*0.2
the parents 0.2*0.1

C
ur

re
nt

 B
ea

m
 

C
an

d
id

at
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the
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and
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0.2

0.1

0.4

0.3

0.2

list

look

parents



Beam Search, n = 3
<latexit sha1_base64="5cMnoTHqBR0gEkxJyL/Rk/kWeWo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1I6r3YF3PihX3JqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8V OsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhNd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0n7ouZd1ur39UrjJo+jCCdwClXw4AoacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz90545o</latexit>

p(X1)
the

0.15

a

0.1

this

0.05

Prefix Probability
the 0.04
in 0.02
and 0.02

which

0.02

their

0.02 B
ea

m
C

ur
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nt
 B

ea
m

 
C

an
d
id

at
es

Prefix Probability
the list 0.4*0.3
the look 0.3*0.2
the parents 0.2*0.1

the

in

and

0.4

0.3

0.2

Continue with beam 
item #2 as prefix

<latexit sha1_base64="/sfMEJHabMfJE3LEwUaLoiTX6wU=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoMQm7AbgtoIQRvLCOYB2bDMTmaTIbMPZu5KwpLCxl+xsVDE1o+w82+cJFto4oGBwzn3cuccLxZcgWV9G7m19Y3Nrfx2YWd3b//APDxqqSiRlDVpJCLZ8YhigoesCRwE68SSkcATrO2NbmZ++4FJxaPwHiYx6wVkEHKfUwJacs1iXO64VewEvI/Hro2vsANsDCkPp2euWbIq1hx4ldgZKaEMDdf8cvoRTQIWAhVEqa5txdBLiQROBZsWnESxmNARGbCupiEJmOql8xBTfKqVPvYjqV8IeK7+3khJoNQk8PRkQGColr2Z+J/XTcC/7OlAcQIspItDfiIwRHjWCO5zySiIiSaESq7/iumQSEJB91bQJdjLkVdJq1qxzyu1u1qpfp3VkUdFdILKyEYXqI5uUQM1EUWP6Bm9ojfjyXgx3o2PxWjOyHaO0R8Ynz9wF5a3</latexit>

p(X2 | x1 = in)



Beam Search, n = 3
<latexit sha1_base64="5cMnoTHqBR0gEkxJyL/Rk/kWeWo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1I6r3YF3PihX3JqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8V OsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhNd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0n7ouZd1ur39UrjJo+jCCdwClXw4AoacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz90545o</latexit>

p(X1) Discard all but the  
top 3 continuations

0.1

0.05

Prefix Probability
the 0.04
in 0.02
and 0.02

B
ea

m
C

ur
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 B

ea
m

 
C

an
d
id

at
es

Prefix Probability
the list 0.4*0.3
the look 0.3*0.2
the parents 0.2*0.1
in the 0.3*0.15
in a 0.3*0.1
in this 0.3*0.05

the

in

and

0.4

0.3

0.2

the

a

this

0.15

<latexit sha1_base64="/sfMEJHabMfJE3LEwUaLoiTX6wU=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoMQm7AbgtoIQRvLCOYB2bDMTmaTIbMPZu5KwpLCxl+xsVDE1o+w82+cJFto4oGBwzn3cuccLxZcgWV9G7m19Y3Nrfx2YWd3b//APDxqqSiRlDVpJCLZ8YhigoesCRwE68SSkcATrO2NbmZ++4FJxaPwHiYx6wVkEHKfUwJacs1iXO64VewEvI/Hro2vsANsDCkPp2euWbIq1hx4ldgZKaEMDdf8cvoRTQIWAhVEqa5txdBLiQROBZsWnESxmNARGbCupiEJmOql8xBTfKqVPvYjqV8IeK7+3khJoNQk8PRkQGColr2Z+J/XTcC/7OlAcQIspItDfiIwRHjWCO5zySiIiSaESq7/iumQSEJB91bQJdjLkVdJq1qxzyu1u1qpfp3VkUdFdILKyEYXqI5uUQM1EUWP6Bm9ojfjyXgx3o2PxWjOyHaO0R8Ynz9wF5a3</latexit>

p(X2 | x1 = in)



Beam Search, n = 3
<latexit sha1_base64="5cMnoTHqBR0gEkxJyL/Rk/kWeWo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1I6r3YF3PihX3JqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8V OsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhNd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0n7ouZd1ur39UrjJo+jCCdwClXw4AoacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz90545o</latexit>

p(X1)

Prefix Probability
the 0.04
in 0.02
and 0.02

B
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m
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ea
m

 
C

an
d
id

at
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Prefix Probability
the list 0.4*0.3
the look 0.3*0.2
the parents 0.2*0.1
in the 0.3*0.15
in a 0.3*0.1
in this 0.3*0.05

the

in

and

0.4

0.3

0.2

the

0.6

a
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dog

0.2

something

0.1

much

0.1

Continue with beam 
item #3 as prefix

<latexit sha1_base64="pjaTyH13Vrncs45LeYO0ugINcsw=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAYhNmE3BLURgjaWEcwDkrDMzk6SIbOzy8xdSVjS2PgrNhaK2PoPdv6Nk0ehiQcuHM65l3vv8WPBNTjOt5VZWV1b38hu5ra2d3b37P2Duo4SRVmNRiJSTZ9oJrhkNeAgWDNWjIS+YA1/cDPxGw9MaR7JexjFrBOSnuRdTgkYybOP40LTK+F2yAM89Fx8hdvAhpASGYzPPDvvFJ0p8DJx5ySP5qh69lc7iGgSMglUEK1brhNDJyUKOBVsnGsnmsWEDkiPtQyVJGS6k06/GONTowS4GylTEvBU/T2RklDrUeibzpBAXy96E/E/r5VA97KTchknwCSdLeomAkOEJ5HggCtGQYwMIVRxcyumfaIIBRNczoTgLr68TOqlonteLN+V85XreRxZdIROUAG56AJV0C2qohqi6BE9o1f0Zj1ZL9a79TFrzVjzmUP0B9bnDynElx0=</latexit>

p(X2 | x1 = and)



Beam Search, n = 3
<latexit sha1_base64="5cMnoTHqBR0gEkxJyL/Rk/kWeWo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFg5nG1I/wSLCQEWys1I6r3YF3PihX3JqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8V OsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhNd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0n7ouZd1ur39UrjJo+jCCdwClXw4AoacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz90545o</latexit>

p(X1) Discard all but the  
top 3 continuations

Prefix Probability
the 0.04
in 0.02
and 0.02

B
ea

m
C

ur
re

nt
 B

ea
m

 
C

an
d
id

at
es

Prefix Probability
the list 0.4*0.3
the look 0.3*0.2
the parents 0.2*0.1
in the 0.3*0.15
in a 0.3*0.1
in this 0.3*0.05
and the 0.2*0.6
and a 0.2*0.2
and dog 0.2*0.2

the

in

and

0.4

0.3

0.2

the

0.6

a

0.2

dog

0.2

<latexit sha1_base64="pjaTyH13Vrncs45LeYO0ugINcsw=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAYhNmE3BLURgjaWEcwDkrDMzk6SIbOzy8xdSVjS2PgrNhaK2PoPdv6Nk0ehiQcuHM65l3vv8WPBNTjOt5VZWV1b38hu5ra2d3b37P2Duo4SRVmNRiJSTZ9oJrhkNeAgWDNWjIS+YA1/cDPxGw9MaR7JexjFrBOSnuRdTgkYybOP40LTK+F2yAM89Fx8hdvAhpASGYzPPDvvFJ0p8DJx5ySP5qh69lc7iGgSMglUEK1brhNDJyUKOBVsnGsnmsWEDkiPtQyVJGS6k06/GONTowS4GylTEvBU/T2RklDrUeibzpBAXy96E/E/r5VA97KTchknwCSdLeomAkOEJ5HggCtGQYwMIVRxcyumfaIIBRNczoTgLr68TOqlonteLN+V85XreRxZdIROUAG56AJV0C2qohqi6BE9o1f0Zj1ZL9a79TFrzVjzmUP0B9bnDynElx0=</latexit>

p(X2 | x1 = and)



Beam Search, n = 3
Compute probabilities 

of all candidates

Prefix Probability
the 0.04
in 0.02
and 0.02

B
ea

m
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nt
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ea
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C
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at
es

Prefix Probability
the list 0.12
the look 0.06
the parents 0.02
in the 0.05
in a 0.03
in this 0.02
and the 0.12
and a 0.04
and dog 0.04



Beam Search, n = 3
Refresh the beam  

with top n candidates

Prefix Probability
the list 0.12
the look 0.06
and the 0.12

B
ea

m
C

ur
re

nt
 B

ea
m

 
C

an
d
id

at
es

Prefix Probability
the list 0.12
the look 0.06
the parents 0.02
in the 0.05
in a 0.03
in this 0.02
and the 0.12
and a 0.04
and dog 0.04



Beam Search, n = 3
Keep generating  

with new beam

Prefix Probability
the list 0.12
the look 0.06
and the 0.12

B
ea

m
C

ur
re

nt
 B

ea
m

 
C

an
d
id

at
es

the list

the look

and the

0.12

0.06

0.12

of

0.03

goes

0.02

is

0.02

Prefix Probability
the list of 0.004
the list goes 0.002
the list is 0.002

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

p(x)
<latexit sha1_base64="0FT2p8+OvKKX6M99FUZ+w0Q+Krg=">AAACE3icbVC7SgNBFJ2N7/iKWtoMBkEtwq4GtRFEG0sF84DsssxObsyQ2QczdyVhyT/Y+Cs2ForY2tj5N87GLXwdGDice+6de0+QSKHRtj+s0tT0zOzc/EJ5cWl5ZbWytt7Ucao4NHgsY9UOmAYpImigQAntRAELAwmtYHCe11u3oLSIo2scJeCF7CYSPcEZGsmv7CU7bf+AuqHoUjc2znxQNhzTE+oiDDHDPtB8j/GuX6naNXsC+pc4BamSApd+5d3txjwNIUIumdYdx07Qy5hCwSWMy26qIWF8wG6gY2jEQtBeNrlpTLeN0qW9WJkXIZ2o3zsyFmo9CgPjDBn29e9aLv5X66TYO/YyESUpQsS/PuqlkmJM84BoVyjgKEeGMK6E2ZXyPlOMo4mxbEJwfp/8lzT3a85hrX5Vr56eFXHMk02yRXaIQ47IKbkgl6RBOLkjD+SJPFv31qP1Yr1+WUtW0bNBfsB6+wQjL528</latexit>

p(X3 | x = the list)



Beam Search, n = 3
Keep generating  

with new beam

Prefix Probability
the list 0.12
the look 0.06
and the 0.12

B
ea

m
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re

nt
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m
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id

at
es

the list

the look

and the

0.12

0.06

0.12

of

0.3

-out

0.2

on

0.1

Prefix Probability
the list of 0.004
the list goes 0.002
the list is 0.002
the look of 0.018
the lookout 0.012
the look on 0.006

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

p(x)
<latexit sha1_base64="NNhM1fIC96pYmlcId37zUttd/kI=">AAACE3icbVDLSgMxFM34tr6qLt0Ei6AuyowWdSMU3bisYGuhU4ZM5taGZiZDckcsQ//Bjb/ixoUibt24829MHwtfBwKHc85Nck+YSmHQdT+dqemZ2bn5hcXC0vLK6lpxfaNhVKY51LmSSjdDZkCKBOooUEIz1cDiUMJ12Dsf+te3oI1QyRX2U2jH7CYRHcEZWiko7qe7zeCQ+rGIqK9scnhRfjegp9RHuMMcu0ClUr3BXlAsuWV3BPqXeBNSIhPUguKHHymexZAgl8yYluem2M6ZRsElDAp+ZiBlvMduoGVpwmIw7Xy004DuWCWiHaXtSZCO1O8TOYuN6cehTcYMu+a3NxT/81oZdk7auUjSDCHh44c6maSo6LAgGgkNHGXfEsa1sH+lvMs042hrLNgSvN8r/yWNg7J3VK5cVkrVs0kdC2SLbJNd4pFjUiUXpEbqhJN78kieyYvz4Dw5r87bODrlTGY2yQ84718YjZ21</latexit>

p(X3 | x = the look)



Beam Search, n = 3
Keep generating  

with new beam

Prefix Probability
the list 0.12
the look 0.06
and the 0.12

B
ea

m
C

ur
re

nt
 B

ea
m

 
C

an
d
id

at
es

the list

the look

and the

0.12

0.06

0.12

two

0.2

creation

0.04

buildings

0.02

Prefix Probability
the list of 0.004
the list goes 0.002
the list is 0.002
the look of 0.018
the lookout 0.012
the look on 0.006
and the two 0.024
and the creation 0.005
and the buildings 0.002

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

p(x)
<latexit sha1_base64="NNhM1fIC96pYmlcId37zUttd/kI=">AAACE3icbVDLSgMxFM34tr6qLt0Ei6AuyowWdSMU3bisYGuhU4ZM5taGZiZDckcsQ//Bjb/ixoUibt24829MHwtfBwKHc85Nck+YSmHQdT+dqemZ2bn5hcXC0vLK6lpxfaNhVKY51LmSSjdDZkCKBOooUEIz1cDiUMJ12Dsf+te3oI1QyRX2U2jH7CYRHcEZWiko7qe7zeCQ+rGIqK9scnhRfjegp9RHuMMcu0ClUr3BXlAsuWV3BPqXeBNSIhPUguKHHymexZAgl8yYluem2M6ZRsElDAp+ZiBlvMduoGVpwmIw7Xy004DuWCWiHaXtSZCO1O8TOYuN6cehTcYMu+a3NxT/81oZdk7auUjSDCHh44c6maSo6LAgGgkNHGXfEsa1sH+lvMs042hrLNgSvN8r/yWNg7J3VK5cVkrVs0kdC2SLbJNd4pFjUiUXpEbqhJN78kieyYvz4Dw5r87bODrlTGY2yQ84718YjZ21</latexit>

p(X3 | x = the look)



Beam Search, n = 3

Prefix Probability
the look of 0.018
the lookout 0.012
and the two 0.024
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0.12

0.06

0.12
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0.02

Prefix Probability
the list of 0.004
the list goes 0.002
the list is 0.002
the look of 0.018
the lookout 0.012
the look on 0.006
and the two 0.024
and the creation 0.005
and the buildings 0.002

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

p(x)
<latexit sha1_base64="NNhM1fIC96pYmlcId37zUttd/kI=">AAACE3icbVDLSgMxFM34tr6qLt0Ei6AuyowWdSMU3bisYGuhU4ZM5taGZiZDckcsQ//Bjb/ixoUibt24829MHwtfBwKHc85Nck+YSmHQdT+dqemZ2bn5hcXC0vLK6lpxfaNhVKY51LmSSjdDZkCKBOooUEIz1cDiUMJ12Dsf+te3oI1QyRX2U2jH7CYRHcEZWiko7qe7zeCQ+rGIqK9scnhRfjegp9RHuMMcu0ClUr3BXlAsuWV3BPqXeBNSIhPUguKHHymexZAgl8yYluem2M6ZRsElDAp+ZiBlvMduoGVpwmIw7Xy004DuWCWiHaXtSZCO1O8TOYuN6cehTcYMu+a3NxT/81oZdk7auUjSDCHh44c6maSo6LAgGgkNHGXfEsa1sH+lvMs042hrLNgSvN8r/yWNg7J3VK5cVkrVs0kdC2SLbJNd4pFjUiUXpEbqhJN78kieyYvz4Dw5r87bODrlTGY2yQ84718YjZ21</latexit>

p(X3 | x = the look) Refresh the beam  
with top n candidatestwo

creation

buildings



Beam Search, n = 3

Prefix Probability
the look of 0.018
the lookout 0.012
and the two 0.024

B
ea

m

• How do we know when to stop? 

• When all of the items in the beam have EOS (we don’t 
expand these prefixes, just keep them around for the end) 

• Or, when we’ve reached a maximum sequence length 

• Let’s say we’re done sampling at this point 

• We’ll select the sequence with the highest probability in the 
beam



Beam Search, n = 3

Prefix Probability
the look of 0.018
the lookout 0.012
and the two 0.024

B
ea

m

• How do we know when to stop? 

• When all of the items in the beam have EOS (we don’t 
expand these prefixes, just keep them around for the end) 

• Or, when we’ve reached a maximum sequence length 

• Let’s say we’re done sampling at this point 

• We’ll select the sequence with the highest probability in the 
beam



Beam Search, n = 3
• How do we know when to stop? 

• When all of the items in the beam have EOS (we don’t 
expand these prefixes, just keep them around for the end) 

• Or, when we’ve reached a maximum sequence length 

• Let’s say we’re done sampling at this point 

• We’ll select the sequence with the highest probability in the 
beam 

• What if our sequences have different lengths?

Length 
normalization:

<latexit sha1_base64="DmQUXrzbAKM0TO5S63j5tGT+tKw="></latexit>

p(x) / � 1

|x|↵

|x|X

i=1

log p(xi | x1, . . . , xi�1)



Masking Out Wordtypes

• Should we always try to 
approximate the argmax?



Masking Out Wordtypes

• Should we always try to 
approximate the argmax? 

• Maybe not! 

• Argmax produces repetitive, 
less diverse, and overall too-
probable output sequences 

• What’s missing?

Holtzman et al. 2019



Masking Out Wordtypes

• Should we always try to 
approximate the argmax? 

• Maybe not! 

• Argmax produces repetitive, 
less diverse, and overall too-
probable output sequences 

• What’s missing? 

• Long tail!



Masking Out Wordtypes

• Identify the set of n tokens     such that              ,    

• Set the probabilities of all but these tokens to 0 

• Renormalize by dividing remaining probabilities by 

Operation: ϵ sampling
<latexit sha1_base64="bWD2JGyhBJFZ4+he1/mEF+qp61U=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFEVxWsA+YDiWTZtrQTDIkGaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmHCmjet+O6W19Y3NrfJ2ZWd3b/+genjU0TJVhLaJ5FL1QqwpZ4K2DTOc9hJFcRxy2g0nt7nffaJKMykezTShQYxHgkWMYGMlvx9jMyaYZ3ezQbXm1t050CrxClKDAq1B9as/lCSNqTCEY619z01MkGFlGOF0VumnmiaYTPCI+pYKHFMdZPPIM3RmlSGKpLJPGDRXf29kONZ6God2Mo+ol71c/M/zUxNdBxkTSWqoIIuPopQjI1F+PxoyRYnhU0swUcxmRWSMFSbGtlSxJXjLJ6+SzkXdu6w3Hhq15k1RRxlO4BTOwYMraMI9tKANBCQ8wyu8OcZ5cd6dj8VoySl2juEPnM8feVCRZA==</latexit>

E <latexit sha1_base64="Zka3ljB0OiVCviabbPRTqQLFT1s=">AAACBXicbVDLSsNAFL3xWesr6lIXg0VwVRIpKrgpiuCygn1AU8pkOmmHTiZhZiKW0I0bf8WNC0Xc+g/u/BsnbRbaemDgcM69zLnHjzlT2nG+rYXFpeWV1cJacX1jc2vb3tltqCiRhNZJxCPZ8rGinAla10xz2oolxaHPadMfXmV+855KxSJxp0cx7YS4L1jACNZG6toHXhBJzDnyLtAD8phAXoj1gGCeXo+7dskpOxOgeeLmpAQ5al37y+tFJAmp0IRjpdquE+tOiqVmhNNx0UsUjTEZ4j5tGypwSFUnnVwxRkdG6SETxzyh0UT9vZHiUKlR6JvJLKKa9TLxP6+d6OC8kzIRJ5oKMv0oSDjSEcoqQT0mKdF8ZAgmkpmsiAywxESb4oqmBHf25HnSOCm7p+XKbaVUvczrKMA+HMIxuHAGVbiBGtSBwCM8wyu8WU/Wi/VufUxHF6x8Zw/+wPr8AVqdl90=</latexit>

8 x 2 E
<latexit sha1_base64="msfXlpC6ukq+6N7aa+OburMcNkI=">AAACFHicbVDLTgIxFO3gC/GFunTTSEwwIpkxRF0S3bjERB4JMyGdcoGGzsO2YyATPsKNv+LGhca4deHOv7EDs1DwJE1Ozjm37T1uyJlUpvltZJaWV1bXsuu5jc2t7Z387l5DBpGgUKcBD0TLJRI486GumOLQCgUQz+XQdIfXid98ACFZ4N+pcQiOR/o+6zFKlJY6+ZOwOMK2x7p41LFK2O4GSpY0j9mpNTnGdh/usQ2hZDxJF8yyOQVeJFZKCihFrZP/0vfRyANfUU6kbFtmqJyYCMUoh0nOjiSEhA5JH9qa+sQD6cTTpSb4SCtd3AuEPr7CU/X3REw8Kceeq5MeUQM57yXif147Ur1LJ2Z+GCnw6eyhXsSxCnDSEO4yAVTxsSaECqb/iumACEKV7jGnS7DmV14kjbOydV6u3FYK1au0jiw6QIeoiCx0garoBtVQHVH0iJ7RK3oznowX4934mEUzRjqzj/7A+PwB8qyc7A==</latexit>

p(x | x1, . . . , xi�1) � ✏

<latexit sha1_base64="CRGSZKIeNSmuB/tFjrs8KQDn6rU=">AAACIHicbVDNS8MwHE3n15xfU49egkOYMEcrw3kciuBxgvuAtZQ0zbawNC1JKhulf4oX/xUvHhTRm/41ZlsPuvkg8Hjv90vynhcxKpVpfhm5ldW19Y38ZmFre2d3r7h/0JZhLDBp4ZCFoushSRjlpKWoYqQbCYICj5GON7qe+p0HIiQN+b2aRMQJ0IDTPsVIackt1m0ZB24yhjbl0A6QGmLEkps0jcpdl2qF+nDsWhVo+6GSFc0Temalp26xZFbNGeAysTJSAhmabvFT34DjgHCFGZKyZ5mRchIkFMWMpAU7liRCeIQGpKcpRwGRTjILmMITrfiwHwp9uIIz9fdGggIpJ4GnJ6cR5KI3Ff/zerHqXzoJ5VGsCMfzh/oxgyqE07agTwXBik00QVhQ/VeIh0ggrHSnBV2CtRh5mbTPq9ZFtXZXKzWusjry4AgcgzKwQB00wC1oghbA4BE8g1fwZjwZL8a78TEfzRnZziH4A+P7BxWIokM=</latexit>X

x2E
p(Xi | x1, . . . , xi�1)



Masking Out Wordtypes

• Identify the set of k tokens     that have the highest probabilities 
under   

• Set the probabilities of all but these tokens to 0 

• Renormalize by dividing remaining probabilities by 

Operation: top-k sampling

<latexit sha1_base64="1gMTx9zFfOxmtAwYtSUxZu3sxkM=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqFDLjBR1WXTjsoK9QDsMmUymDU0yQ5IRy9ClG1/FjQtF3PoI7nwb08tCW38IfPznnCTnDxJGlXacbyu3tLyyupZfL2xsbm3v2Lt7TRWnEpMGjlks2wFShFFBGppqRtqJJIgHjLSCwfW43ronUtFY3OlhQjyOeoJGFCNtLN8+TEptn8IupyF88N0y7IaxVmXDGT11Rye+XXQqzkRwEdwZFMFMdd/+MjfglBOhMUNKdVwn0V6GpKaYkVGhmyqSIDxAPdIxKBAnyssmi4zgsXFCGMXSHKHhxP09kSGu1JAHppMj3VfztbH5X62T6ujSy6hIUk0Enj4UpQzqGI5TgSGVBGs2NICwpOavEPeRRFib7AomBHd+5UVonlXc80r1tlqsXc3iyIMDcARKwAUXoAZuQB00AAaP4Bm8gjfryXqx3q2PaWvOms3sgz+yPn8Ax76X7Q==</latexit>

p(Xi | x1, . . . , xi�1)

<latexit sha1_base64="do7QYpxOjLvtJjjP3b/pcsY9aME="></latexit>X

x2K
p(Xi | x1, . . . , xi�1)

<latexit sha1_base64="7j7BI/4OJjCMYZ/llZOjjZryQw8=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN4KbCvYB06Fk0kwbmkmGJCOUoZ/hxoUibv0ad/6NmXYW2nogcDjnXnLuCRPOtHHdb6e0tr6xuVXeruzs7u0fVA+POlqmitA2kVyqXog15UzQtmGG016iKI5DTrvh5Db3u09UaSbFo5kmNIjxSLCIEWys5PdjbMYE8+x+NqjW3Lo7B1olXkFqUKA1qH71h5KkMRWGcKy177mJCTKsDCOczir9VNMEkwkeUd9SgWOqg2weeYbOrDJEkVT2CYPm6u+NDMdaT+PQTuYR9bKXi/95fmqi6yBjIkkNFWTxUZRyZCTK70dDpigxfGoJJorZrIiMscLE2JYqtgRv+eRV0rmoe5f1xkOj1rwp6ijDCZzCOXhwBU24gxa0gYCEZ3iFN8c4L86787EYLTnFzjH8gfP5A4JukWo=</latexit>

K



Masking Out Wordtypes

• Identify the set of n tokens     that have the highest probabilities 
under                                    and their cumulative probability is p   

• Set the probabilities of all but these tokens to 0 

• Renormalize by dividing remaining probabilities by 

Operation: top-p (nucleus) sampling
<latexit sha1_base64="gODZk7vf3hcTEZl9/wyZ+0xYV5o=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXM2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqn75cFlr3BZ1lOEETuEcPLiGBtxDE1rAIIZneIU3B50X5935WIyWnGLnGP7A+fwBigeRbw==</latexit>P

<latexit sha1_base64="Up90WFmnlv0rcKY8eeAidUzXYYg=">AAACIHicbVDNS8MwHE39nPOr6tFLcAgT5mhlOI9DLx4nuA9YS0mzbAtL05KkslH6p3jxX/HiQRG96V9juvWgmw8Cj/d+vyTv+RGjUlnWl7Gyura+sVnYKm7v7O7tmweHbRnGApMWDlkouj6ShFFOWooqRrqRICjwGen445vM7zwQIWnI79U0Im6AhpwOKEZKS55Zd2QceMkEOpRDJ0BqhBFLmmkalbse1Qrtw4lnV6DTD5WsaJ7Qczs988ySVbVmgMvEzkkJ5Gh65qe+AccB4QozJGXPtiLlJkgoihlJi04sSYTwGA1JT1OOAiLdZBYwhada6cNBKPThCs7U3xsJCqScBr6ezCLIRS8T//N6sRpcuQnlUawIx/OHBjGDKoRZW7BPBcGKTTVBWFD9V4hHSCCsdKdFXYK9GHmZtC+q9mW1dlcrNa7zOgrgGJyAMrBBHTTALWiCFsDgETyDV/BmPBkvxrvxMR9dMfKdI/AHxvcPJ5+iTg==</latexit>X

x2P
p(Xi | x1, . . . , xi�1)

<latexit sha1_base64="1gMTx9zFfOxmtAwYtSUxZu3sxkM=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqFDLjBR1WXTjsoK9QDsMmUymDU0yQ5IRy9ClG1/FjQtF3PoI7nwb08tCW38IfPznnCTnDxJGlXacbyu3tLyyupZfL2xsbm3v2Lt7TRWnEpMGjlks2wFShFFBGppqRtqJJIgHjLSCwfW43ronUtFY3OlhQjyOeoJGFCNtLN8+TEptn8IupyF88N0y7IaxVmXDGT11Rye+XXQqzkRwEdwZFMFMdd/+MjfglBOhMUNKdVwn0V6GpKaYkVGhmyqSIDxAPdIxKBAnyssmi4zgsXFCGMXSHKHhxP09kSGu1JAHppMj3VfztbH5X62T6ujSy6hIUk0Enj4UpQzqGI5TgSGVBGs2NICwpOavEPeRRFib7AomBHd+5UVonlXc80r1tlqsXc3iyIMDcARKwAUXoAZuQB00AAaP4Bm8gjfryXqx3q2PaWvOms3sgz+yPn8Ax76X7Q==</latexit>

p(Xi | x1, . . . , xi�1)

<latexit sha1_base64="8SNIlxS/XmBQ26UczGYdQ5cthBk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHq5J0itX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5VvUuquf355XaTR5HEY7gGE7Bg0uowR3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AtG6Nbg==</latexit>= p



Masking Out Wordtypes

• For some tasks, we have additional information about what 
wordtypes can or cannot be next 

• E.g., in code generation, I can’t generate more ) than I 
have ( 

• While modern LLMs can learn these patterns from data at 
scale, it can sometimes still be useful to constrain our 
output space

Operation: constrained decoding



Masking Out Wordtypes

• For some tasks, we have additional information about what 
wordtypes can or cannot be next 

• E.g., in code generation, I can’t generate more ) than I 
have ( 

• While modern LLMs can learn these patterns from data at 
scale, it can sometimes still be useful to constrain our 
output space 

• Similar to before: given a set of possible continuations 
we will set the probabilities of all other tokens to 0, then 
renormalize using 

Operation: constrained decoding

<latexit sha1_base64="nE4W/eXEcR0VCjsYgopCjmA/gzo=">AAACIHicbVDNS8MwHE3n15xfU49egkOYMEcrw3kc7uJxgvuAtZQ0zbawNC1JKhulf4oX/xUvHhTRm/41ptsOuvkg8Hjv90vynhcxKpVpfhm5tfWNza38dmFnd2//oHh41JFhLDBp45CFouchSRjlpK2oYqQXCYICj5GuN25mfveBCElDfq+mEXECNOR0QDFSWnKLdVvGgZtMoE05tAOkRhixpJmmUbnnUq1QH05cqwJtP1SyonlCL6z03C2WzKo5A1wl1oKUwAItt/ipb8BxQLjCDEnZt8xIOQkSimJG0oIdSxIhPEZD0teUo4BIJ5kFTOGZVnw4CIU+XMGZ+nsjQYGU08DTk1kEuexl4n9eP1aDayehPIoV4Xj+0CBmUIUwawv6VBCs2FQThAXVf4V4hATCSnda0CVYy5FXSeeyal1Va3e1UuNmUUcenIBTUAYWqIMGuAUt0AYYPIJn8ArejCfjxXg3PuajOWOxcwz+wPj+ARI+okE=</latexit>X

x2C
p(Xi | x1, . . . , xi�1)

<latexit sha1_base64="woZu4KAJyylxDtZP2akM8UIvDts=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiJFXRa7cVnBPqAJZTK9aYdOHs5MhBKyduOvuHGhiFu/wJ1/46QNoq0HLhzOuZd77/FizqSyrC9jaXlldW29tFHe3Nre2TX39tsySgSFFo14JLoekcBZCC3FFIduLIAEHoeON27kfucehGRReKsmMbgBGYbMZ5QoLfXNIycgakQJTxsZdmTiSVBwh3/UdtY3K1bVmgIvErsgFVSg2Tc/nUFEkwBCRTmRsmdbsXJTIhSjHLKyk0iICR2TIfQ0DUkA0k2nr2T4RCsD7EdCV6jwVP09kZJAykng6c78RDnv5eJ/Xi9R/qWbsjBOFIR0tshPOFYRznPBAyaAKj7RhFDB9K2YjoggVOn0yjoEe/7lRdI+q9rn1dpNrVK/KuIooUN0jE6RjS5QHV2jJmohih7QE3pBr8aj8Wy8Ge+z1iWjmDlAf2B8fAPMlZr7</latexit>

C ✓ V



Contrastive Decoding
Operation: shift distribution away from 

“amateur” model

Li et al. 2022



Inference-Time Optimizations: 
Speculative Decoding

• Observation: some tokens are easier to generate than others 

• Computing the distribution over tokens is slow for large models, and this 
must be done serially  
 

• Speculative execution: a system performs a task that may not be needed, 
to prevent a delay that would be incurred if the task was performed only 
after it was known that it was needed 

• We need to be able to “suggest” tasks that might be needed in the 
future 

• Here: we can approximate p with a faster model

<latexit sha1_base64="OQ/FujMuuSEvanFlCm0hwQ1RaO0=">AAACFHicbVC7TsMwFHXKq5RXgJHFokIqolQJQoWxgoWxSPQhNVHkOE5r1U4i20Gton4EC7/CwgBCrAxs/A1umwEKR7J0fM69177HTxiVyrK+jMLS8srqWnG9tLG5tb1j7u61ZZwKTFo4ZrHo+kgSRiPSUlQx0k0EQdxnpOMPr6d+554ISePoTo0T4nLUj2hIMVJa8syTkUehIymHScXBQaygw2kAR55dhY6+yqrmGT21J/DYM8tWzZoB/iV2TsogR9MzP/UInHISKcyQlD3bSpSbIaEoZmRSclJJEoSHqE96mkaIE+lms6Um8EgrAQxjoU+k4Ez92ZEhLuWY+7qSIzWQi95U/M/rpSq8dDMaJakiEZ4/FKYMqhhOE4IBFQQrNtYEYUH1XyEeIIGw0jmWdAj24sp/SfusZtdr9dvzcuMqj6MIDsAhqAAbXIAGuAFN0AIYPIAn8AJejUfj2Xgz3uelBSPv2Qe/YHx8A3gbnJI=</latexit>

xi ⇠ p(· | x1, . . . , xi�1)
<latexit sha1_base64="Bul5AoEfiZxB2X7qR6VobcR0yrw=">AAACHXicbVDLSgMxFM3UV62vUZdugkWoWMuMlOqy6MZlBfuAzjBkMmkbmswMSUZahv6IG3/FjQtFXLgR/8ZM24W2HgicnHPvTe7xY0alsqxvI7eyura+kd8sbG3v7O6Z+wctGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafvDm8xvPxAhaRTeq3FMXI76Ie1RjJSWPLM68lJ6Zk+gIymHccnBQaSgw2kAR55dho6+yjLMqs7tSUYoPPXMolWxpoDLxJ6TIpij4Zmfeg5OOAkVZkjKrm3Fyk2RUBQzMik4iSQxwkPUJ11NQ8SJdNPpdhN4opUA9iKhT6jgVP3dkSIu5Zj7upIjNZCLXib+53UT1btyUxrGiSIhnj3USxhUEcyiggEVBCs21gRhQfVfIR4ggbDSgRZ0CPbiysukdVGxa5XaXbVYv57HkQdH4BiUgA0uQR3cggZoAgwewTN4BW/Gk/FivBsfs9KcMe85BH9gfP0AsgqfzA==</latexit>

xi+1 ⇠ p(· | x1, . . . , xi�1, xi)

Leviathan et al. 2022



Inference-Time Optimizations: 
Speculative Decoding

• First, (quickly) get a sample of the next token from a small model 

• Then, in parallel: 
 
 

• After, we choose whether      is “valid” or not 

• If  
(i.e., probability according to approximation is less than actual 
probability), we keep it as valid 

• Otherwise, we keep it as valid with probability:

<latexit sha1_base64="vaRY6iuplBt1+OVhhNGRrFwa42g=">AAACFXicbVDLSgMxFM3UV62vUZdugkVaoZYZkeqy6MZlBfuAzjBkMmkbmswMSUZahv6EG3/FjQtF3Aru/BvTdhbaeiBwcs69N7nHjxmVyrK+jdzK6tr6Rn6zsLW9s7tn7h+0ZJQITJo4YpHo+EgSRkPSVFQx0okFQdxnpO0Pb6Z++4EISaPwXo1j4nLUD2mPYqS05JmVUcmj0JGUw7hUdnAQKehwGsCRZ1ego6+yonlKz+zJqWcWrao1A1wmdkaKIEPDM7/0BJxwEirMkJRd24qVmyKhKGZkUnASSWKEh6hPupqGiBPpprOtJvBEKwHsRUKfUMGZ+rsjRVzKMfd1JUdqIBe9qfif101U78pNaRgnioR4/lAvYVBFcBoRDKggWLGxJggLqv8K8QAJhJUOsqBDsBdXXiat86pdq9buLor16yyOPDgCx6AMbHAJ6uAWNEATYPAInsEreDOejBfj3fiYl+aMrOcQ/IHx+QPkeJzK</latexit>

x0
i ⇠ p0(· | x1, . . . , xi�1)

<latexit sha1_base64="NhAYfudPrHbFnBSAJe3sDIX5RTA=">AAACHnicbZBNS8MwGMfT+TbnW9Wjl+CQTZyjFZ0eh148TnAvsI6SZtkWlrQlSWWj9JN48at48aCI4Em/jdnWg24+EPjl/7wkz98LGZXKsr6NzNLyyupadj23sbm1vWPu7jVkEAlM6jhggWh5SBJGfVJXVDHSCgVB3GOk6Q1vJvnmAxGSBv69Goekw1Hfpz2KkdKSa16MCm5MT+wEOpJyGBYd3A0UdDjtwpFrl6Cjr7KkOaandqKh4NJj18xbZWsacBHsFPIgjZprfuo5OOLEV5ghKdu2FapOjISimJEk50SShAgPUZ+0NfqIE9mJp+sl8EgrXdgLhD6+glP1d0eMuJRj7ulKjtRAzucm4n+5dqR6V52Y+mGkiI9nD/UiBlUAJ17BLhUEKzbWgLCg+q8QD5BAWGlHc9oEe37lRWicle1KuXJ3nq9ep3ZkwQE4BEVgg0tQBbegBuoAg0fwDF7Bm/FkvBjvxsesNGOkPfvgTxhfPyUEoAQ=</latexit>

x0
i+1 ⇠ p(· | x1, . . . , xi�1, x

0
i)

Compute “actual” probability  
of sampled token

Compute continuation, assuming  
approximation was good

<latexit sha1_base64="+6tgxhUNCi7ftH3Uj81IJaDyn78=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2ARK9QyI1JdFt24rGAv0A5DJpNpQ5PMkGSkZejWja/ixoUibn0Dd76N6WWh1R8CH/85J8n5g4RRpR3ny8otLa+sruXXCxubW9s79u5eU8WpxKSBYxbLdoAUYVSQhqaakXYiCeIBI61gcD2pt+6JVDQWd3qUEI+jnqARxUgby7dhUhoe+xR2OQ3h0HfLsBvGWpUNZ/TUHZ/4dtGpOFPBv+DOoQjmqvv2p7kBp5wIjRlSquM6ifYyJDXFjIwL3VSRBOEB6pGOQYE4UV423WQMj4wTwiiW5ggNp+7PiQxxpUY8MJ0c6b5arE3M/2qdVEeXXkZFkmoi8OyhKGVQx3ASCwypJFizkQGEJTV/hbiPJMLahFcwIbiLK/+F5lnFrVaqt+fF2tU8jjw4AIegBFxwAWrgBtRBA2DwAJ7AC3i1Hq1n6816n7XmrPnMPvgl6+MbYiCYQA==</latexit>

p(x0
i | x1, . . . , xi�1)

<latexit sha1_base64="6Cd4w5qdV1BLgPY5hFwi+COKSeA=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbRU9mVUj0WvXisYD+gXUo2zbahSXZJsmJZ+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpv5nUeqNIvkg5nG1Bd4JFnICDaZ9HQ+YINyxa26c6BV4uWkAjmag/JXfxiRRFBpCMda9zw3Nn6KlWGE01mpn2gaYzLBI9qzVGJBtZ/Ob52hM6sMURgpW9Kgufp7IsVC66kIbKfAZqyXvUz8z+slJrz2UybjxFBJFovChCMToexxNGSKEsOnlmCimL0VkTFWmBgbT8mG4C2/vEral1WvXq3f1yqNmzyOIpzAKVyAB1fQgDtoQgsIjOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AxOyOFA==</latexit>

x0
i

<latexit sha1_base64="nxlWoLHM3g/p/tDmzu8UexHg4AY=">AAACMHichVBLSwMxGMzWV62vVY9egkVaoZZdkeqx6EGPFWwrdJclm822odmHSVZalv4kL/4UvSgo4tVfYdruQVvBgcAwM1+Sb9yYUSEN41XLLSwuLa/kVwtr6xubW/r2TktECcekiSMW8VsXCcJoSJqSSkZuY05Q4DLSdvsXY799T7igUXgjhzGxA9QNqU8xkkpy9Mu4VB6UHAqtgHpw4JgVaHmRFBXFU3pkjg6hxcgdjP9JOXrRqBoTwHliZqQIMjQc/UndgJOAhBIzJETHNGJpp4hLihkZFaxEkBjhPuqSjqIhCoiw08nCI3igFA/6EVcnlHCi/pxIUSDEMHBVMkCyJ2a9sfiX10mkf2anNIwTSUI8fchPGJQRHLcHPcoJlmyoCMKcqr9C3EMcYak6LqgSzNmV50nruGrWqrXrk2L9PKsjD/bAPigDE5yCOrgCDdAEGDyAZ/AG3rVH7UX70D6n0ZyWzeyCX9C+vgEwMKYV</latexit>

p0(x0
i | x1, . . . , xi�1)  p(x0

i | x1, . . . , xi�1)

<latexit sha1_base64="JTMkvB2K1f0LYnavWUPvu0yzp4s=">AAACNXichVBLSwMxGMzWV62vVY9egkVaoZZdkeqx6MWDhwr2Ad2yZLPZNjT7IMlKy7J/yov/w5MePCji1b9g2u5BW8GBwDAzX5JvnIhRIQ3jRcstLa+sruXXCxubW9s7+u5eS4Qxx6SJQxbyjoMEYTQgTUklI52IE+Q7jLSd4dXEb98TLmgY3MlxRHo+6gfUoxhJJdn6jeV6HOEkKo9KNoWWT104ss0KtNxQioriCT0x02OYJlHpn0xq60WjakwBF4mZkSLI0LD1J3UFjn0SSMyQEF3TiGQvQVxSzEhasGJBIoSHqE+6igbIJ6KXTLdO4ZFSXOiFXJ1Awqn6cyJBvhBj31FJH8mBmPcm4l9eN5beRS+hQRRLEuDZQ17MoAzhpELoUk6wZGNFEOZU/RXiAVItSlV0QZVgzq+8SFqnVbNWrd2eFeuXWR15cAAOQRmY4BzUwTVogCbA4AE8gzfwrj1qr9qH9jmL5rRsZh/8gvb1DXevqNU=</latexit>

p(x0
i | x1, . . . , xi�1)

p0(x0
i | x1, . . . , xi�1)

Leviathan et al. 2022



Inference-Time Optimizations: 
Speculative Decoding

• If      is deemed not valid, then we sample from a new distribution: 
 
 
 

• This process is exactly equivalent to sampling directly from  
                               , but (fast) look-ahead generation can be 
parallelized with verification 

• Original speculative decoding paper extends this to sampling multi-
token suffixes with the approximation model 

• Multi-token suffixes are easy to verify in a single forward pass 
with the “actual” model

<latexit sha1_base64="6Cd4w5qdV1BLgPY5hFwi+COKSeA=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbRU9mVUj0WvXisYD+gXUo2zbahSXZJsmJZ+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpv5nUeqNIvkg5nG1Bd4JFnICDaZ9HQ+YINyxa26c6BV4uWkAjmag/JXfxiRRFBpCMda9zw3Nn6KlWGE01mpn2gaYzLBI9qzVGJBtZ/Ob52hM6sMURgpW9Kgufp7IsVC66kIbKfAZqyXvUz8z+slJrz2UybjxFBJFovChCMToexxNGSKEsOnlmCimL0VkTFWmBgbT8mG4C2/vEral1WvXq3f1yqNmzyOIpzAKVyAB1fQgDtoQgsIjOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AxOyOFA==</latexit>

x0
i

<latexit sha1_base64="Veh9OQheagv/x+CRUioMl7jeVn8="></latexit>

x00
i ⇠ normmax(0, p(· | x1, . . . , xi�1)� p0(· | x1, . . . , xi�1))

“Residual” probability on tokens that  
the “actual” model assigned higher probability  

to than the approximation

<latexit sha1_base64="K0RnfN3GmIQ8Mpdg3XOZ2U3gMqM=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCEVqVQJQoWxgoWxSPQhNVHkOE5r1U4i20FUUWcWfoWFAYRY+QI2/ga3zQAtR7J0fM69177HTxiVyrK+jcLS8srqWnG9tLG5tb1j7u61ZZwKTFo4ZrHo+kgSRiPSUlQx0k0EQdxnpOMPryd+554ISePoTo0S4nLUj2hIMVJa8szDpOLgIFbQ4TSAD55dhY6+yqrmGT21xyeeWbZq1hRwkdg5KYMcTc/80hNwykmkMENS9mwrUW6GhKKYkXHJSSVJEB6iPulpGiFOpJtNVxnDY60EMIyFPpGCU/V3R4a4lCPu60qO1EDOexPxP6+XqvDSzWiUpIpEePZQmDKoYjjJBQZUEKzYSBOEBdV/hXiABMJKp1fSIdjzKy+S9lnNrtfqt+flxlUeRxEcgCNQATa4AA1wA5qgBTB4BM/gFbwZT8aL8W58zEoLRt6zD/7A+PwBiuWY6Q==</latexit>

p(· | x1, . . . , xi�1)

Leviathan et al. 2022



Inference-Time Optimizations: 
Speculative Decoding

Leviathan et al. 2022



Inference-Time Optimization: 
KV Caching

• When a token is first seen, compute and store its keys and 
values in a cache 

• Every time we process a new (sampled) token as input, 
retrieved the stored key/value from previous tokens, 
instead of recomputing them 
 
 
 
 
 

• One consideration: you can only do this if you keep a fixed 
prefix of tokens



Inference-Time Optimization: 
Quantization

• Main principle: use lower-precision representations of 
network parameters during inference 

• Reduces the space required to store the model during 
inference 

• If your model has 65B parameters… 

• float32 (single-precision) —> 260 GB  

• float16 (half-precision) —> 130 GB 

• Usually doesn’t influence performance significantly! 

• 1-byte precision —> 65 GB 

• 1-bit precision —> 8.1 GB



Inference with Modern LLMs
• Today’s LLMs aren’t simply distributions over texts, but 

distributions over text conditioned on a prompt 

• But we can still use the same sampling methods as before 

• People recommend different  
parameters for different LLMs and  
different tasks 

• Inference engines (vLLM, sglang, 
LightLLM, etc.) implement  
hardware-optimized inference  
algorithms for open-weight models 
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