
N-gram Language 
Models

EECS 183/283a: Natural Language Processing



N-Grams

• An n-gram is a sequence of n tokens 

• Given a vocabulary    , the set of all possible n-grams is 
<latexit sha1_base64="PXN8dfsh7RKYqOdKlcVr6QHvRLo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae0Y8mkmTY0yYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxq6ShRhDZJxCPVCbCmnEnaNMxw2okVxSLgtB2MbzO/PaFKs0g+mGlMfYGHkoWMYGMlvyewGRHM09bsUfbLFbfqzoFWiZeTCuRo9MtfvUFEEkGlIRxr3fXc2PgpVoYRTmelXqJpjMkYD2nXUokF1X46Dz1DZ1YZoDBS9kmD5urvjRQLracisJNZSL3sZeJ/Xjcx4bWfMhknhkqyOBQmHJkIZQ2gAVOUGD61BBPFbFZERlhhYmxPJVuCt/zlVdK6qHq1au3+slK/yesowgmcwjl4cAV1uIMGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8AHG+SVw==</latexit>

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

A language model assigns a  

1-grams (unigrams): { a, assigns, language, model, probability, of, sequence, 
                                  tokens }

<latexit sha1_base64="u4JRhm6rsBtclnlER7ii2hgf6yM=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy0emDgcM69zLknTAQ36HlfTmltfWNzq7xd2dnd2z+oHh51jEo1ZW2qhNK9kBgmuGRt5ChYL9GMxKFg3XB6m/vdR6YNV/IBZwkLYjKWPOKUoJX6g5jghBKRdebDas2rewu4f4lfkBoUaA2rn4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3TOrjNxIafskugv150ZGYmNmcWgn84hm1cvF/7x+itF1kHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968l/Suaj7jXrj/rLWvCnqKMMJnMI5+HAFTbiDFrSBgoIneIFXB51n5815X46WnGLnGH7B+fgGk8mRdw==</latexit>V
2-grams (bigrams): { a a, a assigns, a language, … , tokens of,  
                                 tokens sequence, tokens tokens }

<latexit sha1_base64="iGT9zOxCooMm2blkDP1AQHMWNxY=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki1WXRjcsK9gHtWDJppg3NJGOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vZ219Y3Nru7BT3N3bPzgsHR23tEwUoU0iuVSdAGvKmaBNwwynnVhRHAWctoPxbea3J1RpJsWDmcbUj/BQsJARbKzk9yJsRgTztDV7rPZLZbfizoFWiZeTMuRo9EtfvYEkSUSFIRxr3fXc2PgpVoYRTmfFXqJpjMkYD2nXUoEjqv10HnqGzq0yQKFU9gmD5urvjRRHWk+jwE5mIfWyl4n/ed3EhNd+ykScGCrI4lCYcGQkyhpAA6YoMXxqCSaK2ayIjLDCxNieirYEb/nLq6RVrXi1Su3+sly/yesowCmcwQV4cAV1uIMGNIHAEzzDK7w5E+fFeXc+FqNrTr5zAn/gfP4AwXCSGw==</latexit>

V2

3-grams (trigrams): { a a a, a a assigns, a a language, … , tokens tokens of, 
                                 tokens tokens sequence, tokens tokens tokens}

<latexit sha1_base64="+Mdq3b19mJX2VEwbxTMNJDh504g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRmV6rLoxmUF+4B2LJk004YmmTHJFMrQ73DjQhG3fow7/8ZMOwttPRA4nHMv9+QEMWfauO63s7K6tr6xWdgqbu/s7u2XDg6bOkoUoQ0S8Ui1A6wpZ5I2DDOctmNFsQg4bQWj28xvjanSLJIPZhJTX+CBZCEj2FjJ7wpshgTztDl9vOiVym7FnQEtEy8nZchR75W+uv2IJIJKQzjWuuO5sfFTrAwjnE6L3UTTGJMRHtCOpRILqv10FnqKTq3SR2Gk7JMGzdTfGykWWk9EYCezkHrRy8T/vE5iwms/ZTJODJVkfihMODIRyhpAfaYoMXxiCSaK2ayIDLHCxNieirYEb/HLy6R5XvGqler9Zbl2k9dRgGM4gTPw4ApqcAd1aACBJ3iGV3hzxs6L8+58zEdXnHznCP7A+fwBwvSSHA==</latexit>

V3

…



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="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?

<latexit sha1_base64="FqAB92KGLjCAm0QLCiGTHzS9zWw="></latexit>

p(x) =

|x|Y

i=1

p(xi | x1, . . . , xi�1)



Autoregressive N-Gram  
Language Models

<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 make a Markov assumption: 
The probability of word at index i only depends on 

the n - 1 words that came before it

Challenge: how do we parameterize this if 
there can be arbitrarily many previous tokens? 

<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="FqAB92KGLjCAm0QLCiGTHzS9zWw="></latexit>

p(x) =

|x|Y

i=1

p(xi | x1, . . . , xi�1)



Autoregressive N-Gram  
Language Models

<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 make a Markov assumption: 
The probability of word at index i only depends on 

the n - 1 words that came before it

<latexit sha1_base64="+5xCzlYMDqii5ufspKOwjBuzv0g="></latexit>

p(Xi = x) ⇡ p(x | xi�n+1, . . . , xi�1)

<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="FqAB92KGLjCAm0QLCiGTHzS9zWw="></latexit>

p(x) =

|x|Y

i=1

p(xi | x1, . . . , xi�1)



count of n-gram

count of prev (n-1)-gram

Preceding (n-1)-gram

Autoregressive N-Gram  
Language Models

<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="+5xCzlYMDqii5ufspKOwjBuzv0g="></latexit>

p(Xi = x) ⇡ p(x | xi�n+1, . . . , xi�1)

<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)
<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="FqAB92KGLjCAm0QLCiGTHzS9zWw="></latexit>

p(x) =

|x|Y

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)



total number of 
words in corpus

count of word x 
across corpus

N-Gram  
Language Models

• Now, all we need to model is n-gram and (n-1)-gram 
probabilities! 

• We can do this by counting n-gram occurrences in the wild 

• Simplest n-gram language model: n = 1  
(unigrams, aka bag of words)

<latexit sha1_base64="/MHFU20bMjg4wMLdSyZ8ArYc7jQ=">AAACGXicbVDLSgMxFM3UV62vUZdugkWomzIjUt0Ioi5cVrC10BnLnTTV0EwmJBmxDPMbbvwVNy4Ucakr/8ZM7cLXgcDJOfdy7z2R5Ewbz/twSlPTM7Nz5fnKwuLS8oq7utbWSaoIbZGEJ6oTgaacCdoyzHDakYpCHHF6EQ2PC//ihirNEnFuRpKGMVwJNmAEjJV6ridrnR7DB/h2GwcgpUpusawVHyZwcEK5gcssiMFcE+BZO897btWre2Pgv8SfkCqaoNlz34J+QtKYCkM4aN31PWnCDJRhhNO8EqSaSiBDuKJdSwXEVIfZ+LIcb1mljweJsk8YPFa/d2QQaz2KI1tZ7Kh/e4X4n9dNzWA/zJiQqaGCfA0apBybBBcx4T5TlBg+sgSIYnZXTK5BATE2zIoNwf998l/S3qn7jXrjbLd6eDSJo4w20CaqIR/toUN0ipqohQi6Qw/oCT07986j8+K8fpWWnEnPOvoB5/0TdSefbg==</latexit>

p(Xi = x) ⇡ p(x) 2 �V
<latexit sha1_base64="dgAKNLcj52kzFBJB8jVQVnBmpcU="></latexit>

=
C(x)P
x2D |x|



Unigram Language Model

Word order does not matter! 
This is why it’s called “bag of words”

<latexit sha1_base64="uCo9X3Mlxm1fsVpOGuMdAjSNzq4=">AAACNnicbVBNSwMxFMz6bf2qevQSLIJeyq5I9SKIXrwIFawttKVks682mM0uyVu1LP1VXvwd3nrxoIhXf4LZuoK2DgSGmXlJ3vixFAZdd+hMTc/Mzs0vLBaWlldW14rrG9cmSjSHGo9kpBs+MyCFghoKlNCINbDQl1D3b88yv34H2ohIXWE/hnbIbpToCs7QSp3iRbzbQnjAtA9SRvfUJAK5vY8yFVANAe0xHOzRY/qTy7Q/oX xwlOsUS27ZHYFOEi8nJZKj2ik+t4KIJyEo5JIZ0/TcGNsp0yi4hEGhlRiIGb9lN9C0VLEQTDsdrT2gO1YJaDfS9iikI/X3RMpCY/qhb5Mhw54Z9zLxP6+ZYPeonQoVJwiKfz/UTSTFiGYd0kBo4Cj7ljCuhf0r5T2mGUfbdMGW4I2vPEmu98tepVy5PCidnOZ1LJAtsk12iUcOyQk5J1VSI5w8kiF5JW/Ok/PivDsf39EpJ5/ZJH/gfH4BPEmsOQ==</latexit>

p(yellow suitcase and red hat) = p(red suitcase and yellow hat)

<latexit sha1_base64="FqAB92KGLjCAm0QLCiGTHzS9zWw="></latexit>

p(x) =

|x|Y

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="GdG5kYqwyzvaTestvWbgIcotje8=">AAACFHicbVDLSgMxFM3UV62vUZdugkWoiGVGpLosunFZwT6gU4dMmrahmUlIMtIynY9w46+4caGIWxfu/BvTx0JbLyQczrnnJvcEglGlHefbyiwtr6yuZddzG5tb2zv27l5N8VhiUsWccdkIkCKMRqSqqWakISRBYcBIPehfj/X6A5GK8uhODwVphagb0Q7FSBvKt088JITkA+iZu+0n9NRN75ORx41pPDMZpKMUisLAp8e+nXeKzqTgInBnIA9mVfHtL6/NcRySSGOGlGq6jtCtBElNMSNpzosVEQj3UZc0DYxQSFQrmSyVwiPDtGGHS3MiDSfsb0eCQqWGYWA6Q6R7al4bk/9pzVh3LlsJjUSsSYSnD3ViBjWH44Rgm0qCNRsagLCk5q8Q95BEWJsccyYEd37lRVA7K7qlYun2PF++msWRBQfgEBSACy5AGdyACqgCDB7BM3gFb9aT9WK9Wx/T1ow18+yDP2V9/gDFZZ9I</latexit>

⇡
|x|Y

i�1

p(xi)



Unigram Language Model

Infini-gram (Liu et al. 2024) stats, vibecoded with Claude

displayed
-b
were

based
<latexit sha1_base64="mJ4zTujyH7fhtMjoBZ6FAWIAMpo=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNuGJtk1yRbL0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Mb42p0iySD2YSU1/ggWQhI9hYyX/qeairmUBxuX3eK5bcijsHWiVeRkqQod4rfnX7EUkElYZwrHXHc2Pjp1gZRjidFrqJpjEmIzygHUslFlT76fzoKTqzSh+FkbIlDZqrvydSLLSeiMB2CmyGetmbif95ncSE137KZJwYKsliUZhwZCI0SwD1maLE8IklmChmb0VkiBUmxuZUsCF4yy+vkuZFxatWqveXpdpNFkceTuAUyuDBFdTgDurQAAKP8Ayv8OaMnRfn3flYtOacbOYY/sD5/AEigpEN</latexit>

x1 ⇠ p(X)
-it

<latexit sha1_base64="fbD2xvSunN2oiqGTFHP4tJJtMZQ=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSLUS9ktUj0WvXisYD+gXUo2zbahSXZNssWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcyZNq777aytb2xubed28rt7+weHhaPjpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hbmt8ZUaRbJBzOJqS/wQLKQEWys5D/1KqirmUBxqX3RKxTdsjsHWiVeRoqQod4rfHX7EUkElYZwrHXHc2Pjp1gZRjid5ruJpjEmIzygHUslFlT76fzoKTq3Sh+FkbIlDZqrvydSLLSeiMB2CmyGetmbif95ncSE137KZJwYKsliUZhwZCI0SwD1maLE8IklmChmb0VkiBUmxuaUtyF4yy+vkmal7FXL1fvLYu0miyMHp3AGJfDgCmpwB3VoAIFHeIZXeHPGzovz7nwsWtecbOYE/sD5/AEkEJEO</latexit>

x2 ⇠ p(X)

-an
-ly
-is

<latexit sha1_base64="OCyHqZkF3pPkr0un8olQHk9DlhI=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G07vM7z5RpVkkH80spr7AY8lCRrDJpLjauxyWK27NXQCtEy8nFcjRGpa/BqOIJIJKQzjWuu+5sfFTrAwjnM5Lg0TTGJMpHtO+pRILqv10cescXVhlhMJI2ZIGLdTfEykWWs9EYDsFNhO96mXif14/MeGNnzIZJ4ZKslwUJhyZCGWPoxFTlBg+swQTxeytiEywwsTYeEo2BG/15XXSuap5jVrjoV5p3uZxFOEMzqEKHlxDE+6hBW0gMIFneIU3RzgvzrvzsWwtOPnMKfyB8/kDTpeNxg==</latexit>

p(X) (unigram probabilities)

EOS

basedit displayedb wereanlyis

What are the parameters of this model? 

How many parameters are there?



Bigram Language Model 
(n = 2)

<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)
<latexit sha1_base64="aRrahmDgvQXAQ709aSxNHpmbyO4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XQgpZEiroRit24rGAf0IYwmUzaoZMHMxNpCfkCN/6KGxeKuHXtzr9x2gbU1gMXDufcy733OBGjQhrGl5ZbWV1b38hvFra2d3b39P2DtghjjkkLhyzkXQcJwmhAWpJKRroRJ8h3GOk4o8bU79wTLmgY3MlJRCwfDQLqUYykkmy9dAX7rscRThrlsZ3QUzM9gWObVtIfoZLaetGoGjPAZWJmpAgyNG39s++GOPZJIDFDQvRMI5JWgrikmJG00I8FiRAeoQHpKRognwgrmb2TwpJSXOiFXFUg4Uz9PZEgX4iJ76hOH8mhWPSm4n9eL5bepZXQIIolCfB8kRczKEM4zQa6lBMs2UQRhDlVt0I8RCocqRIsqBDMxZeXSfusap5Xa7e1Yv06iyMPjsAxKAMTXIA6uAFN0AIYPIAn8AJetUftWXvT3uetOS2bOQR/oH18A8P9mq8=</latexit>

=
C(xi�1, xi)

C(xi�1)
<latexit sha1_base64="VopsWoalVUUbfJ27ESE/Poa/nLM="></latexit>

p(x) ⇡
|x|Y

i=1

C(xi�1, xi)

C(xi�1)



Bigram Language Model 
(n = 2)

• First sample a start token using the empirical first-token 
distribution:

<latexit sha1_base64="/r0GPkQrK0ylO+4jLQ6vvelo7is="></latexit>

p(X1 = x) =
C(BOS, x)

|D|

<latexit sha1_base64="182NfnOnVOqOkbGTKlEXA5kIXJo=">AAACIXicbVBLS0JBFJ5rL7OX1bLNkAQKIfdGmBtBdNMuo3yAiswd5+rg3Acz54ZyuX+lTX+lTYsi3EV/pvGxKO2DAx/fdw7nnM8OBFdgml9GYmNza3snuZva2z84PEofnzSUH0rK6tQXvmzZRDHBPVYHDoK1AsmIawvWtEfVmd98YlJx33uEScC6Lhl43OGUgJZ66WKQbfUsXMLjHC51+o4kNKpmO8DGABBV7h7iS6y9eEXMxb10xsybc+B1Yi1JBi1R66Wnnb5PQ5d5QAVRqm2ZAXQjIoFTweJUJ1QsIHREBqytqUdcprrR/MMYX2iljx1f6vIAz9XfExFxlZq4tu50CQzVqjcT//PaITjFbsS9IATm0cUiJxQYfDyLC/e5ZBTERBNCJde3YjokOiXQoaZ0CNbqy+ukcZW3CvnC/XWmXFnGkURn6BxlkYVuUBndohqqI4qe0St6Rx/Gi/FmfBrTRWvCWM6coj8wvn8AlUCiAw==</latexit>

p(X1 = x) =
C(BOS, x)

C(BOS)

<latexit sha1_base64="I4i07V1Qa5z9l58JxwoYxA/NJPo=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NBiJewKxI9hnjxZkTzgOwSZmcnyZDZBzO9Ylhz8Fe8eFDEq7/hzb9xkuxBEwsaiqpuuru8WHAFlvVt5JaWV1bX8uuFjc2t7R1zd6+pokRS1qCRiGTbI4oJHrIGcBCsHUtGAk+wlje8nPiteyYVj8I7GMXMDUg/5D1OCWipax7EpTZ2Au5jB9gDAKS169vxSdcsWmVrCrxI7IwUUYZ61/xy/IgmAQuBCqJUx7ZicFMigVPBxgUnUSwmdEj6rKNpSAKm3HR6/xgfa8XHvUjqCgFP1d8TKQmUGgWe7gwIDNS8NxH/8zoJ9C7clIdxAiyks0W9RGCI8CQM7HPJKIiRJoRKrm/FdEAkoaAjK+gQ7PmXF0nztGxXypWbs2K1lsWRR4foCJWQjc5RFV2hOmogih7RM3pFb8aT8WK8Gx+z1pyRzeyjPzA+fwDivpVm</latexit>

p(X | BOS)

my

Infini-gram (Liu et al. 2024) stats, vibecoded with Claude



Bigram Language Model 
(n = 2)

• Then sample conditioned on the previous word:

my

<latexit sha1_base64="9SVlNSjrcopkLet0AUvVyFzF/u4=">AAACG3icbVDLSgMxFM34rPU16tJNsAgtSJkpUt0IxW5cVrAPaEvJpJk2NPMguSMdhvkPN/6KGxeKuBJc+Demj0VtPXAvh3PuJbnHCQVXYFk/xtr6xubWdmYnu7u3f3BoHh03VBBJyuo0EIFsOUQxwX1WBw6CtULJiOcI1nRG1YnffGRS8cB/gDhkXY8MfO5ySkBLPbMU5lu9Er7B44Junb4rCU2q+Q6wMSRenF5oI10UCmnPzFlFawq8Suw5yaE5aj3zq9MPaOQxH6ggSrVtK4RuQiRwKlia7USKhYSOyIC1NfWJx1Q3md6W4nOt9LEbSF0+4Km6uJEQT6nYc/SkR2Colr2J+J/XjsC97ibcDyNgPp095EYCQ4AnQeE+l4yCiDUhVHL9V0yHRMcDOs6sDsFePnmVNEpFu1ws31/mKrfzODLoFJ2hPLLRFaqgO1RDdUTRE3pBb+jdeDZejQ/jcza6Zsx3TtAfGN+/kE+f/A==</latexit>

p(X2 = x) =
C(my, x)

C(my)

mother

<latexit sha1_base64="wfGYZYwi6nz595ozL2T6gkJYY98=">AAAB/HicbVBNSwMxEM3Wr1q/Vnv0EixCvZRdkeqx6MVjBfsBbSnZNG1Dk+ySzIrLUv+KFw+KePWHePPfmLZ70NYHA4/3ZpiZF0SCG/C8bye3tr6xuZXfLuzs7u0fuIdHTRPGmrIGDUWo2wExTHDFGsBBsHakGZGBYK1gcjPzWw9MGx6qe0gi1pNkpPiQUwJW6rvFqNzGXckHuAvsEVKZTM/6bsmreHPgVeJnpIQy1PvuV3cQ0lgyBVQQYzq+F0EvJRo4FWxa6MaGRYROyIh1LFVEMtNL58dP8alVBngYalsK8Fz9PZESaUwiA9spCYzNsjcT//M6MQyveilXUQxM0cWiYSwwhHiWBB5wzSiIxBJCNbe3YjommlCweRVsCP7yy6ukeV7xq5Xq3UWpdp3FkUfH6ASVkY8uUQ3dojpqIIoS9Ixe0Zvz5Lw4787HojXnZDNF9AfO5w8BJpRi</latexit>

p(X | my)

Infini-gram (Liu et al. 2024) stats, vibecoded with Claude



Bigram Language Model 
(n = 2)

• Then sample conditioned on the previous word:

my
mother

<latexit sha1_base64="RQNnh4Jjv1kTRcAGG8eKl7rU6W8=">AAACI3icbVDLSgNBEJz1bXxFPXoZDEIECbsqUQQhmIvHCEYD2SXMTnrNkNkHM71iWPZfvPgrXjwowYsH/8VJzEGjBd0UVd3MdPmJFBpt+8OamZ2bX1hcWi6srK6tbxQ3t250nCoOTR7LWLV8pkGKCJooUEIrUcBCX8Kt36+P/Nt7UFrE0TUOEvBCdheJQHCGRuoUz5Jyq3NEz+nDvmluN1CMZ/Wyi/CAWRhjD1R+YMx8WtzPO8WSXbHHoH+JMyElMkGjUxy63ZinIUTIJdO67dgJehlTKLiEvOCmGhLG++wO2oZGLATtZeMbc7pnlC4NYmUqQjpWf25kLNR6EPpmMmTY09PeSPzPa6cYnHqZiJIUIeLfDwWppBjTUWC0KxRwlANDGFfC/JXyHjMxoYm1YEJwpk/+S24OK061Ur06LtUuJnEskR2yS8rEISekRi5JgzQJJ4/kmbySN+vJerGG1vv36Iw12dkmv2B9fgFf+qOf</latexit>

p(X3 = x) =
C(mother, x)

C(mother)

<latexit sha1_base64="tbkx1jIby+nVb4XXEgcbP9Dko5c=">AAACAHicbVA9SwNBEN2LXzF+nVpY2CwGITbhTiRaBm0sI5gPSELY20ySJbt3x+6cGI40/hUbC0Vs/Rl2/hs3H4UmPhh4vDfDzLwglsKg5307mZXVtfWN7GZua3tnd8/dP6iZKNEcqjySkW4EzIAUIVRRoIRGrIGpQEI9GN5M/PoDaCOi8B5HMbQV64eiJzhDK3Xco7jQoC0lurSF8IipinAAenzWcfNe0ZuCLhN/TvJkjkrH/Wp1I54oCJFLZkzT92Jsp0yj4BLGuVZiIGZ8yPrQtDRkCkw7nT4wpqdW6dJepG2FSKfq74mUKWNGKrCdiuHALHoT8T+vmWDvqp2KME4QQj5b1EskxYhO0qBdoYGjHFnCuBb2VsoHTDOONrOcDcFffHmZ1M6LfqlYurvIl6/ncWTJMTkhBeKTS1Imt6RCqoSTMXkmr+TNeXJenHfnY9aaceYzh+QPnM8fOPqWMw==</latexit>

p(X | mother)

and

Infini-gram (Liu et al. 2024) stats, vibecoded with Claude



Bigram Language Model 
(n = 2)

• Then sample conditioned on the previous word:

my
mother
and
my

<latexit sha1_base64="3cIwrC63oD3xDxhvkUtggoJWpVc=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wom5KIVJdFNy4r2Ac0oUwm03boZBJmbsQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5AIrsFxvq2l5ZXVtfXCRnFza3tn197bb+o4VZQ1aCxi1Q6IZoJL1gAOgrUTxUgUCNYKhtcTv3XPlOaxvINRwvyI9CXvcUrASF37MCm3sRfxEHvAHiAjMhyfdu2SU3GmwIvEzUkJ5ah37S8vjGkaMQlUEK07rpOAnxEFnAo2LnqpZgmhQ9JnHUMliZj2s+n1Y3xilBD3YmVKAp6qvycyEmk9igLTGREY6HlvIv7ndVLoXfoZl0kKTNLZol4qMMR4EgUOuWIUxMgQQhU3t2I6IIpQMIEVTQju/MuLpHlWcauV6u15qXaVx1FAR+gYlZGLLlAN3aA6aiCKHtEzekVv1pP1Yr1bH7PWJSufOUB/YH3+AKHAlLk=</latexit>

p(X | and)

<latexit sha1_base64="N3tFarv/60GEEZIOOeiXmXvenqc=">AAACHXicbVDLSgMxFM34rPVVdekmWIQWpMxIUTdCsRuXFewD2lIymUwbmskMyR2xDPMjbvwVNy4UceFG/BvTx8K2HriXwzn3ktzjRoJrsO0fa2V1bX1jM7OV3d7Z3dvPHRw2dBgryuo0FKFquUQzwSWrAwfBWpFiJHAFa7rD6thvPjCleSjvYRSxbkD6kvucEjBSL1eOCq1eGV/jx6JpHc9XhCbVQgfYIyREeumZcdI5pZj2cnm7ZE+Al4kzI3k0Q62X++p4IY0DJoEKonXbsSPoJkQBp4Kl2U6sWUTokPRZ21BJAqa7yeS6FJ8axcN+qExJwBP170ZCAq1HgWsmAwIDveiNxf+8dgz+VTfhMoqBSTp9yI8FhhCPo8IeV4yCGBlCqOLmr5gOiAkITKBZE4KzePIyaZyXnIvSxV05X7mZxZFBx+gEFZCDLlEF3aIaqiOKntALekPv1rP1an1Yn9PRFWu2c4TmYH3/Auj5oKw=</latexit>

p(X4 = x) =
C(and, x)

C(and)

Infini-gram (Liu et al. 2024) stats, vibecoded with Claude



Bigram Language Model 
(n = 2)

• Then sample conditioned on the previous word:

my
mother
and
my

<latexit sha1_base64="wfGYZYwi6nz595ozL2T6gkJYY98=">AAAB/HicbVBNSwMxEM3Wr1q/Vnv0EixCvZRdkeqx6MVjBfsBbSnZNG1Dk+ySzIrLUv+KFw+KePWHePPfmLZ70NYHA4/3ZpiZF0SCG/C8bye3tr6xuZXfLuzs7u0fuIdHTRPGmrIGDUWo2wExTHDFGsBBsHakGZGBYK1gcjPzWw9MGx6qe0gi1pNkpPiQUwJW6rvFqNzGXckHuAvsEVKZTM/6bsmreHPgVeJnpIQy1PvuV3cQ0lgyBVQQYzq+F0EvJRo4FWxa6MaGRYROyIh1LFVEMtNL58dP8alVBngYalsK8Fz9PZESaUwiA9spCYzNsjcT//M6MQyveilXUQxM0cWiYSwwhHiWBB5wzSiIxBJCNbe3YjommlCweRVsCP7yy6ukeV7xq5Xq3UWpdp3FkUfH6ASVkY8uUQ3dojpqIIoS9Ixe0Zvz5Lw4787HojXnZDNF9AfO5w8BJpRi</latexit>

p(X | my)

<latexit sha1_base64="5gLKpp19Ao6mOukXK/nSD0nI6SM=">AAACG3icbVDLSgMxFM3UV62vUZdugkVoQcpM0epGKHbjsoJ9QFtKJs20oZkHyR1pGeY/3Pgrblwo4kpw4d+YPha19cC9HM65l+QeJxRcgWX9GKm19Y3NrfR2Zmd3b//APDyqqyCSlNVoIALZdIhigvusBhwEa4aSEc8RrOEMKxO/8cik4oH/AOOQdTzS97nLKQEtdc1imGt2L/ENHuV1a/dcSWhcybWBjSD2xsm5NpJFIZ90zaxVsKbAq8Sekyyao9o1v9q9gEYe84EKolTLtkLoxEQCp4IlmXakWEjokPRZS1OfeEx14ultCT7TSg+7gdTlA56qixsx8ZQae46e9AgM1LI3Ef/zWhG4152Y+2EEzKezh9xIYAjwJCjc45JREGNNCJVc/xXTAdHxgI4zo0Owl09eJfViwS4VSvcX2fLtPI40OkGnKIdsdIXK6A5VUQ1R9IRe0Bt6N56NV+PD+JyNpoz5zjH6A+P7F5Vin/8=</latexit>

p(X5 = x) =
C(my, x)

C(my)

mother
…

Infini-gram (Liu et al. 2024) stats, vibecoded with Claude



Generalization of  
n-gram Language Model

<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)
n=1

never
Comment
has
in
.
“
t
view
C

never 
Comment 
has in . “t 
view C

Sampled from Infini-gram (Liu et al. 2024)



Generalization of  
n-gram Language Model

<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)
n=1 n=2

never view
Comment -find
has a
in place
. of 
“ a
t human 
view intelligence
C brief

never 
Comment 
has in . “t 
view C

viewfind a 
place of a 
human 
intelligence 
brief

Sampled from Infini-gram (Liu et al. 2024)



Generalization of  
n-gram Language Model

<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)
n=1 n=2 n=3

never view were
Comment -find e
has a -colog
in place -ical
. of topics
“ a related 
t human T
view intelligence -weet
C brief niet

never 
Comment 
has in . “t 
view C

viewfind a 
place of a 
human 
intelligence 
brief

were 
ecological 
topics related 
to Tweet niet

Sampled from Infini-gram (Liu et al. 2024)



Generalization of  
n-gram Language Model

<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)
n=1 n=2 n=3 n=4

never view were dropped
Comment -find e her
has a -colog off
in place -ical at
. of topics her
“ a related achiev
t human T -ement
view intelligence -weet Canadian
C brief niet Resource

never 
Comment 
has in . “t 
view C

viewfind a 
place of a 
human 
intelligence 
brief

were 
ecological 
topics related 
to Tweet niet

dropped her off at 
her achievement 
Canadian 
Resource

Sampled from Infini-gram (Liu et al. 2024)



Generalization of  
n-gram Language Model

<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)
n=1 n=2 n=3 n=4 n=10

never view were dropped Liber
Comment -find e her -als
has a -colog off ,
in place -ical at Third
. of topics her Part
“ a related achiev -ies
t human T -ement ,
view intelligence -weet Canadian Left
C brief niet Resource -

never 
Comment 
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topics related 
to Tweet niet

dropped her off at 
her achievement 
Canadian 
Resource

Liberals, Third 
Parties, Left-

Sampled from Infini-gram (Liu et al. 2024)



Generalization of  
n-gram Language Model

n=1 n=2 n=3 n=4 n=10
never view were dropped Liber
Comment -find e her -als
has a -colog off ,
in place -ical at Third
. of topics her Part
“ a related achiev -ies
t human T -ement ,
view intelligence -weet Canadian Left
C brief niet Resource -

never 
Comment 
has in . “t 
view C

viewfind a 
place of a 
human 
intelligence 
brief

were 
ecological 
topics related 
to Tweet niet

dropped her off at 
her achievement 
Canadian 
Resource

Liberals, Third 
Parties, Left-

Sampled from Infini-gram (Liu et al. 2024)

As n increases, we get more fluent text
<latexit sha1_base64="6PXzAPYHKVZZTl3s5Qow6wClchc="></latexit>

p(X10 = -) =
C(Liberals, Third Parties, Left-)

C(Liberals, Third Parties, Left)But also more sparsity:
<latexit sha1_base64="2KekF3UQj1NU5HjhQBlHDzrK+D4=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE2m6EohuXFewD2lAm00k7dDIJMxOxhPyKGxeKuPVH3Pk3TtsstPXAvRzOuZe5c/yYM6Ud59sqbGxube8Ud0t7+weHR/ZxuaOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3o797uPVCoWiQc9i6kX4rFgASNYG2lol6/RYBRITNIrt56Z1siGdsWpOgugdeLmpAI5WkP7azCKSBJSoQnHSvVdJ9ZeiqVmhNOsNEgUjTGZ4jHtGypwSJWXLm7P0LlRRiiIpCmh0UL9vZHiUKlZ6JvJEOuJWvXm4n9eP9FBw0uZiBNNBVk+FCQc6QjNg0AjJinRfGYIJpKZWxGZYJOENnGVTAju6pfXSeey6taqtfurSvMmj6MIp3AGF+BCHZpwBy1oA4EneIZXeLMy68V6tz6WowUr3zmBP7A+fwA9DJNM</latexit>

=
417

418
(in a corpus of 1.4T tokens!)



Storage Size

• For an n-gram language model, we need to store counts 
for: 

• All sequences of length n (      ) 

• All sequences of length n - 1 (          ) 

• There are actually more efficient ways  
to “store” n-gram models! See  
infini-gram (Liu et al. 2024)

<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)

<latexit sha1_base64="PXN8dfsh7RKYqOdKlcVr6QHvRLo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae0Y8mkmTY0yYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxq6ShRhDZJxCPVCbCmnEnaNMxw2okVxSLgtB2MbzO/PaFKs0g+mGlMfYGHkoWMYGMlvyewGRHM09bsUfbLFbfqzoFWiZeTCuRo9MtfvUFEEkGlIRxr3fXc2PgpVoYRTmelXqJpjMkYD2nXUokF1X46Dz1DZ1YZoDBS9kmD5urvjRQLracisJNZSL3sZeJ/Xjcx4bWfMhknhkqyOBQmHJkIZQ2gAVOUGD61BBPFbFZERlhhYmxPJVuCt/zlVdK6qHq1au3+slK/yesowgmcwjl4cAV1uIMGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8AHG+SVw==</latexit>

Vn

<latexit sha1_base64="YOM1D4NUyVNHD02MLWVwUPyzEeU=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBjSURqS6LblxWsA9oY5lMJ+3QySTMTJQS8yluXCji1i9x5984abvQ1gMDh3Pu5Z45fsyZ0o7zbRVWVtfWN4qbpa3tnd09u7zfUlEiCW2SiEey42NFORO0qZnmtBNLikOf07Y/vs799gOVikXiTk9i6oV4KFjACNZG6tvlXoj1iGCetrL7VJy6Wd+uOFVnCrRM3DmpwByNvv3VG0QkCanQhGOluq4Tay/FUjPCaVbqJYrGmIzxkHYNFTikykun0TN0bJQBCiJpntBoqv7eSHGo1CT0zWQeVC16ufif1010cOmlTMSJpoLMDgUJRzpCeQ9owCQlmk8MwUQykxWREZaYaNNWyZTgLn55mbTOqm6tWrs9r9Sv5nUU4RCO4ARcuIA63EADmkDgEZ7hFd6sJ+vFerc+ZqMFa75zAH9gff4ARiyUBg==</latexit>

Vn�1

https://huggingface.co/spaces/liujch1998/infini-gram



Drawbacks of  
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<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)
Missing data (sparsity)

• What if the count of the target n-gram is 0? 

• Solution: add a small number to the count for every n-
gram (aka “smoothing”) 
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<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)
Missing data (sparsity)

• What if the count of the target n-gram is 0? 

• Solution: add a small number to the count for every n-
gram (aka “smoothing”)  

• What if our n-1-gram prefix has a count of 0? 

• Solution: condition on a shorter n-gram prefix (e.g., the 
previous n-2, or n-3, etc.) instead (aka “backoff”)
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<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)
Storage space

• What if the count of the target n-gram is 0?→ smoothing 

• What if our n-1-gram prefix has a count of 0? → backoff 

• We need to store the counts for all n-grams we’ve seen in 
our corpus — at worst, exponential wrt 

<latexit sha1_base64="hnP3BVXMcKeQTDqrZo+wQ4jX0L4=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiuyoxIdVl047KCfUA7lEyaaUMzmTHJFMq03+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvtLa+sbm1Xdgp7u7tHxyWjo6bOkoUZQ0aiUi1faKZ4JI1DDeCtWPFSOgL1vJHd5nfGjOleSQfzSRmXkgGkgecEmMlrxsSM6REpNPmdNYrlZ2KMwdeJW5OypCj3it9dfsRTUImDRVE647rxMZLiTKcCjYrdhPNYkJHZMA6lkoSMu2l89AzfG6VPg4iZZ80eK7+3khJqPUk9O1kFlIve5n4n9dJTHDjpVzGiWGSLg4FicAmwlkDuM8Vo0ZMLCFUcZsV0yFRhBrbU9GW4C5/eZU0LytutVJ9uCrXbvM6CnAKZ3ABLlxDDe6hDg2g8ATP8ApvaIxe0Dv6WIyuoXznBP4Aff4AX2GSgw==</latexit>

|V|
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<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)
No notion of similarity

• What if the count of the target n-gram is 0?→ smoothing 

• What if our n-1-gram prefix has a count of 0? → backoff 

• Storage is at worst exponential wrt 

• Can’t learn anything from the counts of n-grams containing 
similar words

<latexit sha1_base64="hnP3BVXMcKeQTDqrZo+wQ4jX0L4=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiuyoxIdVl047KCfUA7lEyaaUMzmTHJFMq03+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvtLa+sbm1Xdgp7u7tHxyWjo6bOkoUZQ0aiUi1faKZ4JI1DDeCtWPFSOgL1vJHd5nfGjOleSQfzSRmXkgGkgecEmMlrxsSM6REpNPmdNYrlZ2KMwdeJW5OypCj3it9dfsRTUImDRVE647rxMZLiTKcCjYrdhPNYkJHZMA6lkoSMu2l89AzfG6VPg4iZZ80eK7+3khJqPUk9O1kFlIve5n4n9dJTHDjpVzGiWGSLg4FicAmwlkDuM8Vo0ZMLCFUcZsV0yFRhBrbU9GW4C5/eZU0LytutVJ9uCrXbvM6CnAKZ3ABLlxDDe6hDg2g8ATP8ApvaIxe0Dv6WIyuoXznBP4Aff4AX2GSgw==</latexit>

|V|

<latexit sha1_base64="w9uQPQvK3PQWNnrFS3v+5AH3Hy8="></latexit>

p(bike | I bought a) ⇡ p(bicycle | I purchased a)
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<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)
Cannot condition on context with intervening words

• What if the count of the target n-gram is 0?→ smoothing 

• What if our n-1-gram prefix has a count of 0? → backoff 

• Storage is at worst exponential wrt 

• No notion of similarity

<latexit sha1_base64="hnP3BVXMcKeQTDqrZo+wQ4jX0L4=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiuyoxIdVl047KCfUA7lEyaaUMzmTHJFMq03+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvtLa+sbm1Xdgp7u7tHxyWjo6bOkoUZQ0aiUi1faKZ4JI1DDeCtWPFSOgL1vJHd5nfGjOleSQfzSRmXkgGkgecEmMlrxsSM6REpNPmdNYrlZ2KMwdeJW5OypCj3it9dfsRTUImDRVE647rxMZLiTKcCjYrdhPNYkJHZMA6lkoSMu2l89AzfG6VPg4iZZ80eK7+3khJqPUk9O1kFlIve5n4n9dJTHDjpVzGiWGSLg4FicAmwlkDuM8Vo0ZMLCFUcZsV0yFRhBrbU9GW4C5/eZU0LytutVJ9uCrXbvM6CnAKZ3ABLlxDDe6hDg2g8ATP8ApvaIxe0Dv6WIyuoXznBP4Aff4AX2GSgw==</latexit>

|V|

<latexit sha1_base64="d2FJO29BxukPvSwhmTOB2Q3pEgs=">AAACaXicjVHdShwxGM2MttrV6mppEb0JLgW9WWak2F5K9UK8UnRV2FmWTPbb3WD+SL4pLsOAz+idL+CNL2H256JqwZ4QOJxzPpKc5FYKj0nyEMVz8x8+Lix+qi0tf15Zra+tX3pTOA4tbqRx1znzIIWGFgqUcG0dMJVLuMpvDsf+1R9wXhh9gSMLHcUGWvQFZxikbv3O7mQIt1ieK4HDimZK9OhUOXJNesI0VLs0Y9Y6c0vfCZ uh/u9w1h2vardbbyTNZAL6lqQz0iAznHbr91nP8EKBRi6Z9+00sdgpmUPBJVS1rPBgGb9hA2gHqpkC3yknTVX0e1B6tG9c2BrpRP17omTK+5HKQ1IxHPrX3lj8l9cusP+rUwptCwTNpwf1C0nR0HHttCcccJSjQBh3ItyV8iFzjGP4nFooIX395Lfkcq+Z7jf3z340Dn7P6lgkW2Sb7JCU/CQH5Jickhbh5DFajr5G36KneC3eiDen0TiazXwhLxA3ngGVV7nd</latexit>

p(Smith | Dr. Jane) ⇡ p(Smith | Dr. John) ⇡ p(Smith | Dr. )
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<latexit sha1_base64="sCUb3LvWXb76hQKHUpETVQd0fug=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZYZkepGKLpxWcE+oB2GTCbThmZmQpKRlqH/4MZfceNCEbdu3Pk3pu0stHog4XDOvTe5x+OMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjJOBCZNHLNYdDwkCaMRaSqqGOlwQVDoMdL2htdTv31PhKRxdKfGnDgh6kc0oBgpLbnmMS91XAov4aisL14awV5IfThy7Qrs+bGSFc1TemJPyq5ZtKrWDPAvsTNSBBkarvmpJ+AkJJHCDEnZtS2unBQJRTEjk0IvkYQjPER90tU0QiGRTjrbaQKPtOLDIBb6RArO1J8dKQqlHIeergyRGshFbyr+53UTFVw4KY14okiE5w8FCYMqhtOAoE8FwYqNNUFYUP1XiAdIIKx0jAUdgr248l/SOq3atWrt9qxYv8riyIMDcAhKwAbnoA5uQAM0AQYP4Am8gFfj0Xg23oz3eWnOyHr2wS8YH9/R8JsI</latexit>

p(Xi = x) = p(x | x1, . . . , xi�1)

<latexit sha1_base64="q3t8oeUH83gyH7cDgw/AeK/AbdY=">AAACLnicfVDLSgMxFM3UV62vUZdugkVosZYZkeqyWASXFewD2lIyaaaGZjJDkpGWYb7Ijb+iC0FF3PoZptNZaCseCJycc+9N7nECRqWyrFcjs7S8srqWXc9tbG5t75i7e03phwKTBvaZL9oOkoRRThqKKkbagSDIcxhpOaPa1G/dEyGpz2/VJCA9Dw05dSlGSkt986o7cAXCUa0w7kf0hB/bcQl2B76SJZgo0/u4GP9XUIz7Zt4qWwngIrFTkgcp6n3zWY/AoUe4wgxJ2bGtQPUiJBTFjMS5bihJgPAIDUlHU448IntRsm4Mj7QygK4v9OEKJurPjgh5Uk48R1d6SN3JeW8q/uV1QuVe9CLKg1ARjmcPuSGDyofT7OCACoIVm2iCsKD6rxDfIR2f0gnndAj2/MqLpHlativlys1ZvnqZxpEFB+AQFIANzkEVXIM6aAAMHsATeAPvxqPxYnwYn7PSjJH27INfML6+AboCpoY=</latexit>

C(xi�n+1, . . . , xi�1, x)

C(xi�n+1, . . . , xi�1)

<latexit sha1_base64="732ytQU1xmrcVfiNHzKM1a4uoRU="></latexit>

p(Xi = x) ⇡ p(xi�n+1, . . . , xi�1, x)

p(xi�n+1, . . . , xi�1)
Without a big n, cannot handle long-distance dependencies

• What if the count of the target n-gram is 0?→ smoothing 

• What if our n-1-gram prefix has a count of 0? → backoff 

• Storage is at worst exponential wrt 

• No notion of similarity 

• Intervening words

<latexit sha1_base64="hnP3BVXMcKeQTDqrZo+wQ4jX0L4=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiuyoxIdVl047KCfUA7lEyaaUMzmTHJFMq03+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvtLa+sbm1Xdgp7u7tHxyWjo6bOkoUZQ0aiUi1faKZ4JI1DDeCtWPFSOgL1vJHd5nfGjOleSQfzSRmXkgGkgecEmMlrxsSM6REpNPmdNYrlZ2KMwdeJW5OypCj3it9dfsRTUImDRVE647rxMZLiTKcCjYrdhPNYkJHZMA6lkoSMu2l89AzfG6VPg4iZZ80eK7+3khJqPUk9O1kFlIve5n4n9dJTHDjpVzGiWGSLg4FicAmwlkDuM8Vo0ZMLCFUcZsV0yFRhBrbU9GW4C5/eZU0LytutVJ9uCrXbvM6CnAKZ3ABLlxDDe6hDg2g8ATP8ApvaIxe0Dv6WIyuoXznBP4Aff4AX2GSgw==</latexit>

|V|

my cat Pepper, who is black with green 
eyes, likes to run on the cat wheel.



Evaluating a  
Language Model

• Let’s say we have a language model that can give us a 
probability of any text 

• We created this language model using a corpus  

• We care how well this generalizes to some held-out 
dataset 

<latexit sha1_base64="gXI62sdDBndrFAlZVs6bapElqKE=">AAACE3icbVDNS8MwHE3n15xfVY9egkMQD6MVmV4GQz14ESa4D1hrSbNsC0vTkqTiKP0fvPivePGgiFcv3vxvTLcedPNB4PF+75fkPT9iVCrL+jYKC4tLyyvF1dLa+sbmlrm905JhLDBp4pCFouMjSRjlpKmoYqQTCYICn5G2P7rI5u17IiQN+a0aR8QN0IDTPsVIackzj5wAqSFGLLlMYQ06CXRC7c+uSx5Sj0In9RJas9O7a88sWxVrAjhP7JyUQY6GZ345vRDHAeEKMyRl17Yi5SZIKIoZSUtOLEmE8AgNSFdTjgIi3WSSKYUHWunBfij04QpO1N8bCQqkHAe+dmYJ5OwsE/+bdWPVP3MTyqNYEY6nD/VjBlUIs4JgjwqCFRtrgrCg+q8QD5FAWOkaS7oEezbyPGkdV+xqpXpzUq6f53UUwR7YB4fABqegDq5AAzQBBo/gGbyCN+PJeDHejY+ptWDkO7vgD4zPH6h/ngo=</latexit>

D = {xi}Mi=1

<latexit sha1_base64="NR2DVxf92PbGV3Na6vQhpR5/LVw=">AAAB83icbVDLSgMxFL3xWeur6tJNsIiuyoxIdVnUhcsK9gGdoWTSTBuayQxJRihDf8ONC0Xc+jPu/Bsz7Sy09UDgcM693JMTJIJr4zjfaGV1bX1js7RV3t7Z3duvHBy2dZwqylo0FrHqBkQzwSVrGW4E6yaKkSgQrBOMb3O/88SU5rF8NJOE+REZSh5ySoyVPC8iZkSJyO7Opv1K1ak5M+Bl4hakCgWa/cqXN4hpGjFpqCBa91wnMX5GlOFUsGnZSzVLCB2TIetZKknEtJ/NMk/xqVUGOIyVfdLgmfp7IyOR1pMosJN5Rr3o5eJ/Xi814bWfcZmkhkk6PxSmApsY5wXgAVeMGjGxhFDFbVZMR0QRamxNZVuCu/jlZdK+qLn1Wv3hstq4KeoowTGcwDm4cAUNuIcmtIBCAs/wCm8oRS/oHX3MR1dQsXMEf4A+fwDcn5GW</latexit>

D0

Training data

Validation

Development 
data

Test data

<latexit sha1_base64="v0H0TRmO2lmv95GMDsDXL0Q9izI=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRahbkoiUl0W3bisYB/QhDCZTtqhk0mYuRFL7MJfceNCEbf+hjv/xkmbhbYeGDicc+7MnRMknCmw7W9jaXlldW29tFHe3Nre2TX39tsqTiWhLRLzWHYDrChngraAAafdRFIcBZx2gtF17nfuqVQsFncwTqgX4YFgISMYtOSbh4nvwpACrrqxzuXXZA+TU9+s2DV7CmuROAWpoAJN3/xy+zFJIyqAcKxUz7ET8DIsgRFOJ2U3VTTBZIQHtKepwBFVXjbdf2KdaKVvhbHUR4A1VX9PZDhSahwFOhlhGKp5Lxf/83ophJdexkSSAhVk9lCYcgtiKy/D6jNJCfCxJphIpne1yBBLTEBXVtYlOPNfXiTts5pTr9VvzyuNq6KOEjpCx6iKHHSBGugGNVELEfSIntErejOejBfj3fiYRZeMYuYA/YHx+QNXmpZU</latexit>

p✓(x)



Measures of Fit

• Likelihood: probability of the data under our model
<latexit sha1_base64="OdIwioAZFZVsERj0zmfa2r45zPw=">AAACD3icbVDLSgMxFM3UV62vqks3waLUTZkRqW6Eohs3QgX7gE4dMmnahmYmQ3JHLMP8gRt/xY0LRdy6deffmD4W2nogcDjnniT3+JHgGmz728osLC4tr2RXc2vrG5tb+e2dupaxoqxGpZCq6RPNBA9ZDTgI1owUI4EvWMMfXI78xj1TmsvwFoYRawekF/IupwSM5OUP3UjJjpfwcye9u8aR50KfASm60qRGlyYPqcePvHzBLtlj4HniTEkBTVH18l9uR9I4YCFQQbRuOXYE7YQo4FSwNOfGmkWEDkiPtQwNScB0Oxnvk+IDo3RwVypzQsBj9XciIYHWw8A3kwGBvp71RuJ/XiuG7lk74WEUAwvp5KFuLDBIPCoHd7hiFMTQEEIVN3/FtE8UoWAqzJkSnNmV50n9uOSUS+Wbk0LlYlpHFu2hfVREDjpFFXSFqqiGKHpEz+gVvVlP1ov1bn1MRjPWNLOL/sD6/AEti5zG</latexit>

MY

i=1

p✓(xi)



Measures of Fit

• Likelihood: probability of the data under our model 
 

• Negative log likelihood (fixes float underflow)

<latexit sha1_base64="OdIwioAZFZVsERj0zmfa2r45zPw=">AAACD3icbVDLSgMxFM3UV62vqks3waLUTZkRqW6Eohs3QgX7gE4dMmnahmYmQ3JHLMP8gRt/xY0LRdy6deffmD4W2nogcDjnniT3+JHgGmz728osLC4tr2RXc2vrG5tb+e2dupaxoqxGpZCq6RPNBA9ZDTgI1owUI4EvWMMfXI78xj1TmsvwFoYRawekF/IupwSM5OUP3UjJjpfwcye9u8aR50KfASm60qRGlyYPqcePvHzBLtlj4HniTEkBTVH18l9uR9I4YCFQQbRuOXYE7YQo4FSwNOfGmkWEDkiPtQwNScB0Oxnvk+IDo3RwVypzQsBj9XciIYHWw8A3kwGBvp71RuJ/XiuG7lk74WEUAwvp5KFuLDBIPCoHd7hiFMTQEEIVN3/FtE8UoWAqzJkSnNmV50n9uOSUS+Wbk0LlYlpHFu2hfVREDjpFFXSFqqiGKHpEz+gVvVlP1ov1bn1MRjPWNLOL/sD6/AEti5zG</latexit>

MY

i=1

p✓(xi)

<latexit sha1_base64="Ef7eC/QDCYsOIQmdIAs4LFqAiks=">AAACFXicbVDLSgMxFM3UV62vqks3wSJU0DIjUt0IRTduhAr2AZ06ZNK0Dc1MhuSOWIb5CTf+ihsXirgV3Pk3po+FVg8EDufck+QePxJcg21/WZm5+YXFpexybmV1bX0jv7lV1zJWlNWoFFI1faKZ4CGrAQfBmpFiJPAFa/iDi5HfuGNKcxnewDBi7YD0Qt7llICRvPzBIXZ1HHgJP3PS2yvsCtnDkedCnwEputJkR1cn96nH9718wS7ZY+C/xJmSApqi6uU/3Y6kccBCoIJo3XLsCNoJUcCpYGnOjTWLCB2QHmsZGpKA6XYy3irFe0bp4K5U5oSAx+rPREICrYeBbyYDAn09643E/7xWDN3TdsLDKAYW0slD3VhgkHhUEe5wxSiIoSGEKm7+immfKELBFJkzJTizK/8l9aOSUy6Vr48LlfNpHVm0g3ZRETnoBFXQJaqiGqLoAT2hF/RqPVrP1pv1PhnNWNPMNvoF6+Mb2LaerQ==</latexit>

�
MX

i=1

log p✓(xi)

<latexit sha1_base64="ENC5cs9a1vaex01fAZjeSxkmZT0="></latexit>

= �
MX

i=1

NX

j=1

log p✓(x
i
j | xi

1, . . . , x
i
j�1)



Measures of Fit

• Likelihood: probability of the data under our model 
 

• Negative log likelihood (fixes float underflow) 
 

• Perplexity: inverse probability of data, normalized by 
number of tokens in the dataset

<latexit sha1_base64="OdIwioAZFZVsERj0zmfa2r45zPw=">AAACD3icbVDLSgMxFM3UV62vqks3waLUTZkRqW6Eohs3QgX7gE4dMmnahmYmQ3JHLMP8gRt/xY0LRdy6deffmD4W2nogcDjnniT3+JHgGmz728osLC4tr2RXc2vrG5tb+e2dupaxoqxGpZCq6RPNBA9ZDTgI1owUI4EvWMMfXI78xj1TmsvwFoYRawekF/IupwSM5OUP3UjJjpfwcye9u8aR50KfASm60qRGlyYPqcePvHzBLtlj4HniTEkBTVH18l9uR9I4YCFQQbRuOXYE7YQo4FSwNOfGmkWEDkiPtQwNScB0Oxnvk+IDo3RwVypzQsBj9XciIYHWw8A3kwGBvp71RuJ/XiuG7lk74WEUAwvp5KFuLDBIPCoHd7hiFMTQEEIVN3/FtE8UoWAqzJkSnNmV50n9uOSUS+Wbk0LlYlpHFu2hfVREDjpFFXSFqqiGKHpEz+gVvVlP1ov1bn1MRjPWNLOL/sD6/AEti5zG</latexit>

MY

i=1

p✓(xi)

<latexit sha1_base64="Ef7eC/QDCYsOIQmdIAs4LFqAiks=">AAACFXicbVDLSgMxFM3UV62vqks3wSJU0DIjUt0IRTduhAr2AZ06ZNK0Dc1MhuSOWIb5CTf+ihsXirgV3Pk3po+FVg8EDufck+QePxJcg21/WZm5+YXFpexybmV1bX0jv7lV1zJWlNWoFFI1faKZ4CGrAQfBmpFiJPAFa/iDi5HfuGNKcxnewDBi7YD0Qt7llICRvPzBIXZ1HHgJP3PS2yvsCtnDkedCnwEputJkR1cn96nH9718wS7ZY+C/xJmSApqi6uU/3Y6kccBCoIJo3XLsCNoJUcCpYGnOjTWLCB2QHmsZGpKA6XYy3irFe0bp4K5U5oSAx+rPREICrYeBbyYDAn09643E/7xWDN3TdsLDKAYW0slD3VhgkHhUEe5wxSiIoSGEKm7+immfKELBFJkzJTizK/8l9aOSUy6Vr48LlfNpHVm0g3ZRETnoBFXQJaqiGqLoAT2hF/RqPVrP1pv1PhnNWNPMNvoF6+Mb2LaerQ==</latexit>

�
MX

i=1

log p✓(xi)

<latexit sha1_base64="ENC5cs9a1vaex01fAZjeSxkmZT0="></latexit>

= �
MX

i=1

NX

j=1

log p✓(x
i
j | xi

1, . . . , x
i
j�1)

<latexit sha1_base64="OTgdTCiEW5FBDVqY7atzVys7eLQ="></latexit>

= exp

0

@� 1
PM

i=1 |xi|

MX

i=1

NX

j=1

log p✓(x
i
j | xi

1, . . . , x
i
j�1)

1

A


