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Neural Autoregressive Language Models
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Obama was born in

Given prior context, estimate the probability for the target token

P (wt|ct)
<latexit sha1_base64="AdLloBvDsdP6xBNphfvTcgfz6zc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BItQLyWpgh6LXjxWsB/YhrDZbtqlm03YnSil9l948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSK4Rsf5tnIrq2vrG/nNwtb2zu5ecf+gqeNUUdagsYhVOyCaCS5ZAzkK1k4UI1EgWCsYXk/91gNTmsfyDkcJ8yLSlzzklKCR7uvlRx+fqI+nfrHkVJwZ7GXiZqQEGep+8avbi2kaMYlUEK07rpOgNyYKORVsUuimmiWEDkmfdQyVJGLaG88untgnRunZYaxMSbRn6u+JMYm0HkWB6YwIDvSiNxX/8zophpfemMskRSbpfFGYChtje/q+3eOKURQjQwhV3Nxq0wFRhKIJqWBCcBdfXibNasU9q1Rvz0u1qyyOPBzBMZTBhQuowQ3UoQEUJDzDK7xZ2nqx3q2PeWvOymYO4Q+szx8IapB/</latexit>

Illinois (0.5)
Chicago (0.25)
Hawaii (0.1)
Congress (0.02)
surfing (0.000009)
…

ct = (w1, . . . , wt�1)
<latexit sha1_base64="7SS3H5dSP4DH6vSUMjxNgQFeHNI=">AAACA3icbVDLSgNBEJyNrxhfq970MhiECDHsRkEvQtCLxwjmAcmyzE4myZDZBzO9hrAEvPgrXjwo4tWf8ObfOEn2oIkFDUVVN91dXiS4Asv6NjJLyyura9n13Mbm1vaOubtXV2EsKavRUISy6RHFBA9YDTgI1owkI74nWMMb3Ez8xgOTiofBPYwi5vikF/AupwS05JoH1AV8hQtD1y62RScEVRy6CZza4xPXzFslawq8SOyU5F GKqmt+tTshjX0WABVEqZZtReAkRAKngo1z7VixiNAB6bGWpgHxmXKS6Q9jfKyVDu6GUlcAeKr+nkiIr9TI93SnT6Cv5r2J+J/XiqF76SQ8iGJgAZ0t6sYCQ4gngeAOl4yCGGlCqOT6Vkz7RBIKOracDsGef3mR1Msl+6xUvjvPV67TOLLoEB2hArLRBaqgW1RFNUTRI3pGr+jNeDJejHfjY9aaMdKZffQHxucPmW2WOA==</latexit>

Neural
Language 

Model

f(ct)
<latexit sha1_base64="a5Z94b6QVZUWHAbAfelvEY1u8Pc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2E3CnoMevEYwTwgWcLsZDYZM7uzzPQKIeQfvHhQxKv/482/cZLsQRMLGoqqbrq7gkQKg6777eTW1jc2t/LbhZ3dvf2D4uFR06hUM95gSirdDqjhUsS8gQIlbyea0yiQvBWMbmd+64lrI1T8gOOE+xEdxCIUjKKVmmGZ9fC8Vyy5FXcOskq8jJQgQ71X/Or2FUsjHiOT1JiO5yboT6hGwSSfFrqp4QllIzrgHUtjGnHjT+bXTsmZVfokVNpWjGSu/p6Y0MiYcRTYzoji0Cx7M/E/r5NieO1PRJykyGO2WBSmkqAis9dJX2jOUI4toUwLeythQ6opQxtQwYbgLb+8SprVindRqd5flmo3WRx5OIFTKIMHV1CDO6hDAxg8wjO8wpujnBfn3flYtOacbOYY/sD5/AHaiY6n</latexit>



Language Models

3

Lots of text is very easily available, so we train models on large 
amounts of data.

But improving LM performance or scaling to larger datasets, by 
training bigger and bigger models with billions of parameters, 
requires massive amounts of GPU compute..L



Instead, can explicitly memorizing data make 
LMs generalize better without the added cost 
of training?

4



Nearest Neighbor Language Models
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Key Results

Explicitly memorizing the training data helps generalization.

LMs can scale to larger text collections without the added cost 
of training.

A single LM can adapt to multiple domains without any in-
domain training.

6



Nearest Neighbor Language Models
(kNN-LM)
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kNN-LM: Intuition
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Test Context: Obama’s birthplace is _???_

Previously Seen Contexts Targets
Obama was senator for Illinois
Barack is married to Michelle
Obama was born in Hawaii

… …
Obama is a native of Hawaii



Given a new test context…

9

Obama’s birthplace is _____x =
<latexit sha1_base64="ZA8aiZINV0Qj++G9R+MF4vA65No=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IRS8eK9gPaJeSTbNtaJJdkqxYlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxmfueRKs0i+WCmMfUFHkkWMoJNJj2hazQoV9yqOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsIrP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukXat6F9Xafb3SuMnjKMIJnMI5eHAJDbiDJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPFbCNmw==</latexit>

Language Model
pLM

<latexit sha1_base64="Ityu7dc95/gch7CTjvZIDfcpbiU=">AAAB9HicjVDLSgNBEJz1GeMr6tHLYBA8hU0U9Bj04kEhgnlAsoTZSW8yZHZ2nekNhmW/w4sHRbz6Md78GyePg4qCBQ1FVTddlB9LYdB1P5yFxaXlldXcWn59Y3Nru7Cz2zBRojnUeSQj3fKZASkU1FGghFasgYW+hKY/vJj4zRFoIyJ1i+MYvJD1lQgEZ2glL+6mHYR7TK+us6xbKJZL7hT0b1Ikc9S6hfdOL+JJCAq5ZMa0y26MXso0Ci4hy3cSAzHjQ9aHtqWKhWC8dBo6o4dW6dEg0nYU0qn69SJloTHj0LebIcOB+elNxN+8doLBmZcKFScIis8eBYmkGNFJA7QnNHCUY0sY18JmpXzANONoe8r/r4RGpVQ+LlVuTorV83kdObJPDsgRKZNTUiWXpEbqhJM78kCeyLMzch6dF+d1trrgzG/2yDc4b59d95J8</latexit>



Given a new test context…

10

Obama’s birthplace is _____x =
<latexit sha1_base64="ZA8aiZINV0Qj++G9R+MF4vA65No=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IRS8eK9gPaJeSTbNtaJJdkqxYlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxmfueRKs0i+WCmMfUFHkkWMoJNJj2hazQoV9yqOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsIrP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukXat6F9Xafb3SuMnjKMIJnMI5eHAJDbiDJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPFbCNmw==</latexit>

Language Model

Classification

Hawaii 0.2
Illinois 0.2

… …

pLM
<latexit sha1_base64="Ityu7dc95/gch7CTjvZIDfcpbiU=">AAAB9HicjVDLSgNBEJz1GeMr6tHLYBA8hU0U9Bj04kEhgnlAsoTZSW8yZHZ2nekNhmW/w4sHRbz6Md78GyePg4qCBQ1FVTddlB9LYdB1P5yFxaXlldXcWn59Y3Nru7Cz2zBRojnUeSQj3fKZASkU1FGghFasgYW+hKY/vJj4zRFoIyJ1i+MYvJD1lQgEZ2glL+6mHYR7TK+us6xbKJZL7hT0b1Ikc9S6hfdOL+JJCAq5ZMa0y26MXso0Ci4hy3cSAzHjQ9aHtqWKhWC8dBo6o4dW6dEg0nYU0qn69SJloTHj0LebIcOB+elNxN+8doLBmZcKFScIis8eBYmkGNFJA7QnNHCUY0sY18JmpXzANONoe8r/r4RGpVQ+LlVuTorV83kdObJPDsgRKZNTUiWXpEbqhJM78kCeyLMzch6dF+d1trrgzG/2yDc4b59d95J8</latexit>

f(x)
<latexit sha1_base64="l+wTkNgHrQCBgS+cpvSu9YH8xC0=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxgv2AdinZNNuGJtklyYpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3mdx6p0iySD2YaU1/gkWQhI9hkUlh9Oh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSrte8i1r9/rLSuMnjKMIJnEIVPLiCBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHba2N1Q==</latexit>



Given a new test context…
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Obama’s birthplace is _____

Nearest Neighbors
Datastore

x =
<latexit sha1_base64="ZA8aiZINV0Qj++G9R+MF4vA65No=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IRS8eK9gPaJeSTbNtaJJdkqxYlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxmfueRKs0i+WCmMfUFHkkWMoJNJj2hazQoV9yqOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsIrP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukXat6F9Xafb3SuMnjKMIJnMI5eHAJDbiDJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPFbCNmw==</latexit>

q = f(x) =
<latexit sha1_base64="7uSorjw6ofh4TQiI6JvnuJUkBwA=">AAAB8nicbVDLSgMxFM3UV62vqks3wSLUTZmpgm6EohuXFewD2qFk0kwbmknG5I5Yhn6GGxeKuPVr3Pk3pu0stPVAyOGce7n3niAW3IDrfju5ldW19Y38ZmFre2d3r7h/0DQq0ZQ1qBJKtwNimOCSNYCDYO1YMxIFgrWC0c3Ubz0ybbiS9zCOmR+RgeQhpwSs1HnAVzgsP53ar1csuRV3BrxMvIyUUIZ6r/jV7SuaREwCFcSYjufG4KdEA6eCTQrdxLCY0BEZsI6lkkTM+Ols5Qk+sUofh0rbJwHP1N8dKYmMGUeBrYwIDM2iNxX/8zoJhJd+ymWcAJN0PihMBAaFp/fjPteMghhbQqjmdldMh0QTCjalgg3BWzx5mTSrFe+sUr07L9Wuszjy6AgdozLy0AWqoVtURw1EkULP6BW9OeC8OO/Ox7w052Q9h+gPnM8fovKPhg==</latexit>



Given a new test context…
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Obama’s birthplace is _____

Nearest Neighbors
Keys

f(Obama was senator for)
f(Obama was born in)

…

Values
Illinois
Hawaii

…

x =
<latexit sha1_base64="ZA8aiZINV0Qj++G9R+MF4vA65No=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IRS8eK9gPaJeSTbNtaJJdkqxYlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxmfueRKs0i+WCmMfUFHkkWMoJNJj2hazQoV9yqOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsIrP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukXat6F9Xafb3SuMnjKMIJnMI5eHAJDbiDJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPFbCNmw==</latexit>

q = f(x) =
<latexit sha1_base64="7uSorjw6ofh4TQiI6JvnuJUkBwA=">AAAB8nicbVDLSgMxFM3UV62vqks3wSLUTZmpgm6EohuXFewD2qFk0kwbmknG5I5Yhn6GGxeKuPVr3Pk3pu0stPVAyOGce7n3niAW3IDrfju5ldW19Y38ZmFre2d3r7h/0DQq0ZQ1qBJKtwNimOCSNYCDYO1YMxIFgrWC0c3Ubz0ybbiS9zCOmR+RgeQhpwSs1HnAVzgsP53ar1csuRV3BrxMvIyUUIZ6r/jV7SuaREwCFcSYjufG4KdEA6eCTQrdxLCY0BEZsI6lkkTM+Ols5Qk+sUofh0rbJwHP1N8dKYmMGUeBrYwIDM2iNxX/8zoJhJd+ymWcAJN0PihMBAaFp/fjPteMghhbQqjmdldMh0QTCjalgg3BWzx5mTSrFe+sUr07L9Wuszjy6AgdozLy0AWqoVtURw1EkULP6BW9OeC8OO/Ox7w052Q9h+gPnM8fovKPhg==</latexit>



Constructing the datastore
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Constructing the datastore

14

Training Contexts Targets

Obama was senator for Illinois
Barack is married to Michelle
Obama was born in Hawaii

… …
Obama is a native of Hawaii

ci
<latexit sha1_base64="CFXIUqKYg/EvBapXaQ9shUVrlcM=">AAAB6nicjVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWNE84BkCbOT3mTI7MwyMyuEJZ/gxYMiXv0ib/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVb96gNV/LOjlMMEzqQPOaMWifdsh7vlcpBxZ+B/E3KsEC9V3rv9hXLEpSWCWpMJ/BTG+ZUW84ETordzGBK2YgOsOOopAmaMJ+dOiHHTumTWGlX0pKZ+nUip4kx4yRynQm1Q/PTm4q/eZ3MxhdhzmWaWZRsvijOBLGKTP8mfa6RWTF2hDLN3a2EDammzLp0iv8LoVmtBKeV6s1ZuXa5iKMAh3AEJxDAOdTgGurQAAYDeIAnePaE9+i9eK/z1iVvMXMA3+C9fQJGRY3K</latexit>

vi
<latexit sha1_base64="gwKSfHEfquXRDUY1T7Bz7Sw80L4=">AAAB6nicjVDLSgNBEOyNrxhfqx69DAbBU9iNgh6DXjxGNA9IljA7mU2GzM4uM72BsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaZSGPS8D6ewsrq2vlHcLG1t7+zuufsHTZNkmvEGS2Si2yE1XArFGyhQ8naqOY1DyVvh6Hrmt8ZcG5Goe5ykPIjpQIlIMIpWuhv3RM8t+xVvDvI3KcMS9Z773u0nLIu5QiapMR3fSzHIqUbBJJ+WupnhKWUjOuAdSxWNuQny+alTcmKVPokSbUshmatfJ3IaGzOJQ9sZUxyan95M/M3rZBhdBrlQaYZcscWiKJMEEzL7m/SF5gzlxBLKtLC3EjakmjK06ZT+F0KzWvHPKtXb83LtahlHEY7gGE7BhwuowQ3UoQEMBvAAT/DsSOfReXFeF60FZzlzCN/gvH0CYzeN3Q==</latexit>



Constructing the datastore

15

Training Contexts Representations Targets

Obama was senator for Illinois
Barack is married to Michelle
Obama was born in Hawaii

… … …
Obama is a native of Hawaii

ci
<latexit sha1_base64="CFXIUqKYg/EvBapXaQ9shUVrlcM=">AAAB6nicjVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWNE84BkCbOT3mTI7MwyMyuEJZ/gxYMiXv0ib/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVb96gNV/LOjlMMEzqQPOaMWifdsh7vlcpBxZ+B/E3KsEC9V3rv9hXLEpSWCWpMJ/BTG+ZUW84ETordzGBK2YgOsOOopAmaMJ+dOiHHTumTWGlX0pKZ+nUip4kx4yRynQm1Q/PTm4q/eZ3MxhdhzmWaWZRsvijOBLGKTP8mfa6RWTF2hDLN3a2EDammzLp0iv8LoVmtBKeV6s1ZuXa5iKMAh3AEJxDAOdTgGurQAAYDeIAnePaE9+i9eK/z1iVvMXMA3+C9fQJGRY3K</latexit>

vi
<latexit sha1_base64="gwKSfHEfquXRDUY1T7Bz7Sw80L4=">AAAB6nicjVDLSgNBEOyNrxhfqx69DAbBU9iNgh6DXjxGNA9IljA7mU2GzM4uM72BsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaZSGPS8D6ewsrq2vlHcLG1t7+zuufsHTZNkmvEGS2Si2yE1XArFGyhQ8naqOY1DyVvh6Hrmt8ZcG5Goe5ykPIjpQIlIMIpWuhv3RM8t+xVvDvI3KcMS9Z773u0nLIu5QiapMR3fSzHIqUbBJJ+WupnhKWUjOuAdSxWNuQny+alTcmKVPokSbUshmatfJ3IaGzOJQ9sZUxyan95M/M3rZBhdBrlQaYZcscWiKJMEEzL7m/SF5gzlxBLKtLC3EjakmjK06ZT+F0KzWvHPKtXb83LtahlHEY7gGE7BhwuowQ3UoQEMBvAAT/DsSOfReXFeF60FZzlzCN/gvH0CYzeN3Q==</latexit>

ki = f(ci)
<latexit sha1_base64="oN6g9TaQpHDM2VxZp7cnlU1jhno=">AAAB83icjVDLSgNBEOz1GeMr6tHLYBDiJexGQS9C0IvHCOYBybLMTnqTIbOzy8ysEJb8hhcPinj1Z7z5N04eBxUFCxqKqm66qDAVXBvX/XCWlldW19YLG8XNre2d3dLefksnmWLYZIlIVCekGgWX2DTcCOykCmkcCmyHo+up375HpXki78w4RT+mA8kjzqixUm8UcHJJogoL+ElQKntVdwbyNynDAo2g9N7rJyyLURomqNZdz02Nn1NlOBM4KfYyjSllIzrArqWSxqj9fJZ5Qo6t0idRouxIQ2bq14ucxlqP49BuxtQM9U9vKv7mdTMTXfg5l2lmULL5oygTxCRkWgDpc4XMiLEllClusxI2pIoyY2sq/q+EVq3qnVZrt2fl+tWijgIcwhFUwINzqMMNNKAJDFJ4gCd4djLn0XlxXuerS87i5gC+wXn7BEpQkIs=</latexit>



Back to inference!
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The k-nearest neighbors for  

17

vi
<latexit sha1_base64="gwKSfHEfquXRDUY1T7Bz7Sw80L4=">AAAB6nicjVDLSgNBEOyNrxhfqx69DAbBU9iNgh6DXjxGNA9IljA7mU2GzM4uM72BsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaZSGPS8D6ewsrq2vlHcLG1t7+zuufsHTZNkmvEGS2Si2yE1XArFGyhQ8naqOY1DyVvh6Hrmt8ZcG5Goe5ykPIjpQIlIMIpWuhv3RM8t+xVvDvI3KcMS9Z773u0nLIu5QiapMR3fSzHIqUbBJJ+WupnhKWUjOuAdSxWNuQny+alTcmKVPokSbUshmatfJ3IaGzOJQ9sZUxyan95M/M3rZBhdBrlQaYZcscWiKJMEEzL7m/SF5gzlxBLKtLC3EjakmjK06ZT+F0KzWvHPKtXb83LtahlHEY7gGE7BhwuowQ3UoQEMBvAAT/DsSOfReXFeF60FZzlzCN/gvH0CYzeN3Q==</latexit>

Distances

4
100

3
…

5

di = d(q, ki)
<latexit sha1_base64="ioMNQCSVapgj116rhmcgyLXGqn0=">AAAB+HicjVDLSsNAFL2pr1ofjbp0M1iEClKSKuhGKLpxWcHaQhvCZDJph04mcWYi1NAvceNCEbd+ijv/xuljoaLggQuHc+7lHk6Qcqa043xYhYXFpeWV4mppbX1js2xvbd+oJJOEtkjCE9kJsKKcCdrSTHPaSSXFccBpOxheTPz2HZWKJeJaj1LqxbgvWMQI1kby7XLoM3SGwurtIRr67MC3K27NmQL9TSowR9O333thQrKYCk04VqrrOqn2ciw1I5yOS71M0RSTIe7TrqECx1R5+TT4GO0bJURRIs0Ijabq14scx0qN4sBsxlgP1E9vIv7mdTMdnXo5E2mmqSCzR1HGkU7QpAUUMkmJ5iNDMJHMZEVkgCUm2nRV+l8JN/Wae1SrXx1XGufzOoqwC3tQBRdOoAGX0IQWEMjgAZ7g2bq3Hq0X63W2WrDmNzvwDdbbJ1hpkZY=</latexit>

q = f(x) =
<latexit sha1_base64="7uSorjw6ofh4TQiI6JvnuJUkBwA=">AAAB8nicbVDLSgMxFM3UV62vqks3wSLUTZmpgm6EohuXFewD2qFk0kwbmknG5I5Yhn6GGxeKuPVr3Pk3pu0stPVAyOGce7n3niAW3IDrfju5ldW19Y38ZmFre2d3r7h/0DQq0ZQ1qBJKtwNimOCSNYCDYO1YMxIFgrWC0c3Ubz0ybbiS9zCOmR+RgeQhpwSs1HnAVzgsP53ar1csuRV3BrxMvIyUUIZ6r/jV7SuaREwCFcSYjufG4KdEA6eCTQrdxLCY0BEZsI6lkkTM+Ols5Qk+sUofh0rbJwHP1N8dKYmMGUeBrYwIDM2iNxX/8zoJhJd+ymWcAJN0PihMBAaFp/fjPteMghhbQqjmdldMh0QTCjalgg3BWzx5mTSrFe+sUr07L9Wuszjy6AgdozLy0AWqoVtURw1EkULP6BW9OeC8OO/Ox7w052Q9h+gPnM8fovKPhg==</latexit>

Representations Targets

Illinois
Michelle

Hawaii
… …

Hawaii

vi
<latexit sha1_base64="gwKSfHEfquXRDUY1T7Bz7Sw80L4=">AAAB6nicjVDLSgNBEOyNrxhfqx69DAbBU9iNgh6DXjxGNA9IljA7mU2GzM4uM72BsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaZSGPS8D6ewsrq2vlHcLG1t7+zuufsHTZNkmvEGS2Si2yE1XArFGyhQ8naqOY1DyVvh6Hrmt8ZcG5Goe5ykPIjpQIlIMIpWuhv3RM8t+xVvDvI3KcMS9Z773u0nLIu5QiapMR3fSzHIqUbBJJ+WupnhKWUjOuAdSxWNuQny+alTcmKVPokSbUshmatfJ3IaGzOJQ9sZUxyan95M/M3rZBhdBrlQaYZcscWiKJMEEzL7m/SF5gzlxBLKtLC3EjakmjK06ZT+F0KzWvHPKtXb83LtahlHEY7gGE7BhwuowQ3UoQEMBvAAT/DsSOfReXFeF60FZzlzCN/gvH0CYzeN3Q==</latexit>

ki = f(ci)
<latexit sha1_base64="oN6g9TaQpHDM2VxZp7cnlU1jhno=">AAAB83icjVDLSgNBEOz1GeMr6tHLYBDiJexGQS9C0IvHCOYBybLMTnqTIbOzy8ysEJb8hhcPinj1Z7z5N04eBxUFCxqKqm66qDAVXBvX/XCWlldW19YLG8XNre2d3dLefksnmWLYZIlIVCekGgWX2DTcCOykCmkcCmyHo+up375HpXki78w4RT+mA8kjzqixUm8UcHJJogoL+ElQKntVdwbyNynDAo2g9N7rJyyLURomqNZdz02Nn1NlOBM4KfYyjSllIzrArqWSxqj9fJZ5Qo6t0idRouxIQ2bq14ucxlqP49BuxtQM9U9vKv7mdTMTXfg5l2lmULL5oygTxCRkWgDpc4XMiLEllClusxI2pIoyY2sq/q+EVq3qnVZrt2fl+tWijgIcwhFUwINzqMMNNKAJDFJ4gCd4djLn0XlxXuerS87i5gC+wXn7BEpQkIs=</latexit>



The k-nearest neighbors for 
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Targets

Illinois

Michelle
Hawaii

…
Hawaii

vi
<latexit sha1_base64="gwKSfHEfquXRDUY1T7Bz7Sw80L4=">AAAB6nicjVDLSgNBEOyNrxhfqx69DAbBU9iNgh6DXjxGNA9IljA7mU2GzM4uM72BsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaZSGPS8D6ewsrq2vlHcLG1t7+zuufsHTZNkmvEGS2Si2yE1XArFGyhQ8naqOY1DyVvh6Hrmt8ZcG5Goe5ykPIjpQIlIMIpWuhv3RM8t+xVvDvI3KcMS9Z773u0nLIu5QiapMR3fSzHIqUbBJJ+WupnhKWUjOuAdSxWNuQny+alTcmKVPokSbUshmatfJ3IaGzOJQ9sZUxyan95M/M3rZBhdBrlQaYZcscWiKJMEEzL7m/SF5gzlxBLKtLC3EjakmjK06ZT+F0KzWvHPKtXb83LtahlHEY7gGE7BhwuowQ3UoQEMBvAAT/DsSOfReXFeF60FZzlzCN/gvH0CYzeN3Q==</latexit>

Distances

4

100
3

…
5

di = d(q, ki)
<latexit sha1_base64="ioMNQCSVapgj116rhmcgyLXGqn0=">AAAB+HicjVDLSsNAFL2pr1ofjbp0M1iEClKSKuhGKLpxWcHaQhvCZDJph04mcWYi1NAvceNCEbd+ijv/xuljoaLggQuHc+7lHk6Qcqa043xYhYXFpeWV4mppbX1js2xvbd+oJJOEtkjCE9kJsKKcCdrSTHPaSSXFccBpOxheTPz2HZWKJeJaj1LqxbgvWMQI1kby7XLoM3SGwurtIRr67MC3K27NmQL9TSowR9O333thQrKYCk04VqrrOqn2ciw1I5yOS71M0RSTIe7TrqECx1R5+TT4GO0bJURRIs0Ijabq14scx0qN4sBsxlgP1E9vIv7mdTMdnXo5E2mmqSCzR1HGkU7QpAUUMkmJ5iNDMJHMZEVkgCUm2nRV+l8JN/Wae1SrXx1XGufzOoqwC3tQBRdOoAGX0IQWEMjgAZ7g2bq3Hq0X63W2WrDmNzvwDdbbJ1hpkZY=</latexit>

Nearest k

Hawaii 3

Illinois 4
Hawaii 5

q = f(x) =
<latexit sha1_base64="7uSorjw6ofh4TQiI6JvnuJUkBwA=">AAAB8nicbVDLSgMxFM3UV62vqks3wSLUTZmpgm6EohuXFewD2qFk0kwbmknG5I5Yhn6GGxeKuPVr3Pk3pu0stPVAyOGce7n3niAW3IDrfju5ldW19Y38ZmFre2d3r7h/0DQq0ZQ1qBJKtwNimOCSNYCDYO1YMxIFgrWC0c3Ubz0ybbiS9zCOmR+RgeQhpwSs1HnAVzgsP53ar1csuRV3BrxMvIyUUIZ6r/jV7SuaREwCFcSYjufG4KdEA6eCTQrdxLCY0BEZsI6lkkTM+Ols5Qk+sUofh0rbJwHP1N8dKYmMGUeBrYwIDM2iNxX/8zoJhJd+ymWcAJN0PihMBAaFp/fjPteMghhbQqjmdldMh0QTCjalgg3BWzx5mTSrFe+sUr07L9Wuszjy6AgdozLy0AWqoVtURw1EkULP6BW9OeC8OO/Ox7w052Q9h+gPnM8fovKPhg==</latexit>



The kNN distribution
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Nearest k

Hawaii 3

Illinois 4
Hawaii 5

Normalization

Hawaii 0.7

Illinois 0.2
Hawaii 0.1

p(ki) / exp(�di)
<latexit sha1_base64="3sblwSuXCfh7tS80Yy/tnqPHZ1M=">AAACAXicjVDLSgMxFM34rPU16kZwEyxCXVhmqqDLohuXFewD2mHIZDJtaCYJSUYsQ934K25cKOLWv3Dn35g+FioKHrhwOOde7r0nkoxq43kfztz8wuLScmGluLq2vrHpbm03tcgUJg0smFDtCGnCKCcNQw0jbakISiNGWtHgYuy3bojSVPBrM5QkSFGP04RiZKwUuruyPAjpIexKJaQRkNzK8lFsldAt+RVvAvg3KYEZ6qH73o0FzlLCDWZI647vSRPkSBmKGRkVu5kmEuEB6pGOpRylRAf55IMRPLBKDBOhbHEDJ+rXiRylWg/TyHamyPT1T28s/uZ1MpOcBTnlMjOE4+miJGPQvjqOA8ZUEWzY0BKEFbW3QtxHCmFjQyv+L4RmteIfV6pXJ6Xa+SyOAtgD+6AMfHAKauAS1EEDYHAHHsATeHbunUfnxXmdts45s5kd8A3O2yfCqpXN</latexit>

pkNN =
X

i

Iy=vip(ki)
<latexit sha1_base64="JBuNNZEFkyAQS9nxglfnTAtcVj4=">AAACGnicjVDJSgNBEO1xjXEb9eilMQjxEjJR0Esg6EUvIYJZIDMMPZ1O0qRnobsmODTzHV78FS8eFPEmXvwbJ8tBRcEHBY/3qqiq50WCKyiXP4yFxaXlldXcWn59Y3Nr29zZbakwlpQ1aShC2fGIYoIHrAkcBOtEkhHfE6ztjS4mfnvMpOJhcANJxByfDALe55RAJrmmFbnaBnYLelSvpymuYlvFvqt5avsEhp6nr1JXJ9Wxy9OoOHL5kWsWrFJ5Cvw3KaA5Gq75ZvdCGvssACqIUl2rHIGjiQROBUvzdqxYROiIDFg3owHxmXL09LUUH2ZKD/dDmVUAeKp+ndDEVyrxvaxzcq/66U3E37xuDP0zR/MgioEFdLaoHwsMIZ7khHtcMgoiyQihkme3YjokklDI0sz/L4RWpWQdlyrXJ4Xa+TyOHNpHB6iILHSKaugSNVATUXSHHtATejbujUfjxXidtS4Y85k99A3G+yd01qG7</latexit>



The kNN distribution
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Nearest k

Hawaii 3

Illinois 4
Hawaii 5

Normalization

Hawaii 0.7

Illinois 0.2
Hawaii 0.1

p(ki) / exp(�di)
<latexit sha1_base64="3sblwSuXCfh7tS80Yy/tnqPHZ1M=">AAACAXicjVDLSgMxFM34rPU16kZwEyxCXVhmqqDLohuXFewD2mHIZDJtaCYJSUYsQ934K25cKOLWv3Dn35g+FioKHrhwOOde7r0nkoxq43kfztz8wuLScmGluLq2vrHpbm03tcgUJg0smFDtCGnCKCcNQw0jbakISiNGWtHgYuy3bojSVPBrM5QkSFGP04RiZKwUuruyPAjpIexKJaQRkNzK8lFsldAt+RVvAvg3KYEZ6qH73o0FzlLCDWZI647vSRPkSBmKGRkVu5kmEuEB6pGOpRylRAf55IMRPLBKDBOhbHEDJ+rXiRylWg/TyHamyPT1T28s/uZ1MpOcBTnlMjOE4+miJGPQvjqOA8ZUEWzY0BKEFbW3QtxHCmFjQyv+L4RmteIfV6pXJ6Xa+SyOAtgD+6AMfHAKauAS1EEDYHAHHsATeHbunUfnxXmdts45s5kd8A3O2yfCqpXN</latexit>

Aggregation

Hawaii 0.8

Illinois 0.2

pkNN =
X

i

Iy=vip(ki)
<latexit sha1_base64="JBuNNZEFkyAQS9nxglfnTAtcVj4=">AAACGnicjVDJSgNBEO1xjXEb9eilMQjxEjJR0Esg6EUvIYJZIDMMPZ1O0qRnobsmODTzHV78FS8eFPEmXvwbJ8tBRcEHBY/3qqiq50WCKyiXP4yFxaXlldXcWn59Y3Nr29zZbakwlpQ1aShC2fGIYoIHrAkcBOtEkhHfE6ztjS4mfnvMpOJhcANJxByfDALe55RAJrmmFbnaBnYLelSvpymuYlvFvqt5avsEhp6nr1JXJ9Wxy9OoOHL5kWsWrFJ5Cvw3KaA5Gq75ZvdCGvssACqIUl2rHIGjiQROBUvzdqxYROiIDFg3owHxmXL09LUUH2ZKD/dDmVUAeKp+ndDEVyrxvaxzcq/66U3E37xuDP0zR/MgioEFdLaoHwsMIZ7khHtcMgoiyQihkme3YjokklDI0sz/L4RWpWQdlyrXJ4Xa+TyOHNpHB6iILHSKaugSNVATUXSHHtATejbujUfjxXidtS4Y85k99A3G+yd01qG7</latexit>



Given a new test context…
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Obama’s birthplace is _____x =
<latexit sha1_base64="ZA8aiZINV0Qj++G9R+MF4vA65No=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IRS8eK9gPaJeSTbNtaJJdkqxYlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxmfueRKs0i+WCmMfUFHkkWMoJNJj2hazQoV9yqOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsIrP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukXat6F9Xafb3SuMnjKMIJnMI5eHAJDbiDJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPFbCNmw==</latexit>

Language 
Model

Hawaii 0.2
Illinois 0.2

… …

pLM
<latexit sha1_base64="Ityu7dc95/gch7CTjvZIDfcpbiU=">AAAB9HicjVDLSgNBEJz1GeMr6tHLYBA8hU0U9Bj04kEhgnlAsoTZSW8yZHZ2nekNhmW/w4sHRbz6Md78GyePg4qCBQ1FVTddlB9LYdB1P5yFxaXlldXcWn59Y3Nru7Cz2zBRojnUeSQj3fKZASkU1FGghFasgYW+hKY/vJj4zRFoIyJ1i+MYvJD1lQgEZ2glL+6mHYR7TK+us6xbKJZL7hT0b1Ikc9S6hfdOL+JJCAq5ZMa0y26MXso0Ci4hy3cSAzHjQ9aHtqWKhWC8dBo6o4dW6dEg0nYU0qn69SJloTHj0LebIcOB+elNxN+8doLBmZcKFScIis8eBYmkGNFJA7QnNHCUY0sY18JmpXzANONoe8r/r4RGpVQ+LlVuTorV83kdObJPDsgRKZNTUiWXpEbqhJM78kCeyLMzch6dF+d1trrgzG/2yDc4b59d95J8</latexit>

k-Nearest 
Neighbors
Hawaii 0.8
Illinois 0.2

kNN-LM

Hawaii 0.6
Illinois 0.2

… …

(1� �) pLM + � pkNN
<latexit sha1_base64="t/GxlKjCGkIyNVAY/cy59i113WI=">AAACGXicjZBLS8NAFIUn9VXrK+rSTbAIFbEkVdBl0Y0LLRVsKzQhTKbTdujkwcyNWEL8GW78K25cKOJSV/4bp23ABwoeGLh851xm5ngRZxJM813LTU3PzM7l5wsLi0vLK/rqWlOGsSC0QUIeiksPS8pZQBvAgNPLSFDse5y2vMHxyG9dUSFZGFzAMKKOj3sB6zKCQSFXN0vWrs1VvoO3byI3sYFeQ3J6lqY7Gf6kg1otTV29aJXNsYy/hyLKVHf1V7sTktinARCOpWxbZgROggUwwmlasGNJI0wGuEfbagywT6WTjH+WGluKdIxuKNQJwBjTrxsJ9qUc+p5K+hj68qc3gr957Ri6h07CgigGGpDJRd2YGxAao5qMDhOUAB+qARPB1FsN0scCE1BlFv5XQrNStvbKlfP9YvUoqyOPNtAmKiELHaAqOkF11EAE3aJ79IietDvtQXvWXibRnJbtrKNv0t4+AHXFoUI=</latexit>



Experiments
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Our Base LM is the Transformer LM from Baevski and Auli (2019).

Alexei Baevski and Michael Auli. Adaptive input representations for neural language modeling. In ICLR, 2019.



Key Results

Explicitly memorizing the training data helps generalization.

LMs can scale to larger text collections without the added cost 
of training, by simply adding the data to the datastore.

A single LM can adapt to multiple domains without the in-domain 
training, by adding domain-specific data to the datastore.
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Memorizing with Wikitext-103

24

Model Perplexity

Previous Best (Luo et al., 2019) 17.40

Base LM 18.65

Standard LM benchmark, 103 million tokens



Memorizing with Wikitext-103
Datastore contains 103M examples, 
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Model Perplexity

Previous Best (Luo et al., 2019) 17.40

Base LM 18.65

kNN-LM 16.12

� = 0.25
<latexit sha1_base64="0Z+ex0rjBH+IMOrLWxwxOukBDyQ=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgKiS1ohuh6MZlBfuAJpTJZNIOnUzCzEQoob/hxoUibv0Zd/6N0zYLbT0wcDjnXO6dE6ScKe0431ZpbX1jc6u8XdnZ3ds/qB4edVSSSULbJOGJ7AVYUc4EbWumOe2lkuI44LQbjO9mfveJSsUS8agnKfVjPBQsYgRrI3keN9EQ3zh2/XJQrTm2MwdaJW5BalCgNah+eWFCspgKTThWqu86qfZzLDUjnE4rXqZoiskYD2nfUIFjqvx8fvMUnRklRFEizRMazdXfEzmOlZrEgUnGWI/UsjcT//P6mY6u/ZyJNNNUkMWiKONIJ2hWAAqZpETziSGYSGZuRWSEJSba1FQxJbjLX14lnbrtXtj1h0ateVvUUYYTOIVzcOEKmnAPLWgDgRSe4RXerMx6sd6tj0W0ZBUzx/AH1ucPjcCQtQ==</latexit>



Memorizing with Wikitext-103
Datastore contains 103M examples, 
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Model Perplexity

Previous Best (Luo et al., 2019) 17.40

Base LM 18.65

kNN-LM 16.12

kNN-LM + Cont. Cache* 15.79

� = 0.25
<latexit sha1_base64="0Z+ex0rjBH+IMOrLWxwxOukBDyQ=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgKiS1ohuh6MZlBfuAJpTJZNIOnUzCzEQoob/hxoUibv0Zd/6N0zYLbT0wcDjnXO6dE6ScKe0431ZpbX1jc6u8XdnZ3ds/qB4edVSSSULbJOGJ7AVYUc4EbWumOe2lkuI44LQbjO9mfveJSsUS8agnKfVjPBQsYgRrI3keN9EQ3zh2/XJQrTm2MwdaJW5BalCgNah+eWFCspgKTThWqu86qfZzLDUjnE4rXqZoiskYD2nfUIFjqvx8fvMUnRklRFEizRMazdXfEzmOlZrEgUnGWI/UsjcT//P6mY6u/ZyJNNNUkMWiKONIJ2hWAAqZpETziSGYSGZuRWSEJSba1FQxJbjLX14lnbrtXtj1h0ateVvUUYYTOIVzcOEKmnAPLWgDgRSe4RXerMx6sd6tj0W0ZBUzx/AH1ucPjcCQtQ==</latexit>

*Edouard Grave, Armand Joulin, and Nicolas Usunier. Improving neural language models with a continuous cache. In ICLR, 2017



Key Results

Explicitly memorizing the training data helps generalization.

LMs can scale to larger text collections without the added cost 
of training, by simply adding the data to the datastore.

A single LM can adapt to multiple domains without the in-domain 
training, by adding domain-specific data to the datastore.
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Scaling up from Wiki-100M to Wiki-3B
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LM Training Data Datastore Perplexity

Wiki-3B - 15.17

Wiki-100M - 19.59



Scaling up from Wiki-100M to Wiki-3B
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LM Training Data Datastore Perplexity

Wiki-3B - 15.17

Wiki-100M - 19.59

Wiki-100M Wiki-3B 13.73



Scaling up from Wiki-100M to Wiki-3B
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Retrieving nearest neighbors from the corpus outperforms 
training on it!

LM Training Data Datastore Perplexity

Wiki-3B - 15.17

Wiki-100M - 19.59

Wiki-100M Wiki-3B 13.73



Key Results

Explicitly memorizing the training data helps generalization.

LMs can scale to larger text collections without the added cost 
of training, by simply adding the data to the datastore.

A single LM can adapt to multiple domains without the in-domain 
training, by adding domain-specific data to the datastore.
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Domain Adaptation from Wiki to Books
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LM Training Data Datastore Perplexity on Books

Books - 11.89

Wiki-3B - 34.84



Domain Adaptation from Wiki to Books
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LM Training Data Datastore Perplexity on Books

Books - 11.89

Wiki-3B - 34.84

Wiki-3B Books 20.47



Domain Adaptation from Wiki to Books
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LM Training Data Datastore Perplexity on Books

Books - 11.89

Wiki-3B - 34.84

Wiki-3B Books 20.47

A single LM can be useful in multiple domains by simply adding 
a domain-specific datastore!



kNN-LM

Explicitly memorizing the training data helps generalization.

LMs can scale to larger text collections without the added cost 
of training, by simply adding the data to the datastore.

A single LM can adapt to multiple domains without the in-domain 
training, by adding domain-specific data to the datastore.
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Thanks!

Explicitly memorizing the training data helps 
generalization.

LMs can scale to larger text collections without 
the added cost of training, by simply adding the 
data to the datastore.

A single LM can adapt to multiple domains 
without the in-domain training, by adding 
domain-specific data to the datastore.
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Paper: 
https://arxiv.org/pdf/1911.00172.pdf

Code: 
https://github.com/urvashik/knnlm

https://arxiv.org/pdf/1911.00172.pdf
https://github.com/urvashik/knnlm

