
Modern LLM Recipe
Recap of LM basics

EECS 183/283a: Natural Language Processing



3rd person 
singular 
pronoun, 
masculine

3rd person  
singular 
present, 
masculine

accusative 
case of 
“dog”

Language Modeling is Hard

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

• One intuition: sentences have internal consistencies!

2nd person 
singular 
pronoun, 
formal

3rd person  
singular 
present 
indicative

você fala inglês?  
do you speak English?

అతను       కుక్కను       చూస్తా డు 
atanu        kukkanu    cūstāḍu  
he             the dog     sees

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

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

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

p(X) 2 �V+



One Approximation
Autoregressive language modeling: 
• The probability of a sequence is a product of local token 

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

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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)



Another Approximation

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

p(x) =
nY

i=1

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

Masked language modeling: 
• The probability of a sequence is a product of local token 

probabilities
• The probability of a token depends on the ones that came before 

and after it



probability that the sentence 
ends after the sequence 

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

hx1, . . . , xn�1i

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

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

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

Autoregressive  
Language Models

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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

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

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

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



Sampling from an  
Autoregressive Language Model

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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

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

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

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

p(x)
the 0.04

in 0.02

and 0.02

every 0.02

…

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

p(X1)

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

x = h the

Let’s sample a sequence from this approximation:

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

x1 ⇠ p(X1) 2 �V

Chain rule  
decomposition



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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

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

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

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

p(x)
-ir 0.03

same 0.02

impact 0.02

line 0.02

…

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

x = h the, same

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

p(X2 | x1 = the)

Sampling from an  
Autoregressive Language Model

Let’s sample a sequence from this approximation:

• Sample the first word
• Sample the second word 

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

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

x2 ⇠ p(X2 | x1) 2 �V



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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

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

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

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

p(x)
as 0.08

way 0.04

thing 0.04

time 0.04

…

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

x = h the, same, thing

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

p(X3 | hthe, samei)

Sampling from an  
Autoregressive Language Model

Let’s sample a sequence from this approximation:

• Sample the first word
• Sample the second word 
• Sample the third word 

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

x1 ⇠ p(X1) 2 �V



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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

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

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

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

p(x)
. 0.11

as 0.08

that 0.07

, 0.06

…

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

x = h the, same, thing, that

Sampling from an  
Autoregressive Language Model

Let’s sample a sequence from this approximation:

• Sample the first word
• Sample the second word 
• Sample the third word 
• Keep sampling until we hit EOS 

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

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

p(Xi | hx1, . . . , xi�1i)



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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

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

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

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

p(x)
happened 0.11

happens 0.08

makes 0.07

the 0.06

…

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

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

Sampling from an  
Autoregressive Language Model

Let’s sample a sequence from this approximation:

• Sample the first word
• Sample the second word 
• Sample the third word 
• Keep sampling until we hit EOS 

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

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

p(Xi | hx1, . . . , xi�1i)



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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

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

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

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

p(x)
-y 0.03

-ir 0.02

person 0.02

line 0.02

…

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

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

Sampling from an  
Autoregressive Language Model

Let’s sample a sequence from this approximation:

• Sample the first word
• Sample the second word 
• Sample the third word 
• Keep sampling until we hit EOS 

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

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

p(Xi | hx1, . . . , xi�1i)



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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

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

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

Let’s sample a sequence from this approximation:

• Sample the first word
• Sample the second word 
• Sample the third word 
• Keep sampling until we hit EOS 

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

p(x)
are 0.12

were 0.05

have 0.04

had 0.02

…

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

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

Sampling from an  
Autoregressive Language Model

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

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

p(Xi | hx1, . . . , xi�1i)



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

p(x) =
nY

i=1

p(xi | x1, . . . , xi�1)

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

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

Let’s sample a sequence from this approximation:

• Sample the first word
• Sample the second word 
• Sample the third word 
• Keep sampling until we hit EOS 

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

p(x)
done 0.08

said 0.04

EOS 0.04

to 0.02

…

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

x = h

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

p(Xi | hx1, . . . , xi�1i)

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

i
the same thing that they had

Sampling from an  
Autoregressive Language Model

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

x1 ⇠ p(X1) 2 �V



Word Types and Tokens

• Text data can be viewed as a sequence of words

• First step in building a language technology: building a 
function that maps from arbitrary text data to that 
sequence

The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

[‘The’, ‘most’, ‘natural’, ‘and’, ‘basic’, ‘form’, ‘of’, ‘language’, 
‘use’, ‘is’, ‘dialogue’, ‘:’, ‘Every’, ‘language’, ‘user’, ‘,’, 
‘including’, ‘young’, ‘children’, ‘and’, ‘illiterate’, ‘adults’, ‘,’, 
‘can’, ‘hold’, ‘a’, ‘conversation’, ‘,’, ‘whereas’, ‘reading’, ‘,’, 
‘writing’, ‘,’, ‘preparing’, ‘speeches’, ‘and’, ‘even’, ‘listening’, 
‘to’, ‘speeches’, ‘are’, ‘far’, ‘from’, ‘universal’, ‘skills, ‘.’]

tokenized text



Word Types and Tokens

• Type-token distinction:

• Type: a unique word in a text corpus

• Token: an instance of a word type, appearing in a 
particular context

The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

tokenized text

[‘The’, ‘most’, ‘natural’, ‘and’, ‘basic’, ‘form’, ‘of’, ‘language’, 
‘use’, ‘is’, ‘dialogue’, ‘:’, ‘Every’, ‘language’, ‘user’, ‘,’, 
‘including’, ‘young’, ‘children’, ‘and’, ‘illiterate’, ‘adults’, ‘,’, 
‘can’, ‘hold’, ‘a’, ‘conversation’, ‘,’, ‘whereas’, ‘reading’, ‘,’, 
‘writing’, ‘,’, ‘preparing’, ‘speeches’, ‘and’, ‘even’, ‘listening’, 
‘to’, ‘speeches’, ‘are’, ‘far’, ‘from’, ‘universal’, ‘skills, ‘.’]



Word Types and Tokens
The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

{‘.’, ’,’, ‘:’, ‘Every’, ‘The’, ‘a’, ‘adults’, ‘and’, ‘are’, ‘basic’, 
‘can’, ‘children’, ‘conversation’, ‘dialogue’, ‘even’, ‘far’, ‘form’, 
‘from’, ‘hold’, ‘illiterate’, ‘including’, ‘is’, ‘language’, ‘listening’, 
‘most’, ‘natural’, ‘of’, ‘preparing’, ‘reading’, ‘skills’, ‘speeches’, 
‘to’, ‘universal’, ‘use’, ‘user’, ‘whereas’, ‘writing’, ‘young’}

tokenized text

wordtypes (vocabulary)

[‘The’, ‘most’, ‘natural’, ‘and’, ‘basic’, ‘form’, ‘of’, ‘language’, 
‘use’, ‘is’, ‘dialogue’, ‘:’, ‘Every’, ‘language’, ‘user’, ‘,’, 
‘including’, ‘young’, ‘children’, ‘and’, ‘illiterate’, ‘adults’, ‘,’, 
‘can’, ‘hold’, ‘a’, ‘conversation’, ‘,’, ‘whereas’, ‘reading’, ‘,’, 
‘writing’, ‘,’, ‘preparing’, ‘speeches’, ‘and’, ‘even’, ‘listening’, 
‘to’, ‘speeches’, ‘are’, ‘far’, ‘from’, ‘universal’, ‘skills, ‘.’]



Word Types and Tokens
The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

tokenized text

instances (tokens) of wordtype ‘.’

{‘.’, ’,’, ‘:’, ‘Every’, ‘The’, ‘a’, ‘adults’, ‘and’, ‘are’, ‘basic’, 
‘can’, ‘children’, ‘conversation’, ‘dialogue’, ‘even’, ‘far’, ‘form’, 
‘from’, ‘hold’, ‘illiterate’, ‘including’, ‘is’, ‘language’, ‘listening’, 
‘most’, ‘natural’, ‘of’, ‘preparing’, ‘reading’, ‘skills’, ‘speeches’, 
‘to’, ‘universal’, ‘use’, ‘user’, ‘whereas’, ‘writing’, ‘young’}

[‘The’, ‘most’, ‘natural’, ‘and’, ‘basic’, ‘form’, ‘of’, ‘language’, 
‘use’, ‘is’, ‘dialogue’, ‘:’, ‘Every’, ‘language’, ‘user’, ‘,’, 
‘including’, ‘young’, ‘children’, ‘and’, ‘illiterate’, ‘adults’, ‘,’, 
‘can’, ‘hold’, ‘a’, ‘conversation’, ‘,’, ‘whereas’, ‘reading’, ‘,’, 
‘writing’, ‘,’, ‘preparing’, ‘speeches’, ‘and’, ‘even’, ‘listening’, 
‘to’, ‘speeches’, ‘are’, ‘far’, ‘from’, ‘universal’, ‘skills, ‘.’]

wordtypes (vocabulary)



Word Types and Tokens
The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

tokenized text

instances (tokens) of wordtype ‘,’

{‘.’, ’,’, ‘:’, ‘Every’, ‘The’, ‘a’, ‘adults’, ‘and’, ‘are’, ‘basic’, 
‘can’, ‘children’, ‘conversation’, ‘dialogue’, ‘even’, ‘far’, ‘form’, 
‘from’, ‘hold’, ‘illiterate’, ‘including’, ‘is’, ‘language’, ‘listening’, 
‘most’, ‘natural’, ‘of’, ‘preparing’, ‘reading’, ‘skills’, ‘speeches’, 
‘to’, ‘universal’, ‘use’, ‘user’, ‘whereas’, ‘writing’, ‘young’}

[‘The’, ‘most’, ‘natural’, ‘and’, ‘basic’, ‘form’, ‘of’, ‘language’, 
‘use’, ‘is’, ‘dialogue’, ‘:’, ‘Every’, ‘language’, ‘user’, ‘,’, 
‘including’, ‘young’, ‘children’, ‘and’, ‘illiterate’, ‘adults’, ‘,’, 
‘can’, ‘hold’, ‘a’, ‘conversation’, ‘,’, ‘whereas’, ‘reading’, ‘,’, 
‘writing’, ‘,’, ‘preparing’, ‘speeches’, ‘and’, ‘even’, ‘listening’, 
‘to’, ‘speeches’, ‘are’, ‘far’, ‘from’, ‘universal’, ‘skills, ‘.’]

wordtypes (vocabulary)



Word Types and Tokens
The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

tokenized text

instances (tokens) of wordtype ‘Every’
[‘The’, ‘most’, ‘natural’, ‘and’, ‘basic’, ‘form’, ‘of’, ‘language’, 
‘use’, ‘is’, ‘dialogue’, ‘:’, ‘Every’, ‘language’, ‘user’, ‘,’, 
‘including’, ‘young’, ‘children’, ‘and’, ‘illiterate’, ‘adults’, ‘,’, 
‘can’, ‘hold’, ‘a’, ‘conversation’, ‘,’, ‘whereas’, ‘reading’, ‘,’, 
‘writing’, ‘,’, ‘preparing’, ‘speeches’, ‘and’, ‘even’, ‘listening’, 
‘to’, ‘speeches’, ‘are’, ‘far’, ‘from’, ‘universal’, ‘skills, ‘.’]

{‘.’, ’,’, ‘:’, ‘Every’, ‘The’, ‘a’, ‘adults’, ‘and’, ‘are’, ‘basic’, 
‘can’, ‘children’, ‘conversation’, ‘dialogue’, ‘even’, ‘far’, ‘form’, 
‘from’, ‘hold’, ‘illiterate’, ‘including’, ‘is’, ‘language’, ‘listening’, 
‘most’, ‘natural’, ‘of’, ‘preparing’, ‘reading’, ‘skills’, ‘speeches’, 
‘to’, ‘universal’, ‘use’, ‘user’, ‘whereas’, ‘writing’, ‘young’}

wordtypes (vocabulary)



{‘.’, ’,’, ‘:’, ‘Every’, ‘The’, ‘a’, ‘adults’, ‘and’, ‘are’, ‘basic’, 
‘can’, ‘children’, ‘conversation’, ‘dialogue’, ‘even’, ‘far’, ‘form’, 
‘from’, ‘hold’, ‘illiterate’, ‘including’, ‘is’, ‘language’, ‘listening’, 
‘most’, ‘natural’, ‘of’, ‘preparing’, ‘reading’, ‘skills’, ‘speeches’, 
‘to’, ‘universal’, ‘use’, ‘user’, ‘whereas’, ‘writing’, ‘young’}

Word Types and Tokens
The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

tokenized text

instances (tokens) of wordtype ‘and’
[‘The’, ‘most’, ‘natural’, ‘and’, ‘basic’, ‘form’, ‘of’, ‘language’, 
‘use’, ‘is’, ‘dialogue’, ‘:’, ‘Every’, ‘language’, ‘user’, ‘,’, 
‘including’, ‘young’, ‘children’, ‘and’, ‘illiterate’, ‘adults’, ‘,’, 
‘can’, ‘hold’, ‘a’, ‘conversation’, ‘,’, ‘whereas’, ‘reading’, ‘,’, 
‘writing’, ‘,’, ‘preparing’, ‘speeches’, ‘and’, ‘even’, ‘listening’, 
‘to’, ‘speeches’, ‘are’, ‘far’, ‘from’, ‘universal’, ‘skills, ‘.’]

wordtypes (vocabulary)



{‘.’, ’,’, ‘:’, ‘Every’, ‘The’, ‘a’, ‘adults’, ‘and’, ‘are’, ‘basic’, 
‘can’, ‘children’, ‘conversation’, ‘dialogue’, ‘even’, ‘far’, ‘form’, 
‘from’, ‘hold’, ‘illiterate’, ‘including’, ‘is’, ‘language’, ‘listening’, 
‘most’, ‘natural’, ‘of’, ‘preparing’, ‘reading’, ‘skills’, ‘speeches’, 
‘to’, ‘universal’, ‘use’, ‘user’, ‘whereas’, ‘writing’, ‘young’}

Word Types and Tokens
The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

tokenized text

instances (tokens) of wordtype ‘language’
[‘The’, ‘most’, ‘natural’, ‘and’, ‘basic’, ‘form’, ‘of’, ‘language’, 
‘use’, ‘is’, ‘dialogue’, ‘:’, ‘Every’, ‘language’, ‘user’, ‘,’, 
‘including’, ‘young’, ‘children’, ‘and’, ‘illiterate’, ‘adults’, ‘,’, 
‘can’, ‘hold’, ‘a’, ‘conversation’, ‘,’, ‘whereas’, ‘reading’, ‘,’, 
‘writing’, ‘,’, ‘preparing’, ‘speeches’, ‘and’, ‘even’, ‘listening’, 
‘to’, ‘speeches’, ‘are’, ‘far’, ‘from’, ‘universal’, ‘skills, ‘.’]

wordtypes (vocabulary)



tokenized_text = [‘The’, ‘most’, ... , ’skills, ‘.’] 
tokenized_indices = [vocabulary.index(token) for token in tokenized_text] 
 
tokenized_indices: [4, 24, 25, 7, 9, 16, 26, 22, 33, 21, 13, 2, 3, 22, 
34, 1, 20, 37, 11, 7, 19, 6, 1, 10, 18, 5, 12, 1, 35, 28, 1, 36, 1, 27, 
30, 7, 14, 23, 31, 30, 8, 15, 17, 32, 29, 0]

vocabulary = 
[‘.’, ’,’, ‘:’, ‘Every’, ‘The’, ‘a’, ‘adults’, ‘and’, ‘are’, ‘basic’, 
‘can’, ‘children’, ‘conversation’, ‘dialogue’, ‘even’, ‘far’, ‘form’, 
‘from’, ‘hold’, ‘illiterate’, ‘including’, ‘is’, ‘language’, ‘listening’, 
‘most’, ‘natural’, ‘of’, ‘preparing’, ‘reading’, ‘skills’, ‘speeches’, 
‘to’, ‘universal’, ‘use’, ‘user’, ‘whereas’, ‘writing’, ‘young’]

Word Types and Tokens
The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

text as a sequence of wordtype indices

vocabulary as a look-up table



Tokenize on Spaces

• Simplest tokenizer (for English): splitting on spaces 
 
 
 
 

• But this gets us some weird wordtypes:

The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

[‘The’, ‘most’, ‘natural’, ‘and’, ‘basic’, ‘form’, ‘of’, ‘language’, 
‘use’, ‘is’, ‘dialogue:’, ‘Every’, ‘language’, ‘user,’, ‘including’, 
‘young’, ‘children’, ‘and’, ‘illiterate’, ‘adults,’, ‘can’, ‘hold’, ‘a’, 
‘conversation,’, ‘whereas’, ‘reading,’, ‘writing,’, ‘preparing’, 
‘speeches’, ‘and’, ‘even’, ‘listening’, ‘to’, ‘speeches’, ‘are’, ‘far’, 
‘from’, ‘universal’, ‘skills.’]

tokenized = s.split(‘ ‘)

‘dialogue:’ 
‘user,’ 
‘skills.’

Not really words different from 
dialogue, user, skills



Rule-Based Tokenization

• nltk tokenizers, with special rules for punctuation  
 
 
 
 

• But this still loses similarity between wordtypes

The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

import nltk 
tokenized = nltk.word_tokenize(s)

‘skills’ 
‘reading’ 
‘speeches’

Lexically similar to, but 
morphologically distinct from 
skill, read, speech

[‘The’, ‘most’, ‘natural’, ‘and’, ‘basic’, ‘form’, ‘of’, ‘language’, 
‘use’, ‘is’, ‘dialogue’, ‘:’, ‘Every’, ‘language’, ‘user’, ‘,’, 
‘including’, ‘young’, ‘children’, ‘and’, ‘illiterate’, ‘adults’, ‘,’, 
‘can’, ‘hold’, ‘a’, ‘conversation’, ‘,’, ‘whereas’, ‘reading’, ‘,’, 
‘writing’, ‘,’, ‘preparing’, ‘speeches’, ‘and’, ‘even’, ‘listening’, 
‘to’, ‘speeches’, ‘are’, ‘far’, ‘from’, ‘universal’, ‘skills, ‘.’]



• nltk tokenizers, with special rules for punctuation  
 
 
 
 

• And doesn’t work for all languages

The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

import nltk 
tokenized = nltk.word_tokenize(s)

[‘The’, ‘most’, ‘natural’, ‘and’, ‘basic’, ‘form’, ‘of’, ‘language’, 
‘use’, ‘is’, ‘dialogue’, ‘:’, ‘Every’, ‘language’, ‘user’, ‘,’, 
‘including’, ‘young’, ‘children’, ‘and’, ‘illiterate’, ‘adults’, ‘,’, 
‘can’, ‘hold’, ‘a’, ‘conversation’, ‘,’, ‘whereas’, ‘reading’, ‘,’, 
‘writing’, ‘,’, ‘preparing’, ‘speeches’, ‘and’, ‘even’, ‘listening’, 
‘to’, ‘speeches’, ‘are’, ‘far’, ‘from’, ‘universal’, ‘skills, ‘.’]

โดยที่การยอมรับนับถือเกียรติศักดิ์ประจำตัว และสิทธิเท่าเทียมกันและโอนมิได้ของ
บรรดา สมาชิก ทั้ง หลายแห่งครอบครัว มนุษย์เป็นหลักมูลเหตุแห่งอิสรภาพ ความ
ยุติธรรม และสันติภาพในโลก Universal Declaration of Human Rights in Thai

Rule-Based Tokenization



• nltk tokenizers, with special rules for punctuation  
 
 
 
 

• Once you’ve “trained” your tokenizer, you’re stuck with it

The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

import nltk 
tokenized = nltk.word_tokenize(s)

[‘The’, ‘most’, ‘natural’, ‘and’, ‘basic’, ‘form’, ‘of’, ‘language’, 
‘use’, ‘is’, ‘dialogue’, ‘:’, ‘Every’, ‘language’, ‘user’, ‘,’, 
‘including’, ‘young’, ‘children’, ‘and’, ‘illiterate’, ‘adults’, ‘,’, 
‘can’, ‘hold’, ‘a’, ‘conversation’, ‘,’, ‘whereas’, ‘reading’, ‘,’, 
‘writing’, ‘,’, ‘preparing’, ‘speeches’, ‘and’, ‘even’, ‘listening’, 
‘to’, ‘speeches’, ‘are’, ‘far’, ‘from’, ‘universal’, ‘skills, ‘.’]

Rule-Based Tokenization

vocab = [‘.’, ’,’, ‘:’, ‘Every’, ... , ‘writing’, ‘young’] 
vocab.index(‘ChatGPT’) → not found! 
 



• nltk tokenizers, with special rules for punctuation  
 
 
 
 

• Once you’ve “trained” your tokenizer, you’re stuck with it

The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

import nltk 
tokenized = nltk.word_tokenize(s)

[‘The’, ‘most’, ‘natural’, ‘and’, ‘basic’, ‘form’, ‘of’, ‘language’, 
‘use’, ‘is’, ‘dialogue’, ‘:’, ‘Every’, ‘language’, ‘user’, ‘,’, 
‘including’, ‘young’, ‘children’, ‘and’, ‘illiterate’, ‘adults’, ‘,’, 
‘can’, ‘hold’, ‘a’, ‘conversation’, ‘,’, ‘whereas’, ‘reading’, ‘,’, 
‘writing’, ‘,’, ‘preparing’, ‘speeches’, ‘and’, ‘even’, ‘listening’, 
‘to’, ‘speeches’, ‘are’, ‘far’, ‘from’, ‘universal’, ‘skills, ‘.’]

Rule-Based Tokenization

vocab = [‘.’, ’,’, ‘:’, ‘Every’, ... , ‘writing’, ‘young’, ‘<UNK>’] 
tokenized_indices =  
    [vocabulary.index(token) for token in tokenized_text  
     if token in vocabulary  
     else vocabulary.index(‘<UNK>’)]

add a special token  
for unknown words



Bytes as Wordtypes
The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

54 68 65 20 6d 6f 73 74 20 6e 61 74 75 72 61 6c 20 61 6e 64 20 62 61 73 69 63 20 66 6f 72 6d 20 6f 66 20 
6c 61 6e 67 75 61 67 65 20 75 73 65 20 69 73 20 64 69 61 6c 6f 67 75 65 3a 20 45 76 65 72 79 20 6c 61 6e 
67 75 61 67 65 20 75 73 65 72 2c 20 69 6e 63 6c 75 64 69 6e 67 20 79 6f 75 6e 67 20 63 68 69 6c 64 72 65 
6e 20 61 6e 64 20 69 6c 6c 69 74 65 72 61 74 65 20 61 64 75 6c 74 73 2c 20 63 61 6e 20 68 6f 6c 64 20 61 
20 63 6f 6e 76 65 72 73 61 74 69 6f 6e 2c 20 77 68 65 72 65 61 73 20 72 65 61 64 69 6e 67 2c 20 77 72 69 
74 69 6e 67 2c 20 70 72 65 70 61 72 69 6e 67 20 73 70 65 65 63 68 65 73 20 61 6e 64 20 65 76 65 6e 20 6c 
69 73 74 65 6e 69 6e 67 20 74 6f 20 73 70 65 65 63 68 65 73 20 61 72 65 20 66 61 72 20 66 72 6f 6d 20 75 
6e 69 76 65 72 73 61 6c 20 73 6b 69 6c 6c 73 2e

tokenized = s.encode()

• Strings are sequences of characters (bytes)! 
 
 
 
 

• Now our vocabulary is a fixed size (all possible Unicode 
characters)



Bytes as Wordtypes
The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

54 68 65 20 6d 6f 73 74 20 6e 61 74 75 72 61 6c 20 61 6e 64 20 62 61 73 69 63 20 66 6f 72 6d 20 6f 66 20 
6c 61 6e 67 75 61 67 65 20 75 73 65 20 69 73 20 64 69 61 6c 6f 67 75 65 3a 20 45 76 65 72 79 20 6c 61 6e 
67 75 61 67 65 20 75 73 65 72 2c 20 69 6e 63 6c 75 64 69 6e 67 20 79 6f 75 6e 67 20 63 68 69 6c 64 72 65 
6e 20 61 6e 64 20 69 6c 6c 69 74 65 72 61 74 65 20 61 64 75 6c 74 73 2c 20 63 61 6e 20 68 6f 6c 64 20 61 
20 63 6f 6e 76 65 72 73 61 74 69 6f 6e 2c 20 77 68 65 72 65 61 73 20 72 65 61 64 69 6e 67 2c 20 77 72 69 
74 69 6e 67 2c 20 70 72 65 70 61 72 69 6e 67 20 73 70 65 65 63 68 65 73 20 61 6e 64 20 65 76 65 6e 20 6c 
69 73 74 65 6e 69 6e 67 20 74 6f 20 73 70 65 65 63 68 65 73 20 61 72 65 20 66 61 72 20 66 72 6f 6d 20 75 
6e 69 76 65 72 73 61 6c 20 73 6b 69 6c 6c 73 2e

tokenized = s.encode()

• Strings are sequences of characters (bytes)! 
 
 
 
 

• And we don’t have any unknown wordtypes 
(until the Unicode Consortium adds new emoji)



Bytes as Wordtypes
The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

54 68 65 20 6d 6f 73 74 20 6e 61 74 75 72 61 6c 20 61 6e 64 20 62 61 73 69 63 20 66 6f 72 6d 20 6f 66 20 
6c 61 6e 67 75 61 67 65 20 75 73 65 20 69 73 20 64 69 61 6c 6f 67 75 65 3a 20 45 76 65 72 79 20 6c 61 6e 
67 75 61 67 65 20 75 73 65 72 2c 20 69 6e 63 6c 75 64 69 6e 67 20 79 6f 75 6e 67 20 63 68 69 6c 64 72 65 
6e 20 61 6e 64 20 69 6c 6c 69 74 65 72 61 74 65 20 61 64 75 6c 74 73 2c 20 63 61 6e 20 68 6f 6c 64 20 61 
20 63 6f 6e 76 65 72 73 61 74 69 6f 6e 2c 20 77 68 65 72 65 61 73 20 72 65 61 64 69 6e 67 2c 20 77 72 69 
74 69 6e 67 2c 20 70 72 65 70 61 72 69 6e 67 20 73 70 65 65 63 68 65 73 20 61 6e 64 20 65 76 65 6e 20 6c 
69 73 74 65 6e 69 6e 67 20 74 6f 20 73 70 65 65 63 68 65 73 20 61 72 65 20 66 61 72 20 66 72 6f 6d 20 75 
6e 69 76 65 72 73 61 6c 20 73 6b 69 6c 6c 73 2e

tokenized = s.encode()

• Strings are sequences of characters (bytes)! 
 
 
 
 

• But: individual characters are not meaningful
[‘.’, ’,’, ‘:’, ‘Every’, ... , ‘user’, ’whereas’, ‘writing’, ‘young’]

[‘.’, ’,’, ‘:’, ‘A’, ‘B’, ‘C’, ... , ‘a’, ‘b’, ‘c’, ... , ‘7’, ‘8’, ‘9’]  

vs.



Bytes as Wordtypes
The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

54 68 65 20 6d 6f 73 74 20 6e 61 74 75 72 61 6c 20 61 6e 64 20 62 61 73 69 63 20 66 6f 72 6d 20 6f 66 20 
6c 61 6e 67 75 61 67 65 20 75 73 65 20 69 73 20 64 69 61 6c 6f 67 75 65 3a 20 45 76 65 72 79 20 6c 61 6e 
67 75 61 67 65 20 75 73 65 72 2c 20 69 6e 63 6c 75 64 69 6e 67 20 79 6f 75 6e 67 20 63 68 69 6c 64 72 65 
6e 20 61 6e 64 20 69 6c 6c 69 74 65 72 61 74 65 20 61 64 75 6c 74 73 2c 20 63 61 6e 20 68 6f 6c 64 20 61 
20 63 6f 6e 76 65 72 73 61 74 69 6f 6e 2c 20 77 68 65 72 65 61 73 20 72 65 61 64 69 6e 67 2c 20 77 72 69 
74 69 6e 67 2c 20 70 72 65 70 61 72 69 6e 67 20 73 70 65 65 63 68 65 73 20 61 6e 64 20 65 76 65 6e 20 6c 
69 73 74 65 6e 69 6e 67 20 74 6f 20 73 70 65 65 63 68 65 73 20 61 72 65 20 66 61 72 20 66 72 6f 6d 20 75 
6e 69 76 65 72 73 61 6c 20 73 6b 69 6c 6c 73 2e

tokenized = s.encode()

• Strings are sequences of characters (bytes)! 
 
 
 
 

• It’s now the ML model’s job to learn to compose words 
from scratch



Bytes as Wordtypes
The most natural and basic form of language use is dialogue: Every 
language user, including young children and illiterate adults, can hold a 
conversation, whereas reading, writing, preparing speeches and even from Pickering and Garrod 2004, 

“A mechanistic psychology of dialogue”

54 68 65 20 6d 6f 73 74 20 6e 61 74 75 72 61 6c 20 61 6e 64 20 62 61 73 69 63 20 66 6f 72 6d 20 6f 66 20 
6c 61 6e 67 75 61 67 65 20 75 73 65 20 69 73 20 64 69 61 6c 6f 67 75 65 3a 20 45 76 65 72 79 20 6c 61 6e 
67 75 61 67 65 20 75 73 65 72 2c 20 69 6e 63 6c 75 64 69 6e 67 20 79 6f 75 6e 67 20 63 68 69 6c 64 72 65 
6e 20 61 6e 64 20 69 6c 6c 69 74 65 72 61 74 65 20 61 64 75 6c 74 73 2c 20 63 61 6e 20 68 6f 6c 64 20 61 
20 63 6f 6e 76 65 72 73 61 74 69 6f 6e 2c 20 77 68 65 72 65 61 73 20 72 65 61 64 69 6e 67 2c 20 77 72 69 
74 69 6e 67 2c 20 70 72 65 70 61 72 69 6e 67 20 73 70 65 65 63 68 65 73 20 61 6e 64 20 65 76 65 6e 20 6c 
69 73 74 65 6e 69 6e 67 20 74 6f 20 73 70 65 65 63 68 65 73 20 61 72 65 20 66 61 72 20 66 72 6f 6d 20 75 
6e 69 76 65 72 73 61 6c 20 73 6b 69 6c 6c 73 2e

tokenized = s.encode()

• Strings are sequences of characters (bytes)! 
 
 
 
 

• But: input sequences are much longer
‘language’

‘l’, ‘a’, ’n’, ‘g’, ‘u’, ‘a’, ‘g’, ‘e’

vs.



A Compromise: 
Subword Tokenization

• Main principle: words are (often) composed of 
subparts (morphemes)

• Our vocabulary should have entries for 
frequent words kept whole, because we have 
a lot of data about those words

• But it should also have entries  
for parts of less-frequent words, 
so our ML models can learn  
how to compose parts of words 
into whole words (especially 
unfamiliar words!)

Wikipedia (Annie Yang)



Byte Pair Encoding

• Modern standard for building a tokenizer

• Inputs: collection of texts and target vocabulary size

• Initial vocabulary is the set of all bytes (characters) across the 
texts

• Until the target vocabulary size is reached, repeat the 
following:

• Tokenize all of the texts using the current vocabulary

• Find the most common bigram in the tokenized texts, then 
add it to the vocabulary as a new wordtype 



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

("h" "u" "g", 10), ("p" "u" "g", 5), ("p" "u" "n", 12), ("b" "u" "n", 4), ("h" "u" "g" "s", 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "u" "n", 12), ("b" "u" "n", 4), ("h" "ug" "s", 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

(“hug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

('h', 'u', 'g', 'p', 'n', 'b', 's') 

(“h”, “u”, “ug”, “p”, “n”, “b”, “s”) 

(“h”, “u”, “ug”, “p”, “un”, “b”, “s”) 

(“hug”, “p”, “ug”, “un”, “b”, “h”, “s”) 

vocabulary

Example from HuggingFace



('h' 'u' 'g', 10), ('p' 'u' 'g', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'u' 'g' 's', 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "u" "n", 12), ("b" "u" "n", 4), ("h" "ug" "s", 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

(“hug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

('h', 'u', 'g', 'p', 'n', 'b', 's') 

(“h”, “u”, “ug”, “p”, “n”, “b”, “s”) 

(“h”, “u”, “ug”, “p”, “un”, “b”, “s”) 

(“hug”, “p”, “ug”, “un”, “b”, “h”, “s”) 

Byte Pair Encoding
vocabulary tokenized texts

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

bigrams + frequencies
'h' 'u' 15

Example from HuggingFace



('h' 'u' 'g', 10), ('p' 'u' 'g', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'u' 'g' 's', 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "u" "n", 12), ("b" "u" "n", 4), ("h" "ug" "s", 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

(“hug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

('h', 'u', 'g', 'p', 'n', 'b', 's') 

(“h”, “u”, “ug”, “p”, “n”, “b”, “s”) 

(“h”, “u”, “ug”, “p”, “un”, “b”, “s”) 

(“hug”, “p”, “ug”, “un”, “b”, “h”, “s”) 

Byte Pair Encoding
vocabulary tokenized texts

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

bigrams + frequencies
'h' 'u' 15
'u' 'g' 20

Example from HuggingFace



('h' 'u' 'g', 10), ('p' 'u' 'g', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'u' 'g' 's', 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "u" "n", 12), ("b" "u" "n", 4), ("h" "ug" "s", 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

(“hug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

('h', 'u', 'g', 'p', 'n', 'b', 's') 

(“h”, “u”, “ug”, “p”, “n”, “b”, “s”) 

(“h”, “u”, “ug”, “p”, “un”, “b”, “s”) 

(“hug”, “p”, “ug”, “un”, “b”, “h”, “s”) 

Byte Pair Encoding
vocabulary tokenized texts

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

bigrams + frequencies
'h' 'u' 15
'u' 'g' 20
'p' 'u' 17

Example from HuggingFace



('h' 'u' 'g', 10), ('p' 'u' 'g', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'u' 'g' 's', 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "u" "n", 12), ("b" "u" "n", 4), ("h" "ug" "s", 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

(“hug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

('h', 'u', 'g', 'p', 'n', 'b', 's') 

(“h”, “u”, “ug”, “p”, “n”, “b”, “s”) 

(“h”, “u”, “ug”, “p”, “un”, “b”, “s”) 

(“hug”, “p”, “ug”, “un”, “b”, “h”, “s”) 

Byte Pair Encoding
vocabulary tokenized texts

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

bigrams + frequencies
'h' 'u' 15
'u' 'g' 20
'p' 'u' 17
'u' 'n' 16

Example from HuggingFace



('h' 'u' 'g', 10), ('p' 'u' 'g', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'u' 'g' 's', 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "u" "n", 12), ("b" "u" "n", 4), ("h" "ug" "s", 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

(“hug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

('h', 'u', 'g', 'p', 'n', 'b', 's') 

(“h”, “u”, “ug”, “p”, “n”, “b”, “s”) 

(“h”, “u”, “ug”, “p”, “un”, “b”, “s”) 

(“hug”, “p”, “ug”, “un”, “b”, “h”, “s”) 

Byte Pair Encoding
vocabulary tokenized texts

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

bigrams + frequencies
'h' 'u' 15
'u' 'g' 20
'p' 'u' 17
'u' 'n' 16
'b' 'u' 4

Example from HuggingFace



('h' 'u' 'g', 10), ('p' 'u' 'g', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'u' 'g' 's', 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "u" "n", 12), ("b" "u" "n", 4), ("h" "ug" "s", 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

(“hug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

('h', 'u', 'g', 'p', 'n', 'b', 's') 

(“h”, “u”, “ug”, “p”, “n”, “b”, “s”) 

(“h”, “u”, “ug”, “p”, “un”, “b”, “s”) 

(“hug”, “p”, “ug”, “un”, “b”, “h”, “s”) 

Byte Pair Encoding
vocabulary tokenized texts

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

bigrams + frequencies
'h' 'u' 15
'u' 'g' 20
'p' 'u' 17
'u' 'n' 16
'b' 'u' 4
'g' 's' 5

Example from HuggingFace



('h' 'u' 'g', 10), ('p' 'u' 'g', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'u' 'g' 's', 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "u" "n", 12), ("b" "u" "n", 4), ("h" "ug" "s", 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

(“hug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

('h', 'u', 'g', 'p', 'n', 'b', 's') 

(“h”, “u”, “ug”, “p”, “n”, “b”, “s”) 

(“h”, “u”, “ug”, “p”, “un”, “b”, “s”) 

(“hug”, “p”, “ug”, “un”, “b”, “h”, “s”) 

Byte Pair Encoding
vocabulary tokenized texts

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

bigrams + frequencies
'h' 'u' 15
'u' 'g' 20
'p' 'u' 17
'u' 'n' 16
'b' 'u' 4
'g' 's' 5

most frequent bigram;  
add to vocabulary

Example from HuggingFace



('h' 'u' 'g', 10), ('p' 'u' 'g', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'u' 'g' 's', 5) 

('h' 'ug', 10), ('p' 'ug', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'ug' 's', 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

(“hug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

('h', 'u', 'g', 'p', 'n', 'b', 's') 

('h', 'u', 'g', 'p', 'n', 'b', 's', 'ug') 

(“h”, “u”, “ug”, “p”, “un”, “b”, “s”) 

(“hug”, “p”, “ug”, “un”, “b”, “h”, “s”) 

Byte Pair Encoding
vocabulary

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

tokenized texts

Example from HuggingFace



('h' 'u' 'g', 10), ('p' 'u' 'g', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'u' 'g' 's', 5) 

('h' 'ug', 10), ('p' 'ug', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'ug' 's', 5) 

("h" "ug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

(“hug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

('h', 'u', 'g', 'p', 'n', 'b', 's') 

('h', 'u', 'g', 'p', 'n', 'b', 's', 'ug') 

(“h”, “u”, “ug”, “p”, “un”, “b”, “s”) 

(“hug”, “p”, “ug”, “un”, “b”, “h”, “s”) 

Byte Pair Encoding
vocabulary

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

tokenized texts

Example from HuggingFace



('h' 'u' 'g', 10), ('p' 'u' 'g', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'u' 'g' 's', 5) 

('h' 'ug', 10), ('p' 'ug', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'ug' 's', 5) 

('h' 'ug', 10), ('p' 'ug', 5), ('p' 'un', 12), ('b' 'un', 4), ('h' 'ug' 's', 5) 

(“hug", 10), ("p" "ug", 5), ("p" "un", 12), ("b" "un", 4), ("h" "ug" "s", 5) 

('h', 'u', 'g', 'p', 'n', 'b', 's') 

('h', 'u', 'g', 'p', 'n', 'b', 's', 'ug') 

('h', 'u', 'g', 'p', 'n', 'b', 's', 'ug', 'un') 

(“hug”, “p”, “ug”, “un”, “b”, “h”, “s”) 

Byte Pair Encoding
vocabulary

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

tokenized texts

Example from HuggingFace



('h' 'u' 'g', 10), ('p' 'u' 'g', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'u' 'g' 's', 5) 

('h' 'ug', 10), ('p' 'ug', 5), ('p' 'u' 'n', 12), ('b' 'u' 'n', 4), ('h' 'ug' 's', 5) 

('h' 'ug', 10), ('p' 'ug', 5), ('p' 'un', 12), ('b' 'un', 4), ('h' 'ug' 's', 5) 

('hug', 10), ('p' 'ug', 5), ('p' 'un', 12), ('b' 'un', 4), ('hug' 's', 5) 

('h', 'u', 'g', 'p', 'n', 'b', 's') 

('h', 'u', 'g', 'p', 'n', 'b', 's', 'ug') 

('h', 'u', 'g', 'p', 'n', 'b', 's', 'ug', 'un') 

('h', 'u', 'g', 'p', 'n', 'b', 's', 'ug', 'un', 'hug') 

Byte Pair Encoding
vocabulary

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

tokenized texts

New word: “puns”

'p' 'u' 'n' 's' 'p' 'un' 's'

Example from HuggingFace



Vocabularies



Vocabularies
Long-tail (“Zipfian”) distribution of wordtypes  

(from Portal 2 dialogues) 



Vocabularies
Long-tail (“Zipfian”) distribution of wordtypes  

(from Portal 2 dialogues) 

longer words



Recap: Sequence-to-Sequence  
with RNNs

BOS

I

like

pizza

<latexit sha1_base64="1scdumg/GCdm2ptBmi5Zti8Aybo=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjgO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdT+pXM</latexit>�!
h0

<latexit sha1_base64="XIAuq21XZiaUaJC+isp+HYUjzj8=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjQO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdVf5XN</latexit>�!
h1

<latexit sha1_base64="OB7lNOLSIuTeMKquWJszSX5y9YQ=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpRV0W3bisYB/QhjCZTtqhk0yYmSg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3niDhTGnH+bYKK6tr6xvFzdLW9s7unr1/0FIilYQ2ieBCdgKsKGcxbWqmOe0kkuIo4LQdjK6nfvueSsVEfKfHCfUiPIhZyAjWRvLto54wtmSDocZSiods6Fcnvl12Ks4MaJm4OSlDjoZvf/X6gqQRjTXhWKmu6yTay7DUjHA6KfVSRRNMRnhAu4bGOKLKy2bXT9CpUfooFNJUrNFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXsThJNY3JfFGYcqQFmkaB+kxSovnYEEwkM7ciMsQSE20CK5kQ3MWXl0mrWnHPK7XbWrl+lcdRhGM4gTNw4QLqcAMNaAKBR3iGV3iznqwX6936mLcWrHzmEP7A+vwBVwSVzg==</latexit>�!
h2

<latexit sha1_base64="wRpO1c51+BEGUUQMAjONxPNw2Ys=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUm0qMuiG5cV7APaECbTSTt0MhNmbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5hwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7RBrypmgDWDAaTtRFMchp61weD3xW/dUaSbFHYwS6se4L1jECAYjBfZBVxpbsf4AsFLyIRsEZ+PALrsVdwpnkXg5KaMc9cD+6vYkSWMqgHCsdcdzE/AzrIARTselbqppgskQ92nHUIFjqv1sev3YOTZKz4mkMiXAmaq/JzIcaz2KQ9MZYxjoeW8i/ud1Uogu/YyJJAUqyGxRlHIHpDOJwukxRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO69Ub6vl2lUeRxEdoiN0gjx0gWroBtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDWImVzw==</latexit>�!
h3

<latexit sha1_base64="lwGM8FQKAQx8Q6KSxsLtwOlrq/c=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRS1GXRjcsK9gFtCJPppBk6yYSZiVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVLOlHacb2tpeWV1bb20Ud7c2t7Ztff2W0pkktAmEVzIToAV5SyhTc00p51UUhwHnLaD4fXEb99TqZhI7vQopV6MBwkLGcHaSL592BPGlmwQaSyleMgjvzb27YpTdaZAi8QtSAUKNHz7q9cXJItpognHSnVdJ9VejqVmhNNxuZcpmmIyxAPaNTTBMVVePr1+jE6M0kehkKYSjabq74kcx0qN4sB0xlhHat6biP953UyHl17OkjTTNCGzRWHGkRZoEgXqM0mJ5iNDMJHM3IpIhCUm2gRWNiG48y8vktZZ1T2v1m5rlfpVEUcJjuAYTsGFC6jDDTSgCQQe4Rle4c16sl6sd+tj1rpkFTMH8AfW5w9aDpXQ</latexit>�!
h4

EOS

<latexit sha1_base64="9zegHgC6fcrm6cJn3vawqFlaY4E=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsTpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgkRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo2WqKGtTKaTqBUQzwWPWBg6C9RLFSBQI1g0mNzO/+8CU5jK+hyxhXkRGMQ85JWAk364OpLEFC4EoJR/zse9Mfbvm1J058CpxC1JDBVq+/TUYSppGLAYqiNZ910nAy4kCTgWbVgapZgmhEzJifUNjEjHt5fPjp/jUKEMcSmUqBjxXf0/kJNI6iwLTGREY62VvJv7n9VMIr7ycx0kKLKaLRWEqMEg8SwIPuWIURGYIoYqbWzEdE0UomLwqJgR3+eVV0jmvuxf1xl2j1rwu4iijY3SCzpCLLlET3aIWaiOKMvSMXtGb9WS9WO/Wx6K1ZBUzVfQH1ucPeB2VTw==</latexit> �
h0

<latexit sha1_base64="WSQWhUzevdhciDwYd+KHnX0/3TE=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOy7U9+uOXVnDrRK3ILUoEDLt78GQ0HSiMaacKxU33US7eVYakY4nVYGqaIJJhM8on1DYxxR5eXz46fo1ChDFAppKtZorv6eyHGkVBYFpjPCeqyWvZn4n9dPdXjl5SxOUk1jslgUphxpgWZJoCGTlGieGYKJZOZWRMZYYqJNXhUTgrv88irpnNfdi3rjrlFrXhdxlOEYTuAMXLiEJtxCC9pAIINneIU368l6sd6tj0VrySpmqvAH1ucPeaKVUA==</latexit> �
h1

<latexit sha1_base64="iocsfVtY3oEJ/wFmh6VNHm3X0Hk=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lKUY9FLx4r2FZoQ9hsJ+3SzW7Y3Sgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQmjSrvut1VaW9/Y3CpvV3Z29/YP7MOjrhKpJNAhggl5H2IFjHLoaKoZ3CcScBwy6IWT65nfewCpqOB3OkvAj/GI04gSrI0U2NWBMDaDSGMpxWM+DhrTwK65dXcOZ5V4BamhAu3A/hoMBUlj4JowrFTfcxPt51hqShhMK4NUQYLJBI+gbyjHMSg/nx8/dU6NMnQiIU1x7czV3xM5jpXK4tB0xliP1bI3E//z+qmOLv2c8iTVwMliUZQyRwtnloQzpBKIZpkhmEhqbnXIGEtMtMmrYkLwll9eJd1G3TuvN2+btdZVEUcZHaMTdIY8dIFa6Aa1UQcRlKFn9IrerCfrxXq3PhatJauYqaI/sD5/AHsnlVE=</latexit> �
h2

<latexit sha1_base64="kvBFjl4Dqj6Y1OKfRp47zb8/6hg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIt6rHoxWMF+wFtCJvtpl26yYbdjRJC/StePCji1R/izX/jts1BWx8MPN6bYWZekHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYViKVhLaI4EJ2A6woZzFtaaY57SaS4ijgtBOMb6Z+54FKxUR8r7OEehEexixkBGsj+XalL4zNaaixlOIxH/nnE9+uOjVnBrRM3IJUoUDTt7/6A0HSiMaacKxUz3US7eVYakY4nZT7qaIJJmM8pD1DYxxR5eWz4yfoxCgDFAppKtZopv6eyHGkVBYFpjPCeqQWvan4n9dLdXjl5SxOUk1jMl8UphxpgaZJoAGTlGieGYKJZOZWREZYYqJNXmUTgrv48jJpn9Xci1r9rl5tXBdxlOAIjuEUXLiEBtxCE1pAIINneIU368l6sd6tj3nrilXMVOAPrM8ffKyVUg==</latexit> �
h3

<latexit sha1_base64="Wdh2q0QuTdIUr7kcsjEagUSIJzQ=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOw3pr5dc+rOHGiVuAWpQYGWb38NhoKkEY014Vipvusk2sux1IxwOq0MUkUTTCZ4RPuGxjiiysvnx0/RqVGGKBTSVKzRXP09keNIqSwKTGeE9VgtezPxP6+f6vDKy1mcpJrGZLEoTDnSAs2SQEMmKdE8MwQTycytiIyxxESbvComBHf55VXSOa+7F/XGXaPWvC7iKMMxnMAZuHAJTbiFFrSBQAbP8Apv1pP1Yr1bH4vWklXMVOEPrM8ffjGVUw==</latexit> �
h4

Encode

<latexit sha1_base64="3yBX6PA8MuRYxuO8JYuMESIDlMY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOpf9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wf7X42e</latexit>

h4

<latexit sha1_base64="H+NisKUht/6djKt5oGatKGxbzvE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEq8eiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/0S9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uvFK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf8442f</latexit>

h5

Decode<latexit sha1_base64="OiOB144p8KySRQZh4BxHLVuQ2JA="></latexit>

Enc(x) = Pool
�
h1, . . . , h|x|

�
2 Rd

<latexit sha1_base64="BLD423yzviVm46txMjJh8ZFY7jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5242d</latexit>

h3

<latexit sha1_base64="+QuQ58XVino6+hScoHmmH43bUWc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6GPWr/VLZrbhzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AH4V42c</latexit>

h2

pizza EOS

la

piace

mi

pizza

la

piace

BOS

<latexit sha1_base64="Kkz5qLszyX5P9/KISnagrUBKHKQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2042b</latexit>

h1
mi

Problem 2
Fixed-size representation of entire 

input sequence.

Problem 1
Long-distance dependencies are harder to 

represent than shorter ones. 

The federal government wants to do something about 
the high prices for gas, electricity, and fuel

    Die Bundesregierung will etwas gegen die hohen 
Preise für Gas, Strom und Treibstoff machen.

Problem 3
We have to encode the input 

sequence token-by-token O(n)



Recap: 
Problem 1: Long-Distance Dependencies

BOS

I

like

pizza

<latexit sha1_base64="1scdumg/GCdm2ptBmi5Zti8Aybo=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjgO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdT+pXM</latexit>�!
h0

<latexit sha1_base64="XIAuq21XZiaUaJC+isp+HYUjzj8=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjQO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdVf5XN</latexit>�!
h1

<latexit sha1_base64="OB7lNOLSIuTeMKquWJszSX5y9YQ=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpRV0W3bisYB/QhjCZTtqhk0yYmSg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3niDhTGnH+bYKK6tr6xvFzdLW9s7unr1/0FIilYQ2ieBCdgKsKGcxbWqmOe0kkuIo4LQdjK6nfvueSsVEfKfHCfUiPIhZyAjWRvLto54wtmSDocZSiods6Fcnvl12Ks4MaJm4OSlDjoZvf/X6gqQRjTXhWKmu6yTay7DUjHA6KfVSRRNMRnhAu4bGOKLKy2bXT9CpUfooFNJUrNFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXsThJNY3JfFGYcqQFmkaB+kxSovnYEEwkM7ciMsQSE20CK5kQ3MWXl0mrWnHPK7XbWrl+lcdRhGM4gTNw4QLqcAMNaAKBR3iGV3iznqwX6936mLcWrHzmEP7A+vwBVwSVzg==</latexit>�!
h2

<latexit sha1_base64="wRpO1c51+BEGUUQMAjONxPNw2Ys=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUm0qMuiG5cV7APaECbTSTt0MhNmbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5hwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7RBrypmgDWDAaTtRFMchp61weD3xW/dUaSbFHYwS6se4L1jECAYjBfZBVxpbsf4AsFLyIRsEZ+PALrsVdwpnkXg5KaMc9cD+6vYkSWMqgHCsdcdzE/AzrIARTselbqppgskQ92nHUIFjqv1sev3YOTZKz4mkMiXAmaq/JzIcaz2KQ9MZYxjoeW8i/ud1Uogu/YyJJAUqyGxRlHIHpDOJwukxRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO69Ub6vl2lUeRxEdoiN0gjx0gWroBtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDWImVzw==</latexit>�!
h3

<latexit sha1_base64="lwGM8FQKAQx8Q6KSxsLtwOlrq/c=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRS1GXRjcsK9gFtCJPppBk6yYSZiVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVLOlHacb2tpeWV1bb20Ud7c2t7Ztff2W0pkktAmEVzIToAV5SyhTc00p51UUhwHnLaD4fXEb99TqZhI7vQopV6MBwkLGcHaSL592BPGlmwQaSyleMgjvzb27YpTdaZAi8QtSAUKNHz7q9cXJItpognHSnVdJ9VejqVmhNNxuZcpmmIyxAPaNTTBMVVePr1+jE6M0kehkKYSjabq74kcx0qN4sB0xlhHat6biP953UyHl17OkjTTNCGzRWHGkRZoEgXqM0mJ5iNDMJHM3IpIhCUm2gRWNiG48y8vktZZ1T2v1m5rlfpVEUcJjuAYTsGFC6jDDTSgCQQe4Rle4c16sl6sd+tj1rpkFTMH8AfW5w9aDpXQ</latexit>�!
h4

EOS

<latexit sha1_base64="9zegHgC6fcrm6cJn3vawqFlaY4E=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsTpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgkRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo2WqKGtTKaTqBUQzwWPWBg6C9RLFSBQI1g0mNzO/+8CU5jK+hyxhXkRGMQ85JWAk364OpLEFC4EoJR/zse9Mfbvm1J058CpxC1JDBVq+/TUYSppGLAYqiNZ910nAy4kCTgWbVgapZgmhEzJifUNjEjHt5fPjp/jUKEMcSmUqBjxXf0/kJNI6iwLTGREY62VvJv7n9VMIr7ycx0kKLKaLRWEqMEg8SwIPuWIURGYIoYqbWzEdE0UomLwqJgR3+eVV0jmvuxf1xl2j1rwu4iijY3SCzpCLLlET3aIWaiOKMvSMXtGb9WS9WO/Wx6K1ZBUzVfQH1ucPeB2VTw==</latexit> �
h0

<latexit sha1_base64="WSQWhUzevdhciDwYd+KHnX0/3TE=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOy7U9+uOXVnDrRK3ILUoEDLt78GQ0HSiMaacKxU33US7eVYakY4nVYGqaIJJhM8on1DYxxR5eXz46fo1ChDFAppKtZorv6eyHGkVBYFpjPCeqyWvZn4n9dPdXjl5SxOUk1jslgUphxpgWZJoCGTlGieGYKJZOZWRMZYYqJNXhUTgrv88irpnNfdi3rjrlFrXhdxlOEYTuAMXLiEJtxCC9pAIINneIU368l6sd6tj0VrySpmqvAH1ucPeaKVUA==</latexit> �
h1

<latexit sha1_base64="iocsfVtY3oEJ/wFmh6VNHm3X0Hk=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lKUY9FLx4r2FZoQ9hsJ+3SzW7Y3Sgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQmjSrvut1VaW9/Y3CpvV3Z29/YP7MOjrhKpJNAhggl5H2IFjHLoaKoZ3CcScBwy6IWT65nfewCpqOB3OkvAj/GI04gSrI0U2NWBMDaDSGMpxWM+DhrTwK65dXcOZ5V4BamhAu3A/hoMBUlj4JowrFTfcxPt51hqShhMK4NUQYLJBI+gbyjHMSg/nx8/dU6NMnQiIU1x7czV3xM5jpXK4tB0xliP1bI3E//z+qmOLv2c8iTVwMliUZQyRwtnloQzpBKIZpkhmEhqbnXIGEtMtMmrYkLwll9eJd1G3TuvN2+btdZVEUcZHaMTdIY8dIFa6Aa1UQcRlKFn9IrerCfrxXq3PhatJauYqaI/sD5/AHsnlVE=</latexit> �
h2

<latexit sha1_base64="kvBFjl4Dqj6Y1OKfRp47zb8/6hg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIt6rHoxWMF+wFtCJvtpl26yYbdjRJC/StePCji1R/izX/jts1BWx8MPN6bYWZekHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYViKVhLaI4EJ2A6woZzFtaaY57SaS4ijgtBOMb6Z+54FKxUR8r7OEehEexixkBGsj+XalL4zNaaixlOIxH/nnE9+uOjVnBrRM3IJUoUDTt7/6A0HSiMaacKxUz3US7eVYakY4nZT7qaIJJmM8pD1DYxxR5eWz4yfoxCgDFAppKtZopv6eyHGkVBYFpjPCeqQWvan4n9dLdXjl5SxOUk1jMl8UphxpgaZJoAGTlGieGYKJZOZWREZYYqJNXmUTgrv48jJpn9Xci1r9rl5tXBdxlOAIjuEUXLiEBtxCE1pAIINneIU368l6sd6tj3nrilXMVOAPrM8ffKyVUg==</latexit> �
h3

<latexit sha1_base64="Wdh2q0QuTdIUr7kcsjEagUSIJzQ=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOw3pr5dc+rOHGiVuAWpQYGWb38NhoKkEY014Vipvusk2sux1IxwOq0MUkUTTCZ4RPuGxjiiysvnx0/RqVGGKBTSVKzRXP09keNIqSwKTGeE9VgtezPxP6+f6vDKy1mcpJrGZLEoTDnSAs2SQEMmKdE8MwQTycytiIyxxESbvComBHf55VXSOa+7F/XGXaPWvC7iKMMxnMAZuHAJTbiFFrSBQAbP8Apv1pP1Yr1bH4vWklXMVOEPrM8ffjGVUw==</latexit> �
h4

Encode

<latexit sha1_base64="3yBX6PA8MuRYxuO8JYuMESIDlMY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOpf9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wf7X42e</latexit>

h4

<latexit sha1_base64="H+NisKUht/6djKt5oGatKGxbzvE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEq8eiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/0S9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uvFK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf8442f</latexit>

h5

Decode<latexit sha1_base64="OiOB144p8KySRQZh4BxHLVuQ2JA="></latexit>

Enc(x) = Pool
�
h1, . . . , h|x|

�
2 Rd

<latexit sha1_base64="BLD423yzviVm46txMjJh8ZFY7jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5242d</latexit>

h3

<latexit sha1_base64="+QuQ58XVino6+hScoHmmH43bUWc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6GPWr/VLZrbhzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AH4V42c</latexit>

h2

pizza EOS

la

piace

mi

pizza

la

piace

BOS

<latexit sha1_base64="Kkz5qLszyX5P9/KISnagrUBKHKQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2042b</latexit>

h1

Update new hidden state wrt encoded input, e.g:
<latexit sha1_base64="SyOMo/skLvNji+x02CT+z8E2wh0="></latexit>

hi = �(Wh [hi�1; Enc(x)] +We�(yi) + b1)

<latexit sha1_base64="kNb2Bjr1wubx7V6nl+iBbyFNCYE="></latexit>

hi = f(hi�1,Enc(x),�(yi))

mi



Recap:
Problem 2: Fixed-Size Sequence Embedding

• Generalization of pooling: assign 
a probability distribution over 
input indices, and compute 
weighted sum over hidden 
states

• What if this probability 
distribution could change during 
generation?

BOS

I

like

pizza

<latexit sha1_base64="1scdumg/GCdm2ptBmi5Zti8Aybo=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjgO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdT+pXM</latexit>�!
h0

<latexit sha1_base64="XIAuq21XZiaUaJC+isp+HYUjzj8=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjQO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdVf5XN</latexit>�!
h1

<latexit sha1_base64="OB7lNOLSIuTeMKquWJszSX5y9YQ=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpRV0W3bisYB/QhjCZTtqhk0yYmSg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3niDhTGnH+bYKK6tr6xvFzdLW9s7unr1/0FIilYQ2ieBCdgKsKGcxbWqmOe0kkuIo4LQdjK6nfvueSsVEfKfHCfUiPIhZyAjWRvLto54wtmSDocZSiods6Fcnvl12Ks4MaJm4OSlDjoZvf/X6gqQRjTXhWKmu6yTay7DUjHA6KfVSRRNMRnhAu4bGOKLKy2bXT9CpUfooFNJUrNFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXsThJNY3JfFGYcqQFmkaB+kxSovnYEEwkM7ciMsQSE20CK5kQ3MWXl0mrWnHPK7XbWrl+lcdRhGM4gTNw4QLqcAMNaAKBR3iGV3iznqwX6936mLcWrHzmEP7A+vwBVwSVzg==</latexit>�!
h2

<latexit sha1_base64="wRpO1c51+BEGUUQMAjONxPNw2Ys=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUm0qMuiG5cV7APaECbTSTt0MhNmbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5hwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7RBrypmgDWDAaTtRFMchp61weD3xW/dUaSbFHYwS6se4L1jECAYjBfZBVxpbsf4AsFLyIRsEZ+PALrsVdwpnkXg5KaMc9cD+6vYkSWMqgHCsdcdzE/AzrIARTselbqppgskQ92nHUIFjqv1sev3YOTZKz4mkMiXAmaq/JzIcaz2KQ9MZYxjoeW8i/ud1Uogu/YyJJAUqyGxRlHIHpDOJwukxRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO69Ub6vl2lUeRxEdoiN0gjx0gWroBtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDWImVzw==</latexit>�!
h3

<latexit sha1_base64="lwGM8FQKAQx8Q6KSxsLtwOlrq/c=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRS1GXRjcsK9gFtCJPppBk6yYSZiVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVLOlHacb2tpeWV1bb20Ud7c2t7Ztff2W0pkktAmEVzIToAV5SyhTc00p51UUhwHnLaD4fXEb99TqZhI7vQopV6MBwkLGcHaSL592BPGlmwQaSyleMgjvzb27YpTdaZAi8QtSAUKNHz7q9cXJItpognHSnVdJ9VejqVmhNNxuZcpmmIyxAPaNTTBMVVePr1+jE6M0kehkKYSjabq74kcx0qN4sB0xlhHat6biP953UyHl17OkjTTNCGzRWHGkRZoEgXqM0mJ5iNDMJHM3IpIhCUm2gRWNiG48y8vktZZ1T2v1m5rlfpVEUcJjuAYTsGFC6jDDTSgCQQe4Rle4c16sl6sd+tj1rpkFTMH8AfW5w9aDpXQ</latexit>�!
h4

EOS

<latexit sha1_base64="9zegHgC6fcrm6cJn3vawqFlaY4E=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsTpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgkRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo2WqKGtTKaTqBUQzwWPWBg6C9RLFSBQI1g0mNzO/+8CU5jK+hyxhXkRGMQ85JWAk364OpLEFC4EoJR/zse9Mfbvm1J058CpxC1JDBVq+/TUYSppGLAYqiNZ910nAy4kCTgWbVgapZgmhEzJifUNjEjHt5fPjp/jUKEMcSmUqBjxXf0/kJNI6iwLTGREY62VvJv7n9VMIr7ycx0kKLKaLRWEqMEg8SwIPuWIURGYIoYqbWzEdE0UomLwqJgR3+eVV0jmvuxf1xl2j1rwu4iijY3SCzpCLLlET3aIWaiOKMvSMXtGb9WS9WO/Wx6K1ZBUzVfQH1ucPeB2VTw==</latexit> �
h0

<latexit sha1_base64="WSQWhUzevdhciDwYd+KHnX0/3TE=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOy7U9+uOXVnDrRK3ILUoEDLt78GQ0HSiMaacKxU33US7eVYakY4nVYGqaIJJhM8on1DYxxR5eXz46fo1ChDFAppKtZorv6eyHGkVBYFpjPCeqyWvZn4n9dPdXjl5SxOUk1jslgUphxpgWZJoCGTlGieGYKJZOZWRMZYYqJNXhUTgrv88irpnNfdi3rjrlFrXhdxlOEYTuAMXLiEJtxCC9pAIINneIU368l6sd6tj0VrySpmqvAH1ucPeaKVUA==</latexit> �
h1

<latexit sha1_base64="iocsfVtY3oEJ/wFmh6VNHm3X0Hk=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lKUY9FLx4r2FZoQ9hsJ+3SzW7Y3Sgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQmjSrvut1VaW9/Y3CpvV3Z29/YP7MOjrhKpJNAhggl5H2IFjHLoaKoZ3CcScBwy6IWT65nfewCpqOB3OkvAj/GI04gSrI0U2NWBMDaDSGMpxWM+DhrTwK65dXcOZ5V4BamhAu3A/hoMBUlj4JowrFTfcxPt51hqShhMK4NUQYLJBI+gbyjHMSg/nx8/dU6NMnQiIU1x7czV3xM5jpXK4tB0xliP1bI3E//z+qmOLv2c8iTVwMliUZQyRwtnloQzpBKIZpkhmEhqbnXIGEtMtMmrYkLwll9eJd1G3TuvN2+btdZVEUcZHaMTdIY8dIFa6Aa1UQcRlKFn9IrerCfrxXq3PhatJauYqaI/sD5/AHsnlVE=</latexit> �
h2

<latexit sha1_base64="kvBFjl4Dqj6Y1OKfRp47zb8/6hg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIt6rHoxWMF+wFtCJvtpl26yYbdjRJC/StePCji1R/izX/jts1BWx8MPN6bYWZekHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYViKVhLaI4EJ2A6woZzFtaaY57SaS4ijgtBOMb6Z+54FKxUR8r7OEehEexixkBGsj+XalL4zNaaixlOIxH/nnE9+uOjVnBrRM3IJUoUDTt7/6A0HSiMaacKxUz3US7eVYakY4nZT7qaIJJmM8pD1DYxxR5eWz4yfoxCgDFAppKtZopv6eyHGkVBYFpjPCeqQWvan4n9dLdXjl5SxOUk1jMl8UphxpgaZJoAGTlGieGYKJZOZWREZYYqJNXmUTgrv48jJpn9Xci1r9rl5tXBdxlOAIjuEUXLiEBtxCE1pAIINneIU368l6sd6tj3nrilXMVOAPrM8ffKyVUg==</latexit> �
h3

<latexit sha1_base64="Wdh2q0QuTdIUr7kcsjEagUSIJzQ=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOw3pr5dc+rOHGiVuAWpQYGWb38NhoKkEY014Vipvusk2sux1IxwOq0MUkUTTCZ4RPuGxjiiysvnx0/RqVGGKBTSVKzRXP09keNIqSwKTGeE9VgtezPxP6+f6vDKy1mcpJrGZLEoTDnSAs2SQEMmKdE8MwQTycytiIyxxESbvComBHf55VXSOa+7F/XGXaPWvC7iKMMxnMAZuHAJTbiFFrSBQAbP8Apv1pP1Yr1bH4vWklXMVOEPrM8ffjGVUw==</latexit> �
h4

Encode <latexit sha1_base64="XvYN+kIOSTZcOW4WX9o5bC1adxs=">AAACDnicbVA7T8MwGHTKq5RXgJHFoqpUlipBqLBUqmBhLBJ9SE2IHNdprToP2Q6iSvMLWPgrLAwgxMrMxr/BaTNAy0mWTnf32f7OjRgV0jC+tcLK6tr6RnGztLW9s7un7x90RBhzTNo4ZCHvuUgQRgPSllQy0os4Qb7LSNcdX2V+955wQcPgVk4iYvtoGFCPYiSV5OiVBrRE7DsJbZjpXTK1QpXOLkse0mkaVekJHDnU0ctGzZgBLhMzJ2WQo+XoX9YgxLFPAokZEqJvGpG0E8QlxYykJSsWJEJ4jIakr2iAfCLsZLZOCitKGUAv5OoEEs7U3xMJ8oWY+K5K+kiOxKKXif95/Vh6F3ZCgyiWJMDzh7yYQRnCrBs4oJxgySaKIMyp+ivEI8QRlqrBkirBXFx5mXROa2a9Vr85Kzcv8zqK4AgcgyowwTlogmvQAm2AwSN4Bq/gTXvSXrR37WMeLWj5zCH4A+3zB2pAnFw=</latexit>

=

|x|X

i=1

p(i)hi
<latexit sha1_base64="yxuuUqH9JXyp27ZtAkGPA/HcF1c=">AAACGHicbVC7TsMwFHXKq5RXgJHFokIqS0kQKoipAgZYUJHoQ2pC5bhua9VxIttBVGk+g4VfYWEAIdZu/A1O2wFajmTp6Nx7ru89XsioVJb1bWQWFpeWV7KrubX1jc0tc3unJoNIYFLFAQtEw0OSMMpJVVHFSCMUBPkeI3Wvf5nW649ESBrwezUIieujLqcdipHSUss8Cgs3h9ChHDpXhCn0EDs+Uj3Pi2+TVmyfD51A29Pp8VMyTJKWmbeK1hhwnthTkgdTVFrmyGkHOPIJV5ghKZu2FSo3RkJRzEiScyJJQoT7qEuamnLkE+nG48MSeKCVNuwEQj+u4Fj97YiRL+XA93RnurWcraXif7VmpDpnbkx5GCnC8eSjTsSgCmCaEmxTQbBiA00QFlTvCnEPCYSVzjKnQ7BnT54nteOiXSqW7k7y5YtpHFmwB/ZBAdjgFJTBNaiAKsDgGbyCd/BhvBhvxqfxNWnNGFPPLvgDY/QDPZCgnw==</latexit>

p(I) 2 �N1:|x|

<latexit sha1_base64="OiOB144p8KySRQZh4BxHLVuQ2JA="></latexit>

Enc(x) = Pool
�
h1, . . . , h|x|

�
2 Rd

<latexit sha1_base64="Kkz5qLszyX5P9/KISnagrUBKHKQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2042b</latexit>

h1
<latexit sha1_base64="+QuQ58XVino6+hScoHmmH43bUWc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6GPWr/VLZrbhzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AH4V42c</latexit>

h2
<latexit sha1_base64="BLD423yzviVm46txMjJh8ZFY7jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5242d</latexit>

h3



Recap: Attention

BOS

I

like

pizza

<latexit sha1_base64="1scdumg/GCdm2ptBmi5Zti8Aybo=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjgO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdT+pXM</latexit>�!
h0

<latexit sha1_base64="XIAuq21XZiaUaJC+isp+HYUjzj8=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjQO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdVf5XN</latexit>�!
h1

<latexit sha1_base64="OB7lNOLSIuTeMKquWJszSX5y9YQ=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpRV0W3bisYB/QhjCZTtqhk0yYmSg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3niDhTGnH+bYKK6tr6xvFzdLW9s7unr1/0FIilYQ2ieBCdgKsKGcxbWqmOe0kkuIo4LQdjK6nfvueSsVEfKfHCfUiPIhZyAjWRvLto54wtmSDocZSiods6Fcnvl12Ks4MaJm4OSlDjoZvf/X6gqQRjTXhWKmu6yTay7DUjHA6KfVSRRNMRnhAu4bGOKLKy2bXT9CpUfooFNJUrNFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXsThJNY3JfFGYcqQFmkaB+kxSovnYEEwkM7ciMsQSE20CK5kQ3MWXl0mrWnHPK7XbWrl+lcdRhGM4gTNw4QLqcAMNaAKBR3iGV3iznqwX6936mLcWrHzmEP7A+vwBVwSVzg==</latexit>�!
h2

<latexit sha1_base64="wRpO1c51+BEGUUQMAjONxPNw2Ys=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUm0qMuiG5cV7APaECbTSTt0MhNmbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5hwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7RBrypmgDWDAaTtRFMchp61weD3xW/dUaSbFHYwS6se4L1jECAYjBfZBVxpbsf4AsFLyIRsEZ+PALrsVdwpnkXg5KaMc9cD+6vYkSWMqgHCsdcdzE/AzrIARTselbqppgskQ92nHUIFjqv1sev3YOTZKz4mkMiXAmaq/JzIcaz2KQ9MZYxjoeW8i/ud1Uogu/YyJJAUqyGxRlHIHpDOJwukxRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO69Ub6vl2lUeRxEdoiN0gjx0gWroBtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDWImVzw==</latexit>�!
h3

<latexit sha1_base64="lwGM8FQKAQx8Q6KSxsLtwOlrq/c=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRS1GXRjcsK9gFtCJPppBk6yYSZiVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVLOlHacb2tpeWV1bb20Ud7c2t7Ztff2W0pkktAmEVzIToAV5SyhTc00p51UUhwHnLaD4fXEb99TqZhI7vQopV6MBwkLGcHaSL592BPGlmwQaSyleMgjvzb27YpTdaZAi8QtSAUKNHz7q9cXJItpognHSnVdJ9VejqVmhNNxuZcpmmIyxAPaNTTBMVVePr1+jE6M0kehkKYSjabq74kcx0qN4sB0xlhHat6biP953UyHl17OkjTTNCGzRWHGkRZoEgXqM0mJ5iNDMJHM3IpIhCUm2gRWNiG48y8vktZZ1T2v1m5rlfpVEUcJjuAYTsGFC6jDDTSgCQQe4Rle4c16sl6sd+tj1rpkFTMH8AfW5w9aDpXQ</latexit>�!
h4

EOS

<latexit sha1_base64="9zegHgC6fcrm6cJn3vawqFlaY4E=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsTpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgkRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo2WqKGtTKaTqBUQzwWPWBg6C9RLFSBQI1g0mNzO/+8CU5jK+hyxhXkRGMQ85JWAk364OpLEFC4EoJR/zse9Mfbvm1J058CpxC1JDBVq+/TUYSppGLAYqiNZ910nAy4kCTgWbVgapZgmhEzJifUNjEjHt5fPjp/jUKEMcSmUqBjxXf0/kJNI6iwLTGREY62VvJv7n9VMIr7ycx0kKLKaLRWEqMEg8SwIPuWIURGYIoYqbWzEdE0UomLwqJgR3+eVV0jmvuxf1xl2j1rwu4iijY3SCzpCLLlET3aIWaiOKMvSMXtGb9WS9WO/Wx6K1ZBUzVfQH1ucPeB2VTw==</latexit> �
h0

<latexit sha1_base64="WSQWhUzevdhciDwYd+KHnX0/3TE=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOy7U9+uOXVnDrRK3ILUoEDLt78GQ0HSiMaacKxU33US7eVYakY4nVYGqaIJJhM8on1DYxxR5eXz46fo1ChDFAppKtZorv6eyHGkVBYFpjPCeqyWvZn4n9dPdXjl5SxOUk1jslgUphxpgWZJoCGTlGieGYKJZOZWRMZYYqJNXhUTgrv88irpnNfdi3rjrlFrXhdxlOEYTuAMXLiEJtxCC9pAIINneIU368l6sd6tj0VrySpmqvAH1ucPeaKVUA==</latexit> �
h1

<latexit sha1_base64="iocsfVtY3oEJ/wFmh6VNHm3X0Hk=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lKUY9FLx4r2FZoQ9hsJ+3SzW7Y3Sgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQmjSrvut1VaW9/Y3CpvV3Z29/YP7MOjrhKpJNAhggl5H2IFjHLoaKoZ3CcScBwy6IWT65nfewCpqOB3OkvAj/GI04gSrI0U2NWBMDaDSGMpxWM+DhrTwK65dXcOZ5V4BamhAu3A/hoMBUlj4JowrFTfcxPt51hqShhMK4NUQYLJBI+gbyjHMSg/nx8/dU6NMnQiIU1x7czV3xM5jpXK4tB0xliP1bI3E//z+qmOLv2c8iTVwMliUZQyRwtnloQzpBKIZpkhmEhqbnXIGEtMtMmrYkLwll9eJd1G3TuvN2+btdZVEUcZHaMTdIY8dIFa6Aa1UQcRlKFn9IrerCfrxXq3PhatJauYqaI/sD5/AHsnlVE=</latexit> �
h2

<latexit sha1_base64="kvBFjl4Dqj6Y1OKfRp47zb8/6hg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIt6rHoxWMF+wFtCJvtpl26yYbdjRJC/StePCji1R/izX/jts1BWx8MPN6bYWZekHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYViKVhLaI4EJ2A6woZzFtaaY57SaS4ijgtBOMb6Z+54FKxUR8r7OEehEexixkBGsj+XalL4zNaaixlOIxH/nnE9+uOjVnBrRM3IJUoUDTt7/6A0HSiMaacKxUz3US7eVYakY4nZT7qaIJJmM8pD1DYxxR5eWz4yfoxCgDFAppKtZopv6eyHGkVBYFpjPCeqQWvan4n9dLdXjl5SxOUk1jMl8UphxpgaZJoAGTlGieGYKJZOZWREZYYqJNXmUTgrv48jJpn9Xci1r9rl5tXBdxlOAIjuEUXLiEBtxCE1pAIINneIU368l6sd6tj3nrilXMVOAPrM8ffKyVUg==</latexit> �
h3

<latexit sha1_base64="Wdh2q0QuTdIUr7kcsjEagUSIJzQ=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOw3pr5dc+rOHGiVuAWpQYGWb38NhoKkEY014Vipvusk2sux1IxwOq0MUkUTTCZ4RPuGxjiiysvnx0/RqVGGKBTSVKzRXP09keNIqSwKTGeE9VgtezPxP6+f6vDKy1mcpJrGZLEoTDnSAs2SQEMmKdE8MwQTycytiIyxxESbvComBHf55VXSOa+7F/XGXaPWvC7iKMMxnMAZuHAJTbiFFrSBQAbP8Apv1pP1Yr1bH4vWklXMVOEPrM8ffjGVUw==</latexit> �
h4

Encode

<latexit sha1_base64="TNC881LMC3Gs/BOOl31TsNveGzg="></latexit>

p : Rd ! �N1:|x|

• Compute a new distribution 
over input indices depending 
on some other vector g

• Two questions:

• Where does g come from?

• How to implement p?

<latexit sha1_base64="ciZJajmi5f0h1crJVDpUEMt/1Kc=">AAAB+3icbVDLSsNAFL3xWeur1qWbwSK4KolIdVl047KKfUATy2QyaYdOJmFmIpaQX3HjQhG3/og7/8Zpm4W2Hhg4nHMv98zxE86Utu1va2V1bX1js7RV3t7Z3duvHFQ7Kk4loW0S81j2fKwoZ4K2NdOc9hJJceRz2vXH11O/+0ilYrG415OEehEeChYygrWRBpXqELlMIDfCeuT72V3+EAwqNbtuz4CWiVOQGhRoDSpfbhCTNKJCE46V6jt2or0MS80Ip3nZTRVNMBnjIe0bKnBElZfNsufoxCgBCmNpntBopv7eyHCk1CTyzeQ0o1r0puJ/Xj/V4aWXMZGkmgoyPxSmHOkYTYtAAZOUaD4xBBPJTFZERlhiok1dZVOCs/jlZdI5qzuNeuP2vNa8KuoowREcwyk4cAFNuIEWtIHAEzzDK7xZufVivVsf89EVq9g5hD+wPn8AeUqUGg==</latexit>

g 2 Rd<latexit sha1_base64="Kkz5qLszyX5P9/KISnagrUBKHKQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2042b</latexit>

h1
<latexit sha1_base64="+QuQ58XVino6+hScoHmmH43bUWc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6GPWr/VLZrbhzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AH4V42c</latexit>

h2
<latexit sha1_base64="BLD423yzviVm46txMjJh8ZFY7jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5242d</latexit>

h3

<latexit sha1_base64="X+So7EigzfzDm9HinBS0iZb9CuY="></latexit>

Enc(x, g) =

|x|X

i=1

p(i | g)hi



Recap: Attention

BOS

I

like

pizza

<latexit sha1_base64="1scdumg/GCdm2ptBmi5Zti8Aybo=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjgO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdT+pXM</latexit>�!
h0

<latexit sha1_base64="XIAuq21XZiaUaJC+isp+HYUjzj8=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjQO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdVf5XN</latexit>�!
h1

<latexit sha1_base64="OB7lNOLSIuTeMKquWJszSX5y9YQ=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpRV0W3bisYB/QhjCZTtqhk0yYmSg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3niDhTGnH+bYKK6tr6xvFzdLW9s7unr1/0FIilYQ2ieBCdgKsKGcxbWqmOe0kkuIo4LQdjK6nfvueSsVEfKfHCfUiPIhZyAjWRvLto54wtmSDocZSiods6Fcnvl12Ks4MaJm4OSlDjoZvf/X6gqQRjTXhWKmu6yTay7DUjHA6KfVSRRNMRnhAu4bGOKLKy2bXT9CpUfooFNJUrNFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXsThJNY3JfFGYcqQFmkaB+kxSovnYEEwkM7ciMsQSE20CK5kQ3MWXl0mrWnHPK7XbWrl+lcdRhGM4gTNw4QLqcAMNaAKBR3iGV3iznqwX6936mLcWrHzmEP7A+vwBVwSVzg==</latexit>�!
h2

<latexit sha1_base64="wRpO1c51+BEGUUQMAjONxPNw2Ys=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUm0qMuiG5cV7APaECbTSTt0MhNmbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5hwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7RBrypmgDWDAaTtRFMchp61weD3xW/dUaSbFHYwS6se4L1jECAYjBfZBVxpbsf4AsFLyIRsEZ+PALrsVdwpnkXg5KaMc9cD+6vYkSWMqgHCsdcdzE/AzrIARTselbqppgskQ92nHUIFjqv1sev3YOTZKz4mkMiXAmaq/JzIcaz2KQ9MZYxjoeW8i/ud1Uogu/YyJJAUqyGxRlHIHpDOJwukxRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO69Ub6vl2lUeRxEdoiN0gjx0gWroBtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDWImVzw==</latexit>�!
h3

<latexit sha1_base64="lwGM8FQKAQx8Q6KSxsLtwOlrq/c=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRS1GXRjcsK9gFtCJPppBk6yYSZiVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVLOlHacb2tpeWV1bb20Ud7c2t7Ztff2W0pkktAmEVzIToAV5SyhTc00p51UUhwHnLaD4fXEb99TqZhI7vQopV6MBwkLGcHaSL592BPGlmwQaSyleMgjvzb27YpTdaZAi8QtSAUKNHz7q9cXJItpognHSnVdJ9VejqVmhNNxuZcpmmIyxAPaNTTBMVVePr1+jE6M0kehkKYSjabq74kcx0qN4sB0xlhHat6biP953UyHl17OkjTTNCGzRWHGkRZoEgXqM0mJ5iNDMJHM3IpIhCUm2gRWNiG48y8vktZZ1T2v1m5rlfpVEUcJjuAYTsGFC6jDDTSgCQQe4Rle4c16sl6sd+tj1rpkFTMH8AfW5w9aDpXQ</latexit>�!
h4

EOS

<latexit sha1_base64="9zegHgC6fcrm6cJn3vawqFlaY4E=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsTpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgkRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo2WqKGtTKaTqBUQzwWPWBg6C9RLFSBQI1g0mNzO/+8CU5jK+hyxhXkRGMQ85JWAk364OpLEFC4EoJR/zse9Mfbvm1J058CpxC1JDBVq+/TUYSppGLAYqiNZ910nAy4kCTgWbVgapZgmhEzJifUNjEjHt5fPjp/jUKEMcSmUqBjxXf0/kJNI6iwLTGREY62VvJv7n9VMIr7ycx0kKLKaLRWEqMEg8SwIPuWIURGYIoYqbWzEdE0UomLwqJgR3+eVV0jmvuxf1xl2j1rwu4iijY3SCzpCLLlET3aIWaiOKMvSMXtGb9WS9WO/Wx6K1ZBUzVfQH1ucPeB2VTw==</latexit> �
h0

<latexit sha1_base64="WSQWhUzevdhciDwYd+KHnX0/3TE=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOy7U9+uOXVnDrRK3ILUoEDLt78GQ0HSiMaacKxU33US7eVYakY4nVYGqaIJJhM8on1DYxxR5eXz46fo1ChDFAppKtZorv6eyHGkVBYFpjPCeqyWvZn4n9dPdXjl5SxOUk1jslgUphxpgWZJoCGTlGieGYKJZOZWRMZYYqJNXhUTgrv88irpnNfdi3rjrlFrXhdxlOEYTuAMXLiEJtxCC9pAIINneIU368l6sd6tj0VrySpmqvAH1ucPeaKVUA==</latexit> �
h1

<latexit sha1_base64="iocsfVtY3oEJ/wFmh6VNHm3X0Hk=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lKUY9FLx4r2FZoQ9hsJ+3SzW7Y3Sgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQmjSrvut1VaW9/Y3CpvV3Z29/YP7MOjrhKpJNAhggl5H2IFjHLoaKoZ3CcScBwy6IWT65nfewCpqOB3OkvAj/GI04gSrI0U2NWBMDaDSGMpxWM+DhrTwK65dXcOZ5V4BamhAu3A/hoMBUlj4JowrFTfcxPt51hqShhMK4NUQYLJBI+gbyjHMSg/nx8/dU6NMnQiIU1x7czV3xM5jpXK4tB0xliP1bI3E//z+qmOLv2c8iTVwMliUZQyRwtnloQzpBKIZpkhmEhqbnXIGEtMtMmrYkLwll9eJd1G3TuvN2+btdZVEUcZHaMTdIY8dIFa6Aa1UQcRlKFn9IrerCfrxXq3PhatJauYqaI/sD5/AHsnlVE=</latexit> �
h2

<latexit sha1_base64="kvBFjl4Dqj6Y1OKfRp47zb8/6hg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIt6rHoxWMF+wFtCJvtpl26yYbdjRJC/StePCji1R/izX/jts1BWx8MPN6bYWZekHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYViKVhLaI4EJ2A6woZzFtaaY57SaS4ijgtBOMb6Z+54FKxUR8r7OEehEexixkBGsj+XalL4zNaaixlOIxH/nnE9+uOjVnBrRM3IJUoUDTt7/6A0HSiMaacKxUz3US7eVYakY4nZT7qaIJJmM8pD1DYxxR5eWz4yfoxCgDFAppKtZopv6eyHGkVBYFpjPCeqQWvan4n9dLdXjl5SxOUk1jMl8UphxpgaZJoAGTlGieGYKJZOZWREZYYqJNXmUTgrv48jJpn9Xci1r9rl5tXBdxlOAIjuEUXLiEBtxCE1pAIINneIU368l6sd6tj3nrilXMVOAPrM8ffKyVUg==</latexit> �
h3

<latexit sha1_base64="Wdh2q0QuTdIUr7kcsjEagUSIJzQ=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOw3pr5dc+rOHGiVuAWpQYGWb38NhoKkEY014Vipvusk2sux1IxwOq0MUkUTTCZ4RPuGxjiiysvnx0/RqVGGKBTSVKzRXP09keNIqSwKTGeE9VgtezPxP6+f6vDKy1mcpJrGZLEoTDnSAs2SQEMmKdE8MwQTycytiIyxxESbvComBHf55VXSOa+7F/XGXaPWvC7iKMMxnMAZuHAJTbiFFrSBQAbP8Apv1pP1Yr1bH4vWklXMVOEPrM8ffjGVUw==</latexit> �
h4

Encode Decode

BOS

<latexit sha1_base64="Kkz5qLszyX5P9/KISnagrUBKHKQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2042b</latexit>

h1
<latexit sha1_base64="+QuQ58XVino6+hScoHmmH43bUWc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6GPWr/VLZrbhzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AH4V42c</latexit>

h2
<latexit sha1_base64="BLD423yzviVm46txMjJh8ZFY7jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5242d</latexit>

h3

<latexit sha1_base64="OiOB144p8KySRQZh4BxHLVuQ2JA="></latexit>

Enc(x) = Pool
�
h1, . . . , h|x|

�
2 Rd

<latexit sha1_base64="qqKSJiEwWZbidgUyMeooZoUQkCI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3TpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6xHHK/ZhGSoSCUbTSQ9R3++WKW3XnIKvEy0kFcjT65a/eIGFZzBUySY3pem6K/oRqFEzyaamXGZ5SNqIR71qqaMyNP5mfOiVnVhmQMNG2FJK5+ntiQmNjxnFgO2OKQ7PszcT/vG6G4bU/ESrNkCu2WBRmkmBCZn+TgdCcoRxbQpkW9lbChlRThjadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnRfn3flYtBacfOYY/sD5/AHzyY2Z</latexit>g0

<latexit sha1_base64="VdLslFl5EfBqLJ2ZDaaZLBskdFY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPpev1xxq+4cZJV4OalAjka//NUbJCyLURomqNZdz02NP6HKcCZwWuplGlPKRjTCrqWSxqj9yfzUKTmzyoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeO1PuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnBfn3flYtBacfOYY/sD5/AH1TY2a</latexit>g1



text encoding also 
depends on the 
previous state!

BOS

I

like

pizza

<latexit sha1_base64="1scdumg/GCdm2ptBmi5Zti8Aybo=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjgO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdT+pXM</latexit>�!
h0

<latexit sha1_base64="XIAuq21XZiaUaJC+isp+HYUjzj8=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjQO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdVf5XN</latexit>�!
h1

<latexit sha1_base64="OB7lNOLSIuTeMKquWJszSX5y9YQ=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpRV0W3bisYB/QhjCZTtqhk0yYmSg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3niDhTGnH+bYKK6tr6xvFzdLW9s7unr1/0FIilYQ2ieBCdgKsKGcxbWqmOe0kkuIo4LQdjK6nfvueSsVEfKfHCfUiPIhZyAjWRvLto54wtmSDocZSiods6Fcnvl12Ks4MaJm4OSlDjoZvf/X6gqQRjTXhWKmu6yTay7DUjHA6KfVSRRNMRnhAu4bGOKLKy2bXT9CpUfooFNJUrNFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXsThJNY3JfFGYcqQFmkaB+kxSovnYEEwkM7ciMsQSE20CK5kQ3MWXl0mrWnHPK7XbWrl+lcdRhGM4gTNw4QLqcAMNaAKBR3iGV3iznqwX6936mLcWrHzmEP7A+vwBVwSVzg==</latexit>�!
h2

<latexit sha1_base64="wRpO1c51+BEGUUQMAjONxPNw2Ys=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUm0qMuiG5cV7APaECbTSTt0MhNmbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5hwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7RBrypmgDWDAaTtRFMchp61weD3xW/dUaSbFHYwS6se4L1jECAYjBfZBVxpbsf4AsFLyIRsEZ+PALrsVdwpnkXg5KaMc9cD+6vYkSWMqgHCsdcdzE/AzrIARTselbqppgskQ92nHUIFjqv1sev3YOTZKz4mkMiXAmaq/JzIcaz2KQ9MZYxjoeW8i/ud1Uogu/YyJJAUqyGxRlHIHpDOJwukxRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO69Ub6vl2lUeRxEdoiN0gjx0gWroBtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDWImVzw==</latexit>�!
h3

<latexit sha1_base64="lwGM8FQKAQx8Q6KSxsLtwOlrq/c=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRS1GXRjcsK9gFtCJPppBk6yYSZiVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVLOlHacb2tpeWV1bb20Ud7c2t7Ztff2W0pkktAmEVzIToAV5SyhTc00p51UUhwHnLaD4fXEb99TqZhI7vQopV6MBwkLGcHaSL592BPGlmwQaSyleMgjvzb27YpTdaZAi8QtSAUKNHz7q9cXJItpognHSnVdJ9VejqVmhNNxuZcpmmIyxAPaNTTBMVVePr1+jE6M0kehkKYSjabq74kcx0qN4sB0xlhHat6biP953UyHl17OkjTTNCGzRWHGkRZoEgXqM0mJ5iNDMJHM3IpIhCUm2gRWNiG48y8vktZZ1T2v1m5rlfpVEUcJjuAYTsGFC6jDDTSgCQQe4Rle4c16sl6sd+tj1rpkFTMH8AfW5w9aDpXQ</latexit>�!
h4

EOS

<latexit sha1_base64="9zegHgC6fcrm6cJn3vawqFlaY4E=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsTpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgkRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo2WqKGtTKaTqBUQzwWPWBg6C9RLFSBQI1g0mNzO/+8CU5jK+hyxhXkRGMQ85JWAk364OpLEFC4EoJR/zse9Mfbvm1J058CpxC1JDBVq+/TUYSppGLAYqiNZ910nAy4kCTgWbVgapZgmhEzJifUNjEjHt5fPjp/jUKEMcSmUqBjxXf0/kJNI6iwLTGREY62VvJv7n9VMIr7ycx0kKLKaLRWEqMEg8SwIPuWIURGYIoYqbWzEdE0UomLwqJgR3+eVV0jmvuxf1xl2j1rwu4iijY3SCzpCLLlET3aIWaiOKMvSMXtGb9WS9WO/Wx6K1ZBUzVfQH1ucPeB2VTw==</latexit> �
h0

<latexit sha1_base64="WSQWhUzevdhciDwYd+KHnX0/3TE=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOy7U9+uOXVnDrRK3ILUoEDLt78GQ0HSiMaacKxU33US7eVYakY4nVYGqaIJJhM8on1DYxxR5eXz46fo1ChDFAppKtZorv6eyHGkVBYFpjPCeqyWvZn4n9dPdXjl5SxOUk1jslgUphxpgWZJoCGTlGieGYKJZOZWRMZYYqJNXhUTgrv88irpnNfdi3rjrlFrXhdxlOEYTuAMXLiEJtxCC9pAIINneIU368l6sd6tj0VrySpmqvAH1ucPeaKVUA==</latexit> �
h1

<latexit sha1_base64="iocsfVtY3oEJ/wFmh6VNHm3X0Hk=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lKUY9FLx4r2FZoQ9hsJ+3SzW7Y3Sgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQmjSrvut1VaW9/Y3CpvV3Z29/YP7MOjrhKpJNAhggl5H2IFjHLoaKoZ3CcScBwy6IWT65nfewCpqOB3OkvAj/GI04gSrI0U2NWBMDaDSGMpxWM+DhrTwK65dXcOZ5V4BamhAu3A/hoMBUlj4JowrFTfcxPt51hqShhMK4NUQYLJBI+gbyjHMSg/nx8/dU6NMnQiIU1x7czV3xM5jpXK4tB0xliP1bI3E//z+qmOLv2c8iTVwMliUZQyRwtnloQzpBKIZpkhmEhqbnXIGEtMtMmrYkLwll9eJd1G3TuvN2+btdZVEUcZHaMTdIY8dIFa6Aa1UQcRlKFn9IrerCfrxXq3PhatJauYqaI/sD5/AHsnlVE=</latexit> �
h2

<latexit sha1_base64="kvBFjl4Dqj6Y1OKfRp47zb8/6hg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIt6rHoxWMF+wFtCJvtpl26yYbdjRJC/StePCji1R/izX/jts1BWx8MPN6bYWZekHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYViKVhLaI4EJ2A6woZzFtaaY57SaS4ijgtBOMb6Z+54FKxUR8r7OEehEexixkBGsj+XalL4zNaaixlOIxH/nnE9+uOjVnBrRM3IJUoUDTt7/6A0HSiMaacKxUz3US7eVYakY4nZT7qaIJJmM8pD1DYxxR5eWz4yfoxCgDFAppKtZopv6eyHGkVBYFpjPCeqQWvan4n9dLdXjl5SxOUk1jMl8UphxpgaZJoAGTlGieGYKJZOZWREZYYqJNXmUTgrv48jJpn9Xci1r9rl5tXBdxlOAIjuEUXLiEBtxCE1pAIINneIU368l6sd6tj3nrilXMVOAPrM8ffKyVUg==</latexit> �
h3

<latexit sha1_base64="Wdh2q0QuTdIUr7kcsjEagUSIJzQ=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOw3pr5dc+rOHGiVuAWpQYGWb38NhoKkEY014Vipvusk2sux1IxwOq0MUkUTTCZ4RPuGxjiiysvnx0/RqVGGKBTSVKzRXP09keNIqSwKTGeE9VgtezPxP6+f6vDKy1mcpJrGZLEoTDnSAs2SQEMmKdE8MwQTycytiIyxxESbvComBHf55VXSOa+7F/XGXaPWvC7iKMMxnMAZuHAJTbiFFrSBQAbP8Apv1pP1Yr1bH4vWklXMVOEPrM8ffjGVUw==</latexit> �
h4

Encode Decode

BOS

<latexit sha1_base64="Kkz5qLszyX5P9/KISnagrUBKHKQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2042b</latexit>

h1
<latexit sha1_base64="+QuQ58XVino6+hScoHmmH43bUWc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6GPWr/VLZrbhzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AH4V42c</latexit>

h2
<latexit sha1_base64="BLD423yzviVm46txMjJh8ZFY7jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5242d</latexit>

h3

<latexit sha1_base64="qqKSJiEwWZbidgUyMeooZoUQkCI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3TpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6xHHK/ZhGSoSCUbTSQ9R3++WKW3XnIKvEy0kFcjT65a/eIGFZzBUySY3pem6K/oRqFEzyaamXGZ5SNqIR71qqaMyNP5mfOiVnVhmQMNG2FJK5+ntiQmNjxnFgO2OKQ7PszcT/vG6G4bU/ESrNkCu2WBRmkmBCZn+TgdCcoRxbQpkW9lbChlRThjadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnRfn3flYtBacfOYY/sD5/AHzyY2Z</latexit>g0

<latexit sha1_base64="VdLslFl5EfBqLJ2ZDaaZLBskdFY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPpev1xxq+4cZJV4OalAjka//NUbJCyLURomqNZdz02NP6HKcCZwWuplGlPKRjTCrqWSxqj9yfzUKTmzyoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeO1PuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnBfn3flYtBacfOYY/sD5/AH1TY2a</latexit>g1

<latexit sha1_base64="XMh0Pl/qJeEPa9VRDgPyOl1mKD8="></latexit>

gi = f(gi�1,Enc(x, gi�1),�(yi))

Recall:
<latexit sha1_base64="X+So7EigzfzDm9HinBS0iZb9CuY="></latexit>

Enc(x, g) =

|x|X

i=1

p(i | g)hi

<latexit sha1_base64="IEN1gUjblB0v4OTXzC8OEMqDegI=">AAACBnicbVDLSgMxFM3UV62vqksRgkWoIGVGpLosiuCygn1AZxgyadqGZjJDckdahq7c+CtuXCji1m9w59+Yjl1o9UDgcO65Sc4JYsE12PanlVtYXFpeya8W1tY3NreK2ztNHSWKsgaNRKTaAdFMcMkawEGwdqwYCQPBWsHwcjpv3TGleSRvYRwzLyR9yXucEjCSX9x3gY0gvZJ0UnYj45xelI4mx7jv20d+sWRX7Az4L3FmpIRmqPvFD7cb0SRkEqggWnccOwYvJQo4FWxScBPNYkKHpM86hkoSMu2lWYwJPjRKF/ciZY4EnKk/N1ISaj0OA+MMCQz0/Gwq/jfrJNA791Iu4wSYCZo91EsEhghPO8FdrhgFMTaEUMXNXzEdEEUomOYKpgRnPvJf0jypONVK9ea0VLuY1ZFHe+gAlZGDzlANXaM6aiCK7tEjekYv1oP1ZL1ab9/WnDXb2UW/YL1/AfRymMo=</latexit>

Enc(x, g0)

Recap: Attention
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I
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<latexit sha1_base64="1scdumg/GCdm2ptBmi5Zti8Aybo=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjgO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdT+pXM</latexit>�!
h0

<latexit sha1_base64="XIAuq21XZiaUaJC+isp+HYUjzj8=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokUdVl047KCfUAbwmQ6aYZOZsLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPONLjut7W0vLK6tl7aKG9ube/s2nv7LS0zRWiTSC5VJ8SaciZoExhw2kkVxUnIaTscXk/89j1VmklxB6OU+gkeCBYxgsFIgX3Yk8ZWbBADVko+5HHgjQO74lbdKZxF4hWkggo0Avur15ckS6gAwrHWXc9Nwc+xAkY4HZd7maYpJkM8oF1DBU6o9vPp9WPnxCh9J5LKlABnqv6eyHGi9SgJTWeCIdbz3kT8z+tmEF36ORNpBlSQ2aIo4w5IZxKF02eKEuAjQzBRzNzqkBgrTMAEVjYhePMvL5LWWdU7r9Zua5X6VRFHCR2hY3SKPHSB6ugGNVATEfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wdVf5XN</latexit>�!
h1

<latexit sha1_base64="OB7lNOLSIuTeMKquWJszSX5y9YQ=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpRV0W3bisYB/QhjCZTtqhk0yYmSg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3niDhTGnH+bYKK6tr6xvFzdLW9s7unr1/0FIilYQ2ieBCdgKsKGcxbWqmOe0kkuIo4LQdjK6nfvueSsVEfKfHCfUiPIhZyAjWRvLto54wtmSDocZSiods6Fcnvl12Ks4MaJm4OSlDjoZvf/X6gqQRjTXhWKmu6yTay7DUjHA6KfVSRRNMRnhAu4bGOKLKy2bXT9CpUfooFNJUrNFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXsThJNY3JfFGYcqQFmkaB+kxSovnYEEwkM7ciMsQSE20CK5kQ3MWXl0mrWnHPK7XbWrl+lcdRhGM4gTNw4QLqcAMNaAKBR3iGV3iznqwX6936mLcWrHzmEP7A+vwBVwSVzg==</latexit>�!
h2

<latexit sha1_base64="wRpO1c51+BEGUUQMAjONxPNw2Ys=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUm0qMuiG5cV7APaECbTSTt0MhNmbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5hwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7RBrypmgDWDAaTtRFMchp61weD3xW/dUaSbFHYwS6se4L1jECAYjBfZBVxpbsf4AsFLyIRsEZ+PALrsVdwpnkXg5KaMc9cD+6vYkSWMqgHCsdcdzE/AzrIARTselbqppgskQ92nHUIFjqv1sev3YOTZKz4mkMiXAmaq/JzIcaz2KQ9MZYxjoeW8i/ud1Uogu/YyJJAUqyGxRlHIHpDOJwukxRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO69Ub6vl2lUeRxEdoiN0gjx0gWroBtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDWImVzw==</latexit>�!
h3

<latexit sha1_base64="lwGM8FQKAQx8Q6KSxsLtwOlrq/c=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRS1GXRjcsK9gFtCJPppBk6yYSZiVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVLOlHacb2tpeWV1bb20Ud7c2t7Ztff2W0pkktAmEVzIToAV5SyhTc00p51UUhwHnLaD4fXEb99TqZhI7vQopV6MBwkLGcHaSL592BPGlmwQaSyleMgjvzb27YpTdaZAi8QtSAUKNHz7q9cXJItpognHSnVdJ9VejqVmhNNxuZcpmmIyxAPaNTTBMVVePr1+jE6M0kehkKYSjabq74kcx0qN4sB0xlhHat6biP953UyHl17OkjTTNCGzRWHGkRZoEgXqM0mJ5iNDMJHM3IpIhCUm2gRWNiG48y8vktZZ1T2v1m5rlfpVEUcJjuAYTsGFC6jDDTSgCQQe4Rle4c16sl6sd+tj1rpkFTMH8AfW5w9aDpXQ</latexit>�!
h4

EOS

<latexit sha1_base64="9zegHgC6fcrm6cJn3vawqFlaY4E=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsTpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgkRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo2WqKGtTKaTqBUQzwWPWBg6C9RLFSBQI1g0mNzO/+8CU5jK+hyxhXkRGMQ85JWAk364OpLEFC4EoJR/zse9Mfbvm1J058CpxC1JDBVq+/TUYSppGLAYqiNZ910nAy4kCTgWbVgapZgmhEzJifUNjEjHt5fPjp/jUKEMcSmUqBjxXf0/kJNI6iwLTGREY62VvJv7n9VMIr7ycx0kKLKaLRWEqMEg8SwIPuWIURGYIoYqbWzEdE0UomLwqJgR3+eVV0jmvuxf1xl2j1rwu4iijY3SCzpCLLlET3aIWaiOKMvSMXtGb9WS9WO/Wx6K1ZBUzVfQH1ucPeB2VTw==</latexit> �
h0

<latexit sha1_base64="WSQWhUzevdhciDwYd+KHnX0/3TE=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOy7U9+uOXVnDrRK3ILUoEDLt78GQ0HSiMaacKxU33US7eVYakY4nVYGqaIJJhM8on1DYxxR5eXz46fo1ChDFAppKtZorv6eyHGkVBYFpjPCeqyWvZn4n9dPdXjl5SxOUk1jslgUphxpgWZJoCGTlGieGYKJZOZWRMZYYqJNXhUTgrv88irpnNfdi3rjrlFrXhdxlOEYTuAMXLiEJtxCC9pAIINneIU368l6sd6tj0VrySpmqvAH1ucPeaKVUA==</latexit> �
h1

<latexit sha1_base64="iocsfVtY3oEJ/wFmh6VNHm3X0Hk=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lKUY9FLx4r2FZoQ9hsJ+3SzW7Y3Sgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQmjSrvut1VaW9/Y3CpvV3Z29/YP7MOjrhKpJNAhggl5H2IFjHLoaKoZ3CcScBwy6IWT65nfewCpqOB3OkvAj/GI04gSrI0U2NWBMDaDSGMpxWM+DhrTwK65dXcOZ5V4BamhAu3A/hoMBUlj4JowrFTfcxPt51hqShhMK4NUQYLJBI+gbyjHMSg/nx8/dU6NMnQiIU1x7czV3xM5jpXK4tB0xliP1bI3E//z+qmOLv2c8iTVwMliUZQyRwtnloQzpBKIZpkhmEhqbnXIGEtMtMmrYkLwll9eJd1G3TuvN2+btdZVEUcZHaMTdIY8dIFa6Aa1UQcRlKFn9IrerCfrxXq3PhatJauYqaI/sD5/AHsnlVE=</latexit> �
h2

<latexit sha1_base64="kvBFjl4Dqj6Y1OKfRp47zb8/6hg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIt6rHoxWMF+wFtCJvtpl26yYbdjRJC/StePCji1R/izX/jts1BWx8MPN6bYWZekHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYViKVhLaI4EJ2A6woZzFtaaY57SaS4ijgtBOMb6Z+54FKxUR8r7OEehEexixkBGsj+XalL4zNaaixlOIxH/nnE9+uOjVnBrRM3IJUoUDTt7/6A0HSiMaacKxUz3US7eVYakY4nZT7qaIJJmM8pD1DYxxR5eWz4yfoxCgDFAppKtZopv6eyHGkVBYFpjPCeqQWvan4n9dLdXjl5SxOUk1jMl8UphxpgaZJoAGTlGieGYKJZOZWREZYYqJNXmUTgrv48jJpn9Xci1r9rl5tXBdxlOAIjuEUXLiEBtxCE1pAIINneIU368l6sd6tj3nrilXMVOAPrM8ffKyVUg==</latexit> �
h3

<latexit sha1_base64="Wdh2q0QuTdIUr7kcsjEagUSIJzQ=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUY9FLx4r2A9oQ9hsN+3STTbsbpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR4lUEtomggvZC7CinMW0rZnmtJdIiqOA024wuZn53QcqFRPxvc4S6kV4FLOQEayN5NvVgTA2p6HGUorHfOw3pr5dc+rOHGiVuAWpQYGWb38NhoKkEY014Vipvusk2sux1IxwOq0MUkUTTCZ4RPuGxjiiysvnx0/RqVGGKBTSVKzRXP09keNIqSwKTGeE9VgtezPxP6+f6vDKy1mcpJrGZLEoTDnSAs2SQEMmKdE8MwQTycytiIyxxESbvComBHf55VXSOa+7F/XGXaPWvC7iKMMxnMAZuHAJTbiFFrSBQAbP8Apv1pP1Yr1bH4vWklXMVOEPrM8ffjGVUw==</latexit> �
h4

Encode Decode

<latexit sha1_base64="Kkz5qLszyX5P9/KISnagrUBKHKQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2042b</latexit>

h1
<latexit sha1_base64="+QuQ58XVino6+hScoHmmH43bUWc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6GPWr/VLZrbhzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AH4V42c</latexit>

h2
<latexit sha1_base64="BLD423yzviVm46txMjJh8ZFY7jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5242d</latexit>

h3

60%

35%

5

Recall:
<latexit sha1_base64="X+So7EigzfzDm9HinBS0iZb9CuY="></latexit>

Enc(x, g) =

|x|X

i=1

p(i | g)hi

<latexit sha1_base64="/M4f7DS+l3r6SvmCEfHQ33J1W7E=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9KK3CvYD2qVks9k2NMmuSbZQSn+HFw+KePXHePPfmLZ70NYHA4/3ZpiZFyScaeO6305ubX1jcyu/XdjZ3ds/KB4eNXWcKkIbJOaxagdYU84kbRhmOG0nimIRcNoKhrczvzWiSrNYPppxQn2B+5JFjGBjJT8p36OuYCHq99zzXrHkVtw50CrxMlKCDPVe8asbxiQVVBrCsdYdz02MP8HKMMLptNBNNU0wGeI+7VgqsaDan8yPnqIzq4QoipUtadBc/T0xwULrsQhsp8BmoJe9mfif10lNdO1PmExSQyVZLIpSjkyMZgmgkClKDB9bgoli9lZEBlhhYmxOBRuCt/zyKmleVLxqpfpwWardZHHk4QROoQweXEEN7qAODSDwBM/wCm/OyHlx3p2PRWvOyWaO4Q+czx/XupDd</latexit>

p(I | g0)

<latexit sha1_base64="SpSRqyr+LIWNXlFUVd8hZGO8cx4="></latexit>

Enc(x, g0) =

|x|X

i=1

p(i | g0)hi

Weighted sum:

Recap: Attention
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Encode Decode
<latexit sha1_base64="Kkz5qLszyX5P9/KISnagrUBKHKQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2042b</latexit>

h1
<latexit sha1_base64="+QuQ58XVino6+hScoHmmH43bUWc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6GPWr/VLZrbhzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AH4V42c</latexit>

h2
<latexit sha1_base64="BLD423yzviVm46txMjJh8ZFY7jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5242d</latexit>

h3

60%

35%

5

Recall:
<latexit sha1_base64="X+So7EigzfzDm9HinBS0iZb9CuY="></latexit>

Enc(x, g) =

|x|X

i=1

p(i | g)hi

<latexit sha1_base64="/M4f7DS+l3r6SvmCEfHQ33J1W7E=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9KK3CvYD2qVks9k2NMmuSbZQSn+HFw+KePXHePPfmLZ70NYHA4/3ZpiZFyScaeO6305ubX1jcyu/XdjZ3ds/KB4eNXWcKkIbJOaxagdYU84kbRhmOG0nimIRcNoKhrczvzWiSrNYPppxQn2B+5JFjGBjJT8p36OuYCHq99zzXrHkVtw50CrxMlKCDPVe8asbxiQVVBrCsdYdz02MP8HKMMLptNBNNU0wGeI+7VgqsaDan8yPnqIzq4QoipUtadBc/T0xwULrsQhsp8BmoJe9mfif10lNdO1PmExSQyVZLIpSjkyMZgmgkClKDB9bgoli9lZEBlhhYmxOBRuCt/zyKmleVLxqpfpwWardZHHk4QROoQweXEEN7qAODSDwBM/wCm/OyHlx3p2PRWvOyWaO4Q+czx/XupDd</latexit>

p(I | g0)

BOS

<latexit sha1_base64="qqKSJiEwWZbidgUyMeooZoUQkCI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3TpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6xHHK/ZhGSoSCUbTSQ9R3++WKW3XnIKvEy0kFcjT65a/eIGFZzBUySY3pem6K/oRqFEzyaamXGZ5SNqIR71qqaMyNP5mfOiVnVhmQMNG2FJK5+ntiQmNjxnFgO2OKQ7PszcT/vG6G4bU/ESrNkCu2WBRmkmBCZn+TgdCcoRxbQpkW9lbChlRThjadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnRfn3flYtBacfOYY/sD5/AHzyY2Z</latexit>g0

<latexit sha1_base64="VdLslFl5EfBqLJ2ZDaaZLBskdFY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPpev1xxq+4cZJV4OalAjka//NUbJCyLURomqNZdz02NP6HKcCZwWuplGlPKRjTCrqWSxqj9yfzUKTmzyoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeO1PuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnBfn3flYtBacfOYY/sD5/AH1TY2a</latexit>g1
mi

<latexit sha1_base64="IEN1gUjblB0v4OTXzC8OEMqDegI=">AAACBnicbVDLSgMxFM3UV62vqksRgkWoIGVGpLosiuCygn1AZxgyadqGZjJDckdahq7c+CtuXCji1m9w59+Yjl1o9UDgcO65Sc4JYsE12PanlVtYXFpeya8W1tY3NreK2ztNHSWKsgaNRKTaAdFMcMkawEGwdqwYCQPBWsHwcjpv3TGleSRvYRwzLyR9yXucEjCSX9x3gY0gvZJ0UnYj45xelI4mx7jv20d+sWRX7Az4L3FmpIRmqPvFD7cb0SRkEqggWnccOwYvJQo4FWxScBPNYkKHpM86hkoSMu2lWYwJPjRKF/ciZY4EnKk/N1ISaj0OA+MMCQz0/Gwq/jfrJNA791Iu4wSYCZo91EsEhghPO8FdrhgFMTaEUMXNXzEdEEUomOYKpgRnPvJf0jypONVK9ea0VLuY1ZFHe+gAlZGDzlANXaM6aiCK7tEjekYv1oP1ZL1ab9/WnDXb2UW/YL1/AfRymMo=</latexit>

Enc(x, g0)

mi is the 1st person, 
objective case pronoun

Recap: Attention



I

like

pizza

Encode Decode
<latexit sha1_base64="Kkz5qLszyX5P9/KISnagrUBKHKQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2042b</latexit>

h1
<latexit sha1_base64="+QuQ58XVino6+hScoHmmH43bUWc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6GPWr/VLZrbhzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AH4V42c</latexit>

h2
<latexit sha1_base64="BLD423yzviVm46txMjJh8ZFY7jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5242d</latexit>

h3

5

60%

35%

Recall:
<latexit sha1_base64="X+So7EigzfzDm9HinBS0iZb9CuY="></latexit>

Enc(x, g) =

|x|X

i=1

p(i | g)hi

BOS

<latexit sha1_base64="qqKSJiEwWZbidgUyMeooZoUQkCI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3TpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6xHHK/ZhGSoSCUbTSQ9R3++WKW3XnIKvEy0kFcjT65a/eIGFZzBUySY3pem6K/oRqFEzyaamXGZ5SNqIR71qqaMyNP5mfOiVnVhmQMNG2FJK5+ntiQmNjxnFgO2OKQ7PszcT/vG6G4bU/ESrNkCu2WBRmkmBCZn+TgdCcoRxbQpkW9lbChlRThjadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnRfn3flYtBacfOYY/sD5/AHzyY2Z</latexit>g0

<latexit sha1_base64="VdLslFl5EfBqLJ2ZDaaZLBskdFY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPpev1xxq+4cZJV4OalAjka//NUbJCyLURomqNZdz02NP6HKcCZwWuplGlPKRjTCrqWSxqj9yfzUKTmzyoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeO1PuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnBfn3flYtBacfOYY/sD5/AH1TY2a</latexit>g1
mi

mi piace

<latexit sha1_base64="CoXfw5aUSRI68mk4GDUbzjnHHyU=">AAACBnicbVDLSgMxFM3UV62vqksRgkWoIGVGpLosiuCygn1AZxgyadqGZjJDckdahq7c+CtuXCji1m9w59+Yjl1o9UDgcO65Sc4JYsE12PanlVtYXFpeya8W1tY3NreK2ztNHSWKsgaNRKTaAdFMcMkawEGwdqwYCQPBWsHwcjpv3TGleSRvYRwzLyR9yXucEjCSX9x3gY0gvZJ0UnYj45xelI4mx7jvO0d+sWRX7Az4L3FmpIRmqPvFD7cb0SRkEqggWnccOwYvJQo4FWxScBPNYkKHpM86hkoSMu2lWYwJPjRKF/ciZY4EnKk/N1ISaj0OA+MMCQz0/Gwq/jfrJNA791Iu4wSYCZo91EsEhghPO8FdrhgFMTaEUMXNXzEdEEUomOYKpgRnPvJf0jypONVK9ea0VLuY1ZFHe+gAlZGDzlANXaM6aiCK7tEjekYv1oP1ZL1ab9/WnDXb2UW/YL1/AfX3mMs=</latexit>

Enc(x, g1)

<latexit sha1_base64="nmaCkH3BLyuUjWqS5U589piGzFo=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9KK3CvYD2qVks9k2NMmuSbZQSn+HFw+KePXHePPfmLZ70NYHA4/3ZpiZFyScaeO6305ubX1jcyu/XdjZ3ds/KB4eNXWcKkIbJOaxagdYU84kbRhmOG0nimIRcNoKhrczvzWiSrNYPppxQn2B+5JFjGBjJT8p36OuYCHq97zzXrHkVtw50CrxMlKCDPVe8asbxiQVVBrCsdYdz02MP8HKMMLptNBNNU0wGeI+7VgqsaDan8yPnqIzq4QoipUtadBc/T0xwULrsQhsp8BmoJe9mfif10lNdO1PmExSQyVZLIpSjkyMZgmgkClKDB9bgoli9lZEBlhhYmxOBRuCt/zyKmleVLxqpfpwWardZHHk4QROoQweXEEN7qAODSDwBM/wCm/OyHlx3p2PRWvOyWaO4Q+czx/ZP5De</latexit>

p(I | g1)

piace is the 3rd person 
singular declension of 

piacere

<latexit sha1_base64="7t0Q1AtPztPjrLGf/EPZC94JDQs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtJF262YTdjVBKf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXpIJr47rfztr6xubWdmGnuLu3f3BYOjpu6SRTDJssEYnqBFSj4BKbhhuBnVQhjQOB7WB0O/PbT6g0T+SjGafoxzSSPOSMGis9RP1qv1R2K+4cZJV4OSlDjka/9NUbJCyLURomqNZdz02NP6HKcCZwWuxlGlPKRjTCrqWSxqj9yfzUKTm3yoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeO1PuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadog3BW355lbSqFa9Wqd1flus3eRwFOIUzuAAPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWtecfOYE/sD5/AH20Y2b</latexit>g2

Recap: Attention



I

like

pizza

Encode Decode
<latexit sha1_base64="Kkz5qLszyX5P9/KISnagrUBKHKQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2042b</latexit>

h1
<latexit sha1_base64="+QuQ58XVino6+hScoHmmH43bUWc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6GPWr/VLZrbhzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AH4V42c</latexit>

h2
<latexit sha1_base64="BLD423yzviVm46txMjJh8ZFY7jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5242d</latexit>

h3

5

5

90%

Recall:
<latexit sha1_base64="X+So7EigzfzDm9HinBS0iZb9CuY="></latexit>

Enc(x, g) =

|x|X

i=1

p(i | g)hi

BOS

<latexit sha1_base64="qqKSJiEwWZbidgUyMeooZoUQkCI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3TpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6xHHK/ZhGSoSCUbTSQ9R3++WKW3XnIKvEy0kFcjT65a/eIGFZzBUySY3pem6K/oRqFEzyaamXGZ5SNqIR71qqaMyNP5mfOiVnVhmQMNG2FJK5+ntiQmNjxnFgO2OKQ7PszcT/vG6G4bU/ESrNkCu2WBRmkmBCZn+TgdCcoRxbQpkW9lbChlRThjadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnRfn3flYtBacfOYY/sD5/AHzyY2Z</latexit>g0

<latexit sha1_base64="VdLslFl5EfBqLJ2ZDaaZLBskdFY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPpev1xxq+4cZJV4OalAjka//NUbJCyLURomqNZdz02NP6HKcCZwWuplGlPKRjTCrqWSxqj9yfzUKTmzyoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeO1PuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnBfn3flYtBacfOYY/sD5/AH1TY2a</latexit>g1
mi

mi piace

piace la

<latexit sha1_base64="px+trkupkHBhthZ8m8U9ApxK3ek=">AAACBnicbVDLSgMxFM3UV62vUZciBItQQcpMkeqyKILLCvYBnWHIpGkbmnmQ3JGWoSs3/oobF4q49Rvc+TemdRbaeiBwOPfcJOf4seAKLOvLyC0tr6yu5dcLG5tb2zvm7l5TRYmkrEEjEcm2TxQTPGQN4CBYO5aMBL5gLX94NZ237plUPArvYBwzNyD9kPc4JaAlzzx0gI0gvQ7ppORE2jm9KB1NTnHfq5x4ZtEqWzPgRWJnpIgy1D3z0+lGNAlYCFQQpTq2FYObEgmcCjYpOIliMaFD0mcdTUMSMOWmsxgTfKyVLu5FUp8Q8Ez9vZGSQKlx4GtnQGCg5mdT8b9ZJ4HehZvyME6A6aCzh3qJwBDhaSe4yyWjIMaaECq5/iumAyIJBd1cQZdgz0deJM1K2a6Wq7dnxdplVkceHaAjVEI2Okc1dIPqqIEoekBP6AW9Go/Gs/FmvP9Yc0a2s4/+wPj4Bvd8mMw=</latexit>

Enc(x, g2)

<latexit sha1_base64="7t0Q1AtPztPjrLGf/EPZC94JDQs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtJF262YTdjVBKf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXpIJr47rfztr6xubWdmGnuLu3f3BYOjpu6SRTDJssEYnqBFSj4BKbhhuBnVQhjQOB7WB0O/PbT6g0T+SjGafoxzSSPOSMGis9RP1qv1R2K+4cZJV4OSlDjka/9NUbJCyLURomqNZdz02NP6HKcCZwWuxlGlPKRjTCrqWSxqj9yfzUKTm3yoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeO1PuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadog3BW355lbSqFa9Wqd1flus3eRwFOIUzuAAPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWtecfOYE/sD5/AH20Y2b</latexit>g2

<latexit sha1_base64="7m6csuXnPlfQZWL3h7zFLVezT7I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSAXXxnW/nMLK6tr6RnGztLW9s7tX3j9o6SRTDJssEYnqBFSj4BKbhhuBnVQhjQOB7WB0M/Pbj6g0T+SDGafoxzSSPOSMGivdR/3zfrniVt05yF/i5aQCORr98mdvkLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EIu5ZKGqP2J/NTp+TEKgMSJsqWNGSu/pyY0FjrcRzYzpiaoV72ZuJ/Xjcz4ZU/4TLNDEq2WBRmgpiEzP4mA66QGTG2hDLF7a2EDamizNh0SjYEb/nlv6R1VvVq1drdRaV+ncdRhCM4hlPw4BLqcAsNaAKDCJ7gBV4d4Tw7b877orXg5DOH8AvOxzf4VY2c</latexit>g3

<latexit sha1_base64="toaOfjqIlkKpaKcuwm3OgR4/oyM=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JLDHoketEbJoIksCHdbhca2u7adkkI4Xd48aAxXv0x3vw3FtiDgi+Z5OW9mczMCxLOtHHdbye3tr6xuZXfLuzs7u0fFA+PWjpOFaFNEvNYtQOsKWeSNg0znLYTRbEIOH0Mhjcz/3FElWaxfDDjhPoC9yWLGMHGSn5SvkNdwULU71XPe8WSW3HnQKvEy0gJMjR6xa9uGJNUUGkIx1p3PDcx/gQrwwin00I31TTBZIj7tGOpxIJqfzI/eorOrBKiKFa2pEFz9ffEBAutxyKwnQKbgV72ZuJ/Xic10ZU/YTJJDZVksShKOTIxmiWAQqYoMXxsCSaK2VsRGWCFibE5FWwI3vLLq6RVrXi1Su3+olS/zuLIwwmcQhk8uIQ63EIDmkDgCZ7hFd6ckfPivDsfi9ack80cwx84nz/axJDf</latexit>

p(I | g2)
Recap: Attention



I

like

pizza

Encode Decode
<latexit sha1_base64="Kkz5qLszyX5P9/KISnagrUBKHKQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2042b</latexit>

h1
<latexit sha1_base64="+QuQ58XVino6+hScoHmmH43bUWc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6GPWr/VLZrbhzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AH4V42c</latexit>

h2
<latexit sha1_base64="BLD423yzviVm46txMjJh8ZFY7jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5242d</latexit>

h3

5

5

90%

Recall:
<latexit sha1_base64="X+So7EigzfzDm9HinBS0iZb9CuY="></latexit>

Enc(x, g) =

|x|X

i=1

p(i | g)hi

BOS

<latexit sha1_base64="qqKSJiEwWZbidgUyMeooZoUQkCI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3TpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6xHHK/ZhGSoSCUbTSQ9R3++WKW3XnIKvEy0kFcjT65a/eIGFZzBUySY3pem6K/oRqFEzyaamXGZ5SNqIR71qqaMyNP5mfOiVnVhmQMNG2FJK5+ntiQmNjxnFgO2OKQ7PszcT/vG6G4bU/ESrNkCu2WBRmkmBCZn+TgdCcoRxbQpkW9lbChlRThjadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnRfn3flYtBacfOYY/sD5/AHzyY2Z</latexit>g0

<latexit sha1_base64="VdLslFl5EfBqLJ2ZDaaZLBskdFY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPpev1xxq+4cZJV4OalAjka//NUbJCyLURomqNZdz02NP6HKcCZwWuplGlPKRjTCrqWSxqj9yfzUKTmzyoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeO1PuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnBfn3flYtBacfOYY/sD5/AH1TY2a</latexit>g1
mi

mi piace

piace la

la pizza

<latexit sha1_base64="IDPKAnWam2MVKls/juu92WcyoFA=">AAACBnicbVDLSgMxFM3UV62vqksRgkWoIGVGpbosiuCygn1AZxgyaaYNzTxI7kjLMCs3/oobF4q49Rvc+TemtQttPRA4nHtuknO8WHAFpvll5BYWl5ZX8quFtfWNza3i9k5TRYmkrEEjEcm2RxQTPGQN4CBYO5aMBJ5gLW9wNZ637plUPArvYBQzJyC9kPucEtCSW9y3gQ0hvQ5pVrYj7RxflA6zY9xzT4/cYsmsmBPgeWJNSQlNUXeLn3Y3oknAQqCCKNWxzBiclEjgVLCsYCeKxYQOSI91NA1JwJSTTmJk+FArXexHUp8Q8ET9vZGSQKlR4GlnQKCvZmdj8b9ZJwH/wkl5GCfAdNDJQ34iMER43AnucskoiJEmhEqu/4ppn0hCQTdX0CVYs5HnSfOkYlUr1duzUu1yWkce7aEDVEYWOkc1dIPqqIEoekBP6AW9Go/Gs/FmvP9Yc8Z0Zxf9gfHxDfkBmM0=</latexit>

Enc(x, g3)

<latexit sha1_base64="7t0Q1AtPztPjrLGf/EPZC94JDQs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtJF262YTdjVBKf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXpIJr47rfztr6xubWdmGnuLu3f3BYOjpu6SRTDJssEYnqBFSj4BKbhhuBnVQhjQOB7WB0O/PbT6g0T+SjGafoxzSSPOSMGis9RP1qv1R2K+4cZJV4OSlDjka/9NUbJCyLURomqNZdz02NP6HKcCZwWuxlGlPKRjTCrqWSxqj9yfzUKTm3yoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeO1PuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadog3BW355lbSqFa9Wqd1flus3eRwFOIUzuAAPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWtecfOYE/sD5/AH20Y2b</latexit>g2

<latexit sha1_base64="7m6csuXnPlfQZWL3h7zFLVezT7I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSAXXxnW/nMLK6tr6RnGztLW9s7tX3j9o6SRTDJssEYnqBFSj4BKbhhuBnVQhjQOB7WB0M/Pbj6g0T+SDGafoxzSSPOSMGivdR/3zfrniVt05yF/i5aQCORr98mdvkLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EIu5ZKGqP2J/NTp+TEKgMSJsqWNGSu/pyY0FjrcRzYzpiaoV72ZuJ/Xjcz4ZU/4TLNDEq2WBRmgpiEzP4mA66QGTG2hDLF7a2EDamizNh0SjYEb/nlv6R1VvVq1drdRaV+ncdRhCM4hlPw4BLqcAsNaAKDCJ7gBV4d4Tw7b877orXg5DOH8AvOxzf4VY2c</latexit>g3

<latexit sha1_base64="hoKd3p7v07IeU6EuXzHQxaWkcQM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPqX/XLFrbpzkFXi5aQCORr98ldvkLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EIu5ZKGqP2J/NTp+TMKgMSJsqWNGSu/p6Y0FjrcRzYzpiaoV72ZuJ/Xjcz4bU/4TLNDEq2WBRmgpiEzP4mA66QGTG2hDLF7a2EDamizNh0SjYEb/nlVdK6qHq1au3+slK/yeMowgmcwjl4cAV1uIMGNIFBBM/wCm+OcF6cd+dj0Vpw8plj+APn8wf52Y2d</latexit>g4

<latexit sha1_base64="uJhTjJF2FhV+5nD+NDeWaE8yIWc=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSLUS9lVqR6LXvRWwX5Au5RsNtuGJtk1yRZK6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzgoQzbVz321lZXVvf2Mxt5bd3dvf2CweHDR2nitA6iXmsWgHWlDNJ64YZTluJolgEnDaDwe3Ubw6p0iyWj2aUUF/gnmQRI9hYyU9K96gjWIh63YuzbqHolt0Z0DLxMlKEDLVu4asTxiQVVBrCsdZtz02MP8bKMMLpJN9JNU0wGeAebVsqsaDaH8+OnqBTq4QoipUtadBM/T0xxkLrkQhsp8Cmrxe9qfif105NdO2PmUxSQyWZL4pSjkyMpgmgkClKDB9Zgoli9lZE+lhhYmxOeRuCt/jyMmmcl71KufJwWazeZHHk4BhOoAQeXEEV7qAGdSDwBM/wCm/O0Hlx3p2PeeuKk80cwR84nz/cSZDg</latexit>

p(I | g3)
Recap: Attention



• Update decoding hidden state based on an updated 
version of the input sequence encoding  
 

• The updated sequence is determined via a weighted sum 
over input hidden states 
 

• Next time: how do we compute              ? 
<latexit sha1_base64="u8fflsCLbaji9+QI5FM8/Oaou8A=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9KK3CvYDtkvJZrNtaDZZkqxQSn+GFw+KePXXePPfmLZ70NYHA4/3ZpiZF6acaeO6305hbX1jc6u4XdrZ3ds/KB8etbXMFKEtIrlU3RBrypmgLcMMp91UUZyEnHbC0e3M7zxRpZkUj2ac0iDBA8FiRrCxkp9W71EvYREanPfLFbfmzoFWiZeTCuRo9stfvUiSLKHCEI619j03NcEEK8MIp9NSL9M0xWSEB9S3VOCE6mAyP3mKzqwSoVgqW8Kgufp7YoITrcdJaDsTbIZ62ZuJ/3l+ZuLrYMJEmhkqyGJRnHFkJJr9jyKmKDF8bAkmitlbERlihYmxKZVsCN7yy6ukfVHz6rX6w2WlcZPHUYQTOIUqeHAFDbiDJrSAgIRneIU3xzgvzrvzsWgtOPnMMfyB8/kDrdOQOg==</latexit>

p(I | g)

<latexit sha1_base64="XMh0Pl/qJeEPa9VRDgPyOl1mKD8="></latexit>

gi = f(gi�1,Enc(x, gi�1),�(yi))

<latexit sha1_base64="X+So7EigzfzDm9HinBS0iZb9CuY="></latexit>

Enc(x, g) =

|x|X

i=1

p(i | g)hi

<latexit sha1_base64="TNC881LMC3Gs/BOOl31TsNveGzg="></latexit>

p : Rd ! �N1:|x|

Recap: Attention



Recap: Attention
• We encoded our input sequence into hidden states:

<latexit sha1_base64="Pk6j5621Ipord3VT9ulInB8oA04="></latexit>

h1, . . . , h|x| = h 2 Rd⇥|x|



• We encoded our input sequence into hidden states:

• Now we want to predict the next word
<latexit sha1_base64="S2D59mbQPA9lsLrP4iiQZTVk8Eg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiUj0WvXisYD+gDWWznbZLN5uwuxFC6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzglhwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SxbDJIhGpTkA1Ci6xabgR2IkV0jAQ2A4mdzO//YRK80g+mjRGP6QjyYecUWOldtrP+IU37ZcrbtWdg6wSLycVyNHol796g4glIUrDBNW667mx8TOqDGcCp6VeojGmbEJH2LVU0hC1n83PnZIzqwzIMFK2pCFz9fdERkOt0zCwnSE1Y73szcT/vG5ihjd+xmWcGJRssWiYCGIiMvudDLhCZkRqCWWK21sJG1NFmbEJlWwI3vLLq6R1WfVq1drDVaV+m8dRhBM4hXPw4BrqcA8NaAKDCTzDK7w5sfPivDsfi9aCk88cwx84nz8D349g</latexit>yi+1

<latexit sha1_base64="Pk6j5621Ipord3VT9ulInB8oA04="></latexit>

h1, . . . , h|x| = h 2 Rd⇥|x|

Recap: Attention



• We encoded our input sequence into hidden states:

• Now we want to predict the next word

• We have access to the previous decoder hidden state
<latexit sha1_base64="KNATO/Iq7byZl7oGgNLXcjBHv5E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPq8X664VXcOskq8nFQgR6Nf/uoNEpbFKA0TVOuu56bGn1BlOBM4LfUyjSllIxph11JJY9T+ZH7qlJxZZUDCRNmShszV3xMTGms9jgPbGVMz1MveTPzP62YmvPYnXKaZQckWi8JMEJOQ2d9kwBUyI8aWUKa4vZWwIVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBKPI3S</latexit>gi

<latexit sha1_base64="S2D59mbQPA9lsLrP4iiQZTVk8Eg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiUj0WvXisYD+gDWWznbZLN5uwuxFC6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzglhwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SxbDJIhGpTkA1Ci6xabgR2IkV0jAQ2A4mdzO//YRK80g+mjRGP6QjyYecUWOldtrP+IU37ZcrbtWdg6wSLycVyNHol796g4glIUrDBNW667mx8TOqDGcCp6VeojGmbEJH2LVU0hC1n83PnZIzqwzIMFK2pCFz9fdERkOt0zCwnSE1Y73szcT/vG5ihjd+xmWcGJRssWiYCGIiMvudDLhCZkRqCWWK21sJG1NFmbEJlWwI3vLLq6R1WfVq1drDVaV+m8dRhBM4hXPw4BrqcA8NaAKDCTzDK7w5sfPivDsfi9aCk88cwx84nz8D349g</latexit>yi+1

<latexit sha1_base64="Pk6j5621Ipord3VT9ulInB8oA04="></latexit>

h1, . . . , h|x| = h 2 Rd⇥|x|

Recap: Attention



• We encoded our input sequence into hidden states:

• Now we want to predict the next word

• We have access to the previous decoder hidden state

• First, compute attention scores for each input hidden state using similarity between 
query (    ) and keys ( ): 

<latexit sha1_base64="Hrgis8XcOER1SLIM90DgiqM0NiU=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2pWTSO21oJjMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kNvPbT6g0j+SDmcbYD+lI8oAzaqz02AupGftBOp4NyhW36s5BVomXkwrkaAzKX71hxJIQpWGCat313Nj0U6oMZwJnpV6iMaZsQkfYtVTSEHU/nSeekTOrDEkQKfukIXP190ZKQ62noW8ns4R62cvE/7xuYoLrfsplnBiUbPFRkAhiIpKdT4ZcITNiagllitushI2poszYkkq2BG/55FXSuqh6tWrt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD6HuRFw==</latexit>

h

<latexit sha1_base64="KNATO/Iq7byZl7oGgNLXcjBHv5E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPq8X664VXcOskq8nFQgR6Nf/uoNEpbFKA0TVOuu56bGn1BlOBM4LfUyjSllIxph11JJY9T+ZH7qlJxZZUDCRNmShszV3xMTGms9jgPbGVMz1MveTPzP62YmvPYnXKaZQckWi8JMEJOQ2d9kwBUyI8aWUKa4vZWwIVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBKPI3S</latexit>gi

<latexit sha1_base64="KNATO/Iq7byZl7oGgNLXcjBHv5E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPq8X664VXcOskq8nFQgR6Nf/uoNEpbFKA0TVOuu56bGn1BlOBM4LfUyjSllIxph11JJY9T+ZH7qlJxZZUDCRNmShszV3xMTGms9jgPbGVMz1MveTPzP62YmvPYnXKaZQckWi8JMEJOQ2d9kwBUyI8aWUKa4vZWwIVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBKPI3S</latexit>gi

<latexit sha1_base64="S2D59mbQPA9lsLrP4iiQZTVk8Eg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiUj0WvXisYD+gDWWznbZLN5uwuxFC6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzglhwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SxbDJIhGpTkA1Ci6xabgR2IkV0jAQ2A4mdzO//YRK80g+mjRGP6QjyYecUWOldtrP+IU37ZcrbtWdg6wSLycVyNHol796g4glIUrDBNW667mx8TOqDGcCp6VeojGmbEJH2LVU0hC1n83PnZIzqwzIMFK2pCFz9fdERkOt0zCwnSE1Y73szcT/vG5ihjd+xmWcGJRssWiYCGIiMvudDLhCZkRqCWWK21sJG1NFmbEJlWwI3vLLq6R1WfVq1drDVaV+m8dRhBM4hXPw4BrqcA8NaAKDCTzDK7w5sfPivDsfi9aCk88cwx84nz8D349g</latexit>yi+1

<latexit sha1_base64="J3jgtiMlqnzp9mHXXxiYyfQxt9Y=">AAACIXicbVBNS8MwGE79nPNr6tFLcAgTZLQicxdh6MXjFPcB6yxplm5haVqSVBxd/4oX/4oXD4rsJv4Z060H3Xwg8OR5vx83ZFQq0/wylpZXVtfWcxv5za3tnd3C3n5TBpHApIEDFoi2iyRhlJOGooqRdigI8l1GWu7wOo23HomQNOD3ahSSro/6nHoUI6Ulp1CVDoWXEJX6Dj2Fto/UwPXiQXICbcqzvxvfJQ/x2A50o3RO/JSME6dQNMvmFHCRWBkpggx1pzCxewGOfMIVZkjKjmWGqhsjoShmJMnbkSQhwkPUJx1NOfKJ7MbTCxN4rJUe9AKhH1dwqv6uiJEv5ch3dWa6spyPpeJ/sU6kvGo3pjyMFOF4NsiLGFQBTO2CPSoIVmykCcKC6l0hHiCBsNKm5rUJ1vzJi6R5VrYq5crtebF2ldmRA4fgCJSABS5ADdyAOmgADJ7BK3gHH8aL8WZ8GpNZ6pKR1RyAPzC+fwC5q6P+</latexit>

si = a(gi,h) 2 R|x|

<latexit sha1_base64="Pk6j5621Ipord3VT9ulInB8oA04="></latexit>

h1, . . . , h|x| = h 2 Rd⇥|x|

Recap: Attention



• We encoded our input sequence into hidden states:

• Now we want to predict the next word

• We have access to the previous decoder hidden state

• First, compute attention scores for each input hidden state using similarity between 
query (    ) and keys ( ): 

• Then, take softmax of attention scores to get a distribution over keys: 

<latexit sha1_base64="Hrgis8XcOER1SLIM90DgiqM0NiU=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2pWTSO21oJjMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kNvPbT6g0j+SDmcbYD+lI8oAzaqz02AupGftBOp4NyhW36s5BVomXkwrkaAzKX71hxJIQpWGCat313Nj0U6oMZwJnpV6iMaZsQkfYtVTSEHU/nSeekTOrDEkQKfukIXP190ZKQ62noW8ns4R62cvE/7xuYoLrfsplnBiUbPFRkAhiIpKdT4ZcITNiagllitushI2poszYkkq2BG/55FXSuqh6tWrt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD6HuRFw==</latexit>

h

<latexit sha1_base64="KNATO/Iq7byZl7oGgNLXcjBHv5E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPq8X664VXcOskq8nFQgR6Nf/uoNEpbFKA0TVOuu56bGn1BlOBM4LfUyjSllIxph11JJY9T+ZH7qlJxZZUDCRNmShszV3xMTGms9jgPbGVMz1MveTPzP62YmvPYnXKaZQckWi8JMEJOQ2d9kwBUyI8aWUKa4vZWwIVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBKPI3S</latexit>gi

<latexit sha1_base64="KNATO/Iq7byZl7oGgNLXcjBHv5E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPq8X664VXcOskq8nFQgR6Nf/uoNEpbFKA0TVOuu56bGn1BlOBM4LfUyjSllIxph11JJY9T+ZH7qlJxZZUDCRNmShszV3xMTGms9jgPbGVMz1MveTPzP62YmvPYnXKaZQckWi8JMEJOQ2d9kwBUyI8aWUKa4vZWwIVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBKPI3S</latexit>gi

<latexit sha1_base64="gQsuQPjo503AGZy46y/YtB0vRCk="></latexit>

↵i = softmax(si) 2 �N1:|x|

<latexit sha1_base64="S2D59mbQPA9lsLrP4iiQZTVk8Eg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiUj0WvXisYD+gDWWznbZLN5uwuxFC6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzglhwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SxbDJIhGpTkA1Ci6xabgR2IkV0jAQ2A4mdzO//YRK80g+mjRGP6QjyYecUWOldtrP+IU37ZcrbtWdg6wSLycVyNHol796g4glIUrDBNW667mx8TOqDGcCp6VeojGmbEJH2LVU0hC1n83PnZIzqwzIMFK2pCFz9fdERkOt0zCwnSE1Y73szcT/vG5ihjd+xmWcGJRssWiYCGIiMvudDLhCZkRqCWWK21sJG1NFmbEJlWwI3vLLq6R1WfVq1drDVaV+m8dRhBM4hXPw4BrqcA8NaAKDCTzDK7w5sfPivDsfi9aCk88cwx84nz8D349g</latexit>yi+1

<latexit sha1_base64="J3jgtiMlqnzp9mHXXxiYyfQxt9Y=">AAACIXicbVBNS8MwGE79nPNr6tFLcAgTZLQicxdh6MXjFPcB6yxplm5haVqSVBxd/4oX/4oXD4rsJv4Z060H3Xwg8OR5vx83ZFQq0/wylpZXVtfWcxv5za3tnd3C3n5TBpHApIEDFoi2iyRhlJOGooqRdigI8l1GWu7wOo23HomQNOD3ahSSro/6nHoUI6Ulp1CVDoWXEJX6Dj2Fto/UwPXiQXICbcqzvxvfJQ/x2A50o3RO/JSME6dQNMvmFHCRWBkpggx1pzCxewGOfMIVZkjKjmWGqhsjoShmJMnbkSQhwkPUJx1NOfKJ7MbTCxN4rJUe9AKhH1dwqv6uiJEv5ch3dWa6spyPpeJ/sU6kvGo3pjyMFOF4NsiLGFQBTO2CPSoIVmykCcKC6l0hHiCBsNKm5rUJ1vzJi6R5VrYq5crtebF2ldmRA4fgCJSABS5ADdyAOmgADJ7BK3gHH8aL8WZ8GpNZ6pKR1RyAPzC+fwC5q6P+</latexit>

si = a(gi,h) 2 R|x|

<latexit sha1_base64="Pk6j5621Ipord3VT9ulInB8oA04="></latexit>

h1, . . . , h|x| = h 2 Rd⇥|x|

Recap: Attention



• We encoded our input sequence into hidden states:

• Now we want to predict the next word

• We have access to the previous decoder hidden state

• First, compute attention scores for each input hidden state using similarity between 
query (    ) and keys ( ): 

• Then, take softmax of attention scores to get a distribution over keys: 

• Finally, compute a weighted sum of values ( ) using this distribution  
 
 

<latexit sha1_base64="Hrgis8XcOER1SLIM90DgiqM0NiU=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2pWTSO21oJjMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kNvPbT6g0j+SDmcbYD+lI8oAzaqz02AupGftBOp4NyhW36s5BVomXkwrkaAzKX71hxJIQpWGCat313Nj0U6oMZwJnpV6iMaZsQkfYtVTSEHU/nSeekTOrDEkQKfukIXP190ZKQ62noW8ns4R62cvE/7xuYoLrfsplnBiUbPFRkAhiIpKdT4ZcITNiagllitushI2poszYkkq2BG/55FXSuqh6tWrt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD6HuRFw==</latexit>

h

<latexit sha1_base64="Hrgis8XcOER1SLIM90DgiqM0NiU=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2pWTSO21oJjMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kNvPbT6g0j+SDmcbYD+lI8oAzaqz02AupGftBOp4NyhW36s5BVomXkwrkaAzKX71hxJIQpWGCat313Nj0U6oMZwJnpV6iMaZsQkfYtVTSEHU/nSeekTOrDEkQKfukIXP190ZKQ62noW8ns4R62cvE/7xuYoLrfsplnBiUbPFRkAhiIpKdT4ZcITNiagllitushI2poszYkkq2BG/55FXSuqh6tWrt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD6HuRFw==</latexit>

h

<latexit sha1_base64="KNATO/Iq7byZl7oGgNLXcjBHv5E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPq8X664VXcOskq8nFQgR6Nf/uoNEpbFKA0TVOuu56bGn1BlOBM4LfUyjSllIxph11JJY9T+ZH7qlJxZZUDCRNmShszV3xMTGms9jgPbGVMz1MveTPzP62YmvPYnXKaZQckWi8JMEJOQ2d9kwBUyI8aWUKa4vZWwIVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBKPI3S</latexit>gi

<latexit sha1_base64="KNATO/Iq7byZl7oGgNLXcjBHv5E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPq8X664VXcOskq8nFQgR6Nf/uoNEpbFKA0TVOuu56bGn1BlOBM4LfUyjSllIxph11JJY9T+ZH7qlJxZZUDCRNmShszV3xMTGms9jgPbGVMz1MveTPzP62YmvPYnXKaZQckWi8JMEJOQ2d9kwBUyI8aWUKa4vZWwIVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBKPI3S</latexit>gi

<latexit sha1_base64="gQsuQPjo503AGZy46y/YtB0vRCk="></latexit>

↵i = softmax(si) 2 �N1:|x|

<latexit sha1_base64="S2D59mbQPA9lsLrP4iiQZTVk8Eg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiUj0WvXisYD+gDWWznbZLN5uwuxFC6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzglhwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SxbDJIhGpTkA1Ci6xabgR2IkV0jAQ2A4mdzO//YRK80g+mjRGP6QjyYecUWOldtrP+IU37ZcrbtWdg6wSLycVyNHol796g4glIUrDBNW667mx8TOqDGcCp6VeojGmbEJH2LVU0hC1n83PnZIzqwzIMFK2pCFz9fdERkOt0zCwnSE1Y73szcT/vG5ihjd+xmWcGJRssWiYCGIiMvudDLhCZkRqCWWK21sJG1NFmbEJlWwI3vLLq6R1WfVq1drDVaV+m8dRhBM4hXPw4BrqcA8NaAKDCTzDK7w5sfPivDsfi9aCk88cwx84nz8D349g</latexit>yi+1

<latexit sha1_base64="J3jgtiMlqnzp9mHXXxiYyfQxt9Y=">AAACIXicbVBNS8MwGE79nPNr6tFLcAgTZLQicxdh6MXjFPcB6yxplm5haVqSVBxd/4oX/4oXD4rsJv4Z060H3Xwg8OR5vx83ZFQq0/wylpZXVtfWcxv5za3tnd3C3n5TBpHApIEDFoi2iyRhlJOGooqRdigI8l1GWu7wOo23HomQNOD3ahSSro/6nHoUI6Ulp1CVDoWXEJX6Dj2Fto/UwPXiQXICbcqzvxvfJQ/x2A50o3RO/JSME6dQNMvmFHCRWBkpggx1pzCxewGOfMIVZkjKjmWGqhsjoShmJMnbkSQhwkPUJx1NOfKJ7MbTCxN4rJUe9AKhH1dwqv6uiJEv5ch3dWa6spyPpeJ/sU6kvGo3pjyMFOF4NsiLGFQBTO2CPSoIVmykCcKC6l0hHiCBsNKm5rUJ1vzJi6R5VrYq5crtebF2ldmRA4fgCJSABS5ADdyAOmgADJ7BK3gHH8aL8WZ8GpNZ6pKR1RyAPzC+fwC5q6P+</latexit>

si = a(gi,h) 2 R|x|

<latexit sha1_base64="Pk6j5621Ipord3VT9ulInB8oA04="></latexit>

h1, . . . , h|x| = h 2 Rd⇥|x|

<latexit sha1_base64="GfudYwztbxn6pur3N/pbIgifKSE="></latexit>

ci =

|x|X

j=1

↵i,jhj 2 Rd

Recap: Attention



• We encoded our input sequence into hidden states:

• Now we want to predict the next word

• We have access to the previous decoder hidden state

• First, compute attention scores for each input hidden state using similarity between 
query (    ) and keys ( ): 

• Then, take softmax of attention scores to get a distribution over keys: 

• Finally, compute a weighted sum of values ( ) using this distribution  
 
 

• Use the weighted sum to predict the next word: 

<latexit sha1_base64="Hrgis8XcOER1SLIM90DgiqM0NiU=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2pWTSO21oJjMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kNvPbT6g0j+SDmcbYD+lI8oAzaqz02AupGftBOp4NyhW36s5BVomXkwrkaAzKX71hxJIQpWGCat313Nj0U6oMZwJnpV6iMaZsQkfYtVTSEHU/nSeekTOrDEkQKfukIXP190ZKQ62noW8ns4R62cvE/7xuYoLrfsplnBiUbPFRkAhiIpKdT4ZcITNiagllitushI2poszYkkq2BG/55FXSuqh6tWrt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD6HuRFw==</latexit>

h

<latexit sha1_base64="Hrgis8XcOER1SLIM90DgiqM0NiU=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2pWTSO21oJjMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kNvPbT6g0j+SDmcbYD+lI8oAzaqz02AupGftBOp4NyhW36s5BVomXkwrkaAzKX71hxJIQpWGCat313Nj0U6oMZwJnpV6iMaZsQkfYtVTSEHU/nSeekTOrDEkQKfukIXP190ZKQ62noW8ns4R62cvE/7xuYoLrfsplnBiUbPFRkAhiIpKdT4ZcITNiagllitushI2poszYkkq2BG/55FXSuqh6tWrt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD6HuRFw==</latexit>

h

<latexit sha1_base64="KNATO/Iq7byZl7oGgNLXcjBHv5E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPq8X664VXcOskq8nFQgR6Nf/uoNEpbFKA0TVOuu56bGn1BlOBM4LfUyjSllIxph11JJY9T+ZH7qlJxZZUDCRNmShszV3xMTGms9jgPbGVMz1MveTPzP62YmvPYnXKaZQckWi8JMEJOQ2d9kwBUyI8aWUKa4vZWwIVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBKPI3S</latexit>gi

<latexit sha1_base64="KNATO/Iq7byZl7oGgNLXcjBHv5E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPq8X664VXcOskq8nFQgR6Nf/uoNEpbFKA0TVOuu56bGn1BlOBM4LfUyjSllIxph11JJY9T+ZH7qlJxZZUDCRNmShszV3xMTGms9jgPbGVMz1MveTPzP62YmvPYnXKaZQckWi8JMEJOQ2d9kwBUyI8aWUKa4vZWwIVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBKPI3S</latexit>gi

<latexit sha1_base64="gQsuQPjo503AGZy46y/YtB0vRCk="></latexit>

↵i = softmax(si) 2 �N1:|x|

<latexit sha1_base64="S2D59mbQPA9lsLrP4iiQZTVk8Eg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiUj0WvXisYD+gDWWznbZLN5uwuxFC6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzglhwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SxbDJIhGpTkA1Ci6xabgR2IkV0jAQ2A4mdzO//YRK80g+mjRGP6QjyYecUWOldtrP+IU37ZcrbtWdg6wSLycVyNHol796g4glIUrDBNW667mx8TOqDGcCp6VeojGmbEJH2LVU0hC1n83PnZIzqwzIMFK2pCFz9fdERkOt0zCwnSE1Y73szcT/vG5ihjd+xmWcGJRssWiYCGIiMvudDLhCZkRqCWWK21sJG1NFmbEJlWwI3vLLq6R1WfVq1drDVaV+m8dRhBM4hXPw4BrqcA8NaAKDCTzDK7w5sfPivDsfi9aCk88cwx84nz8D349g</latexit>yi+1

<latexit sha1_base64="J3jgtiMlqnzp9mHXXxiYyfQxt9Y=">AAACIXicbVBNS8MwGE79nPNr6tFLcAgTZLQicxdh6MXjFPcB6yxplm5haVqSVBxd/4oX/4oXD4rsJv4Z060H3Xwg8OR5vx83ZFQq0/wylpZXVtfWcxv5za3tnd3C3n5TBpHApIEDFoi2iyRhlJOGooqRdigI8l1GWu7wOo23HomQNOD3ahSSro/6nHoUI6Ulp1CVDoWXEJX6Dj2Fto/UwPXiQXICbcqzvxvfJQ/x2A50o3RO/JSME6dQNMvmFHCRWBkpggx1pzCxewGOfMIVZkjKjmWGqhsjoShmJMnbkSQhwkPUJx1NOfKJ7MbTCxN4rJUe9AKhH1dwqv6uiJEv5ch3dWa6spyPpeJ/sU6kvGo3pjyMFOF4NsiLGFQBTO2CPSoIVmykCcKC6l0hHiCBsNKm5rUJ1vzJi6R5VrYq5crtebF2ldmRA4fgCJSABS5ADdyAOmgADJ7BK3gHH8aL8WZ8GpNZ6pKR1RyAPzC+fwC5q6P+</latexit>

si = a(gi,h) 2 R|x|

<latexit sha1_base64="Pk6j5621Ipord3VT9ulInB8oA04="></latexit>

h1, . . . , h|x| = h 2 Rd⇥|x|

<latexit sha1_base64="8Db49r1xcqeC4Ie6J2FKUZaTwoM="></latexit>

p(Yi+1 | x, y1, . . . , yi) = softmax(f(ci, gi))

<latexit sha1_base64="GfudYwztbxn6pur3N/pbIgifKSE="></latexit>

ci =

|x|X

j=1

↵i,jhj 2 Rd

Recap: Attention



• We encoded our input sequence into hidden states:

• Now we want to predict the next word

• We have access to the previous decoder hidden state

• First, compute attention scores for each input hidden state using similarity between 
query (    ) and keys ( ): 

• Then, take softmax of attention scores to get a distribution over keys: 

• Finally, compute a weighted sum of values ( ) using this distribution  
 
 

• Use the weighted sum to predict the next word: 

• Use the weighted sum to update the decoder hidden state:

<latexit sha1_base64="Hrgis8XcOER1SLIM90DgiqM0NiU=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2pWTSO21oJjMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kNvPbT6g0j+SDmcbYD+lI8oAzaqz02AupGftBOp4NyhW36s5BVomXkwrkaAzKX71hxJIQpWGCat313Nj0U6oMZwJnpV6iMaZsQkfYtVTSEHU/nSeekTOrDEkQKfukIXP190ZKQ62noW8ns4R62cvE/7xuYoLrfsplnBiUbPFRkAhiIpKdT4ZcITNiagllitushI2poszYkkq2BG/55FXSuqh6tWrt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD6HuRFw==</latexit>

h

<latexit sha1_base64="Hrgis8XcOER1SLIM90DgiqM0NiU=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2pWTSO21oJjMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kNvPbT6g0j+SDmcbYD+lI8oAzaqz02AupGftBOp4NyhW36s5BVomXkwrkaAzKX71hxJIQpWGCat313Nj0U6oMZwJnpV6iMaZsQkfYtVTSEHU/nSeekTOrDEkQKfukIXP190ZKQ62noW8ns4R62cvE/7xuYoLrfsplnBiUbPFRkAhiIpKdT4ZcITNiagllitushI2poszYkkq2BG/55FXSuqh6tWrt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD6HuRFw==</latexit>

h

<latexit sha1_base64="KNATO/Iq7byZl7oGgNLXcjBHv5E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPq8X664VXcOskq8nFQgR6Nf/uoNEpbFKA0TVOuu56bGn1BlOBM4LfUyjSllIxph11JJY9T+ZH7qlJxZZUDCRNmShszV3xMTGms9jgPbGVMz1MveTPzP62YmvPYnXKaZQckWi8JMEJOQ2d9kwBUyI8aWUKa4vZWwIVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBKPI3S</latexit>gi

<latexit sha1_base64="KNATO/Iq7byZl7oGgNLXcjBHv5E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPq8X664VXcOskq8nFQgR6Nf/uoNEpbFKA0TVOuu56bGn1BlOBM4LfUyjSllIxph11JJY9T+ZH7qlJxZZUDCRNmShszV3xMTGms9jgPbGVMz1MveTPzP62YmvPYnXKaZQckWi8JMEJOQ2d9kwBUyI8aWUKa4vZWwIVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCI4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBKPI3S</latexit>gi

<latexit sha1_base64="gQsuQPjo503AGZy46y/YtB0vRCk="></latexit>

↵i = softmax(si) 2 �N1:|x|

<latexit sha1_base64="S2D59mbQPA9lsLrP4iiQZTVk8Eg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiUj0WvXisYD+gDWWznbZLN5uwuxFC6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzglhwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SxbDJIhGpTkA1Ci6xabgR2IkV0jAQ2A4mdzO//YRK80g+mjRGP6QjyYecUWOldtrP+IU37ZcrbtWdg6wSLycVyNHol796g4glIUrDBNW667mx8TOqDGcCp6VeojGmbEJH2LVU0hC1n83PnZIzqwzIMFK2pCFz9fdERkOt0zCwnSE1Y73szcT/vG5ihjd+xmWcGJRssWiYCGIiMvudDLhCZkRqCWWK21sJG1NFmbEJlWwI3vLLq6R1WfVq1drDVaV+m8dRhBM4hXPw4BrqcA8NaAKDCTzDK7w5sfPivDsfi9aCk88cwx84nz8D349g</latexit>yi+1

<latexit sha1_base64="J3jgtiMlqnzp9mHXXxiYyfQxt9Y=">AAACIXicbVBNS8MwGE79nPNr6tFLcAgTZLQicxdh6MXjFPcB6yxplm5haVqSVBxd/4oX/4oXD4rsJv4Z060H3Xwg8OR5vx83ZFQq0/wylpZXVtfWcxv5za3tnd3C3n5TBpHApIEDFoi2iyRhlJOGooqRdigI8l1GWu7wOo23HomQNOD3ahSSro/6nHoUI6Ulp1CVDoWXEJX6Dj2Fto/UwPXiQXICbcqzvxvfJQ/x2A50o3RO/JSME6dQNMvmFHCRWBkpggx1pzCxewGOfMIVZkjKjmWGqhsjoShmJMnbkSQhwkPUJx1NOfKJ7MbTCxN4rJUe9AKhH1dwqv6uiJEv5ch3dWa6spyPpeJ/sU6kvGo3pjyMFOF4NsiLGFQBTO2CPSoIVmykCcKC6l0hHiCBsNKm5rUJ1vzJi6R5VrYq5crtebF2ldmRA4fgCJSABS5ADdyAOmgADJ7BK3gHH8aL8WZ8GpNZ6pKR1RyAPzC+fwC5q6P+</latexit>

si = a(gi,h) 2 R|x|

<latexit sha1_base64="Pk6j5621Ipord3VT9ulInB8oA04="></latexit>

h1, . . . , h|x| = h 2 Rd⇥|x|

<latexit sha1_base64="8Db49r1xcqeC4Ie6J2FKUZaTwoM="></latexit>

p(Yi+1 | x, y1, . . . , yi) = softmax(f(ci, gi))
<latexit sha1_base64="xFdxHl0M9g3SE7YaAZh9aCuPXjs=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVNCSiFQ3QtGNywr2Am0Ik+kkHTqZhJmJEEJ3bnwVNy4UcesruPNtnLYRtPWHgY//nMOZ83sxo1JZ1pdRWFhcWl4prpbW1jc2t8ztnZaMEoFJE0csEh0PScIoJ01FFSOdWBAUeoy0veH1uN6+J0LSiN+pNCZOiAJOfYqR0pZr7gcuhZcwqARuRk/s0THEP5C69Mg1y1bVmgjOg51DGeRquOZnrx/hJCRcYYak7NpWrJwMCUUxI6NSL5EkRniIAtLVyFFIpJNN7hjBQ+30oR8J/biCE/f3RIZCKdPQ050hUgM5Wxub/9W6ifIvnIzyOFGE4+kiP2FQRXAcCuxTQbBiqQaEBdV/hXiABMJKR1fSIdizJ89D67Rq16q127Ny/SqPowj2wAGoABucgzq4AQ3QBBg8gCfwAl6NR+PZeDPep60FI5/ZBX9kfHwDb7+XJQ==</latexit>

gi = g(gi�1, ci�1, yi)

<latexit sha1_base64="GfudYwztbxn6pur3N/pbIgifKSE="></latexit>

ci =

|x|X

j=1

↵i,jhj 2 Rd

Recap: Attention



• For each token generated at index i, we have:

• A key:

• A value:

• When trying to generate our next token at index j, we need 
a query:

• Scores over keys:

• Attention distribution over keys:

• Weighted sum of values: 

<latexit sha1_base64="sTKoU+4b8r+MTDJpVSXZ0BV0nqI=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBKR6rHoRfBSxX5AE8tms22XbjZhdyKU0JMX/4oXD4p49Td489+4aXvQ1gcDj/dmmJkXJIJrcJxva2FxaXlltbBWXN/Y3Nq2d3YbOk4VZXUai1i1AqKZ4JLVgYNgrUQxEgWCNYPBZe43H5jSPJZ3MEyYH5Ge5F1OCRipYx9cY49L7EUE+kGQ3Y7usxB7wCOmcTjq2CWn7IyB54k7JSU0Ra1jf3lhTNOISaCCaN12nQT8jCjgVLBR0Us1SwgdkB5rGyqJ2eNn4zdG+MgoIe7GypQEPFZ/T2Qk0noYBaYzP1fPern4n9dOoXvuZ1wmKTBJJ4u6qcAQ4zwTHHLFKIihIYQqbm7FtE8UoWCSK5oQ3NmX50njpOxWypWb01L1YhpHAe2jQ3SMXHSGqugK1VAdUfSIntErerOerBfr3fqYtC5Y05k99AfW5w96eJiG</latexit>

K 2 Rd⇥d
<latexit sha1_base64="ArSCFmted6V+xSlU9jl8oAe31Fo=">AAACBnicbVBNS8NAEN3Ur1q/qh5FWCyCp5KIVI9FLx6r2A9oYtlsNu3SzSbsToQSevLiX/HiQRGv/gZv/hs3bQ/a+mDg8d4MM/P8RHANtv1tFZaWV1bXiuuljc2t7Z3y7l5Lx6mirEljEauOTzQTXLImcBCskyhGIl+wtj+8yv32A1Oax/IORgnzItKXPOSUgJF65cMWdrnEbkRg4PvZ7fg+C7ALPGIaB+NeuWJX7QnwInFmpIJmaPTKX24Q0zRiEqggWncdOwEvIwo4FWxcclPNEkKHpM+6hkpi9njZ5I0xPjZKgMNYmZKAJ+rviYxEWo8i33Tm5+p5Lxf/87ophBdexmWSApN0uihMBYYY55nggCtGQYwMIVRxcyumA6IIBZNcyYTgzL+8SFqnVadWrd2cVeqXsziK6AAdoRPkoHNUR9eogZqIokf0jF7Rm/VkvVjv1se0tWDNZvbRH1ifP4xYmJE=</latexit>

V 2 Rd⇥d

<latexit sha1_base64="iTIFgJEOC+Dje0XCa16P91pDPto=">AAACBnicbVBNS8NAEJ34WetX1aMIi0XwVBKR6rHoxWMr9gOaWDabbbt0swm7G6GEnrz4V7x4UMSrv8Gb/8ZNm4O2Phh4vDfDzDw/5kxp2/62lpZXVtfWCxvFza3tnd3S3n5LRYkktEkiHsmOjxXlTNCmZprTTiwpDn1O2/7oOvPbD1QqFok7PY6pF+KBYH1GsDZSr3TUQC4TyA2xHvp+eju5TwPkahZShYJJr1S2K/YUaJE4OSlDjnqv9OUGEUlCKjThWKmuY8faS7HUjHA6KbqJojEmIzygXUMFNnu8dPrGBJ0YJUD9SJoSGk3V3xMpDpUah77pzM5V814m/ud1E92/9FIm4kRTQWaL+glHOkJZJihgkhLNx4ZgIpm5FZEhlphok1zRhODMv7xIWmcVp1qpNs7Ltas8jgIcwjGcggMXUIMbqEMTCDzCM7zCm/VkvVjv1sesdcnKZw7gD6zPH4Q4mIw=</latexit>

Q 2 Rd⇥d

<latexit sha1_base64="Wnb6a9t3NUaSOIW3lTnIlfcdHWY=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KolIdSMU3bisYB/QxjCZ3rTTTiZxZiKUUHDjr7hxoYhbf8Kdf+P0sdDWAxcO59zLvfcECWdKO863tbC4tLyymlvLr29sbm3bO7s1FaeSQpXGPJaNgCjgTEBVM82hkUggUcChHvSvRn79AaRisbjVgwS8iHQECxkl2ki+va/8rMeG+ALf+727FhMaJCUc933m2wWn6IyB54k7JQU0RcW3v1rtmKYRCE05UarpOon2MiI1oxyG+VaqICG0TzrQNFSQCJSXjX8Y4iOjtHEYS1NC47H6eyIjkVKDKDCdEdFdNeuNxP+8ZqrDcy9jIkk1CDpZFKYc6xiPAsFtJoFqPjCEUMnMrZh2iSTUJKHyJgR39uV5UjspuqVi6ea0UL6cxpFDB+gQHSMXnaEyukYVVEUUPaJn9IrerCfrxXq3PiatC9Z0Zg/9gfX5A3eZl20=</latexit>

sji = q|j ki
<latexit sha1_base64="LOkZORwfyY8HvSif6mpwFzdMbNk="></latexit>

↵ji =
exp(sji)Pj

i0=1 exp(sji0)<latexit sha1_base64="FAEqNKH8jG8C9tH+24UamlCKHl4=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi1U2h6MZlBfuAJobJdNJOO5OEmUmhhOzd+CtuXCji1h9w5984bbPQ1gMXDufcy733+DGjUlnWt1FYW9/Y3Cpul3Z29/YPzMOjtowSgUkLRywSXR9JwmhIWooqRrqxIIj7jHT88c3M70yIkDQK79U0Ji5Hg5AGFCOlJc8sY28E69CRCfdSWrezhxF0EIuHyEtHNIMTj3pmxapac8BVYuekAnI0PfPL6Uc44SRUmCEpe7YVKzdFQlHMSFZyEklihMdoQHqahogT6abzXzJ4qpU+DCKhK1Rwrv6eSBGXcsp93cmRGsplbyb+5/USFVy5KQ3jRJEQLxYFCYMqgrNgYJ8KghWbaoKwoPpWiIdIIKx0fCUdgr388ippn1ftWrV2d1FpXOdxFMEJKIMzYINL0AC3oAlaAINH8AxewZvxZLwY78bHorVg5DPH4A+Mzx/xXJpk</latexit>

cj =
jX

i=1

↵jivi

Recap: Self-Attention

<latexit sha1_base64="nRR6g88AAYpZ6k4IBzUT5R+J30M="></latexit>

xj+1 ⇠ p(Xj+1 | x1, . . . , xj) = softmax(f(cj , hj))
<latexit sha1_base64="dYoKHthJYvWfiJxQ5QsC8D4h6Jg=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBHaS9kVqR6LXjxWsB/YLiWbZtvYbHZJsmJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8w8PxZcG8f5Riura+sbm7mt/PbO7t5+4eCwqaNEUdagkYhU2yeaCS5Zw3AjWDtWjIS+YC1/dD31W49MaR7JOzOOmReSgeQBp8RY6b4bD3npqfdQLvcKRafizICXiZuRImSo9wpf3X5Ek5BJQwXRuuM6sfFSogyngk3y3USzmNARGbCOpZKETHvp7OIJPrVKHweRsiUNnqm/J1ISaj0OfdsZEjPUi95U/M/rJCa49FIu48QwSeeLgkRgE+Hp+7jPFaNGjC0hVHF7K6ZDogg1NqS8DcFdfHmZNM8qbrVSvT0v1q6yOHJwDCdQAhcuoAY3UIcGUJDwDK/whjR6Qe/oY966grKZI/gD9PkDor2QQQ==</latexit>

�(xj))

<latexit sha1_base64="GyzeGofS+/L5DnVJJ0/YN/ulzEs=">AAACC3icbVDLTsJAFJ3iC/FVdelmAjHBDWmNQTcmRDcuwcgjobWZDgMMTKd1ZmokDXs3/oobFxrj1h9w5984BRYKnuQmJ+fcm3vv8SNGpbKsbyOztLyyupZdz21sbm3vmLt7DRnGApM6DlkoWj6ShFFO6ooqRlqRICjwGWn6w8vUb94TIWnIb9QoIm6Aepx2KUZKS56Zv/MG8BzWoBP1afHBGxxBh3LoBEj1fT+5Ht92PLNglawJ4CKxZ6QAZqh65pfTCXEcEK4wQ1K2bStSboKEopiRcc6JJYkQHqIeaWvKUUCkm0x+GcNDrXRgNxS6uIIT9fdEggIpR4GvO9Mb5byXiv957Vh1z9yE8ihWhOPpom7MoAphGgzsUEGwYiNNEBZU3wpxHwmElY4vp0Ow519eJI3jkl0ulWsnhcrFLI4sOAB5UAQ2OAUVcAWqoA4weATP4BW8GU/Gi/FufExbM8ZsZh/8gfH5A8cAmao=</latexit>

qj = Q�(xj) 2 Rd

<latexit sha1_base64="W37hK3eOqsL3/5JaB2qTgqB9mzQ=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiQi1Y1QdCO4qWIf0MQwmUzboZNJmJmIJXTvxl9x40IRt/6AO//GSZuFth64cDjnXu69x48Zlcqyvo2FxaXlldXCWnF9Y3Nr29zZbckoEZg0ccQi0fGRJIxy0lRUMdKJBUGhz0jbH15kfvueCEkjfqtGMXFD1Oe0RzFSWvLM0tCj8AxeQSce0MqDRw+hQzl0QqQGvp/ejO8CzyxbVWsCOE/snJRBjoZnfjlBhJOQcIUZkrJrW7FyUyQUxYyMi04iSYzwEPVJV1OOQiLddPLLGB5oJYC9SOjiCk7U3xMpCqUchb7uzG6Us14m/ud1E9U7dVPK40QRjqeLegmDKoJZMDCggmDFRpogLKi+FeIBEggrHV9Rh2DPvjxPWkdVu1atXR+X6+d5HAWwD0qgAmxwAurgEjRAE2DwCJ7BK3gznowX4934mLYuGPnMHvgD4/MHsC+ZnA==</latexit>

ki = K�(xi) 2 Rd

<latexit sha1_base64="SuPP3UVRy7RXd6VimlmUfuUhQqg=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiQi1Y1QdOOyin1AE8NkMmmHTiZhZlIsoXs3/oobF4q49Qfc+TdO2i609cCFwzn3cu89fsKoVJb1bSwtr6yurRc2iptb2zu75t5+S8apwKSJYxaLjo8kYZSTpqKKkU4iCIp8Rtr+4Cr320MiJI35nRolxI1Qj9OQYqS05JmloUfhBWxBJ+nTyoNHj6FDOXQipPq+n92O7wPPLFtVawK4SOwZKYMZGp755QQxTiPCFWZIyq5tJcrNkFAUMzIuOqkkCcID1CNdTTmKiHSzyS9jeKSVAIax0MUVnKi/JzIUSTmKfN2Z3yjnvVz8z+umKjx3M8qTVBGOp4vClEEVwzwYGFBBsGIjTRAWVN8KcR8JhJWOr6hDsOdfXiStk6pdq9ZuTsv1y1kcBXAISqACbHAG6uAaNEATYPAInsEreDOejBfj3fiYti4Zs5kD8AfG5w/UG5my</latexit>

vi = V �(xi) 2 Rd



Self-Attention in Encoders

BOS

I

like

pizza

EOS

Encode
<latexit sha1_base64="qRhb1xFGYZYtvTXyIkaoqR/nlOg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqldpdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE68ZAN</latexit>

�(xi)
<latexit sha1_base64="EXJRk72HBL7gkTb6jhz5ITLJvyM=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2pWTSO21oJjMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kNvPbT6g0j+SDmcbYD+lI8oAzaqz02AupGftBOpkNyhW36s5BVomXkwrkaAzKX71hxJIQpWGCat313Nj0U6oMZwJnpV6iMaZsQkfYtVTSEHU/nSeekTOrDEkQKfukIXP190ZKQ62noW8ns4R62cvE/7xuYoLrfsplnBiUbPFRkAhiIpKdT4ZcITNiagllitushI2poszYkkq2BG/55FXSuqh6tWrt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD7QqRGg==</latexit>

k <latexit sha1_base64="vk96m7sv44ZDwxcat0WlVpbMJ78=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+8C2lEx6pw3NZMYkI5Shf+HGhSJu/Rt3/o2ZdhbaeiBwOOdecu7xY8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZQohg0WiUi1fapRcIkNw43AdqyQhr7Alj++yfzWEyrNI3lvJjH2QjqUPOCMGis9dENqRn6QPk77pbJbcWcgy8TLSRly1Pulr+4gYkmI0jBBte54bmx6KVWGM4HTYjfRGFM2pkPsWCppiLqXzhJPyalVBiSIlH3SkJn6eyOlodaT0LeTWUK96GXif14nMcFVL+UyTgxKNv8oSAQxEcnOJwOukBkxsYQyxW1WwkZUUWZsSUVbgrd48jJpnle8aqV6d1GuXed1FOAYTuAMPLiEGtxCHRrAQMIzvMKbo50X5935mI+uOPnOEfyB8/kD9iiRIA==</latexit>q
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<latexit sha1_base64="qRhb1xFGYZYtvTXyIkaoqR/nlOg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqldpdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE68ZAN</latexit>

�(xi)
<latexit sha1_base64="EXJRk72HBL7gkTb6jhz5ITLJvyM=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2pWTSO21oJjMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kNvPbT6g0j+SDmcbYD+lI8oAzaqz02AupGftBOpkNyhW36s5BVomXkwrkaAzKX71hxJIQpWGCat313Nj0U6oMZwJnpV6iMaZsQkfYtVTSEHU/nSeekTOrDEkQKfukIXP190ZKQ62noW8ns4R62cvE/7xuYoLrfsplnBiUbPFRkAhiIpKdT4ZcITNiagllitushI2poszYkkq2BG/55FXSuqh6tWrt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD7QqRGg==</latexit>

k <latexit sha1_base64="vk96m7sv44ZDwxcat0WlVpbMJ78=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+8C2lEx6pw3NZMYkI5Shf+HGhSJu/Rt3/o2ZdhbaeiBwOOdecu7xY8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZQohg0WiUi1fapRcIkNw43AdqyQhr7Alj++yfzWEyrNI3lvJjH2QjqUPOCMGis9dENqRn6QPk77pbJbcWcgy8TLSRly1Pulr+4gYkmI0jBBte54bmx6KVWGM4HTYjfRGFM2pkPsWCppiLqXzhJPyalVBiSIlH3SkJn6eyOlodaT0LeTWUK96GXif14nMcFVL+UyTgxKNv8oSAQxEcnOJwOukBkxsYQyxW1WwkZUUWZsSUVbgrd48jJpnle8aqV6d1GuXed1FOAYTuAMPLiEGtxCHRrAQMIzvMKbo50X5935mI+uOPnOEfyB8/kD9iiRIA==</latexit>q<latexit sha1_base64="y02YUJ3gvkLzRign/IG63QGWEb4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAHpI2m</latexit>s1



Self-Attention in Encoders

BOS

I

like

pizza

EOS

Encode
<latexit sha1_base64="qRhb1xFGYZYtvTXyIkaoqR/nlOg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqldpdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE68ZAN</latexit>

�(xi)
<latexit sha1_base64="EXJRk72HBL7gkTb6jhz5ITLJvyM=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2pWTSO21oJjMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kNvPbT6g0j+SDmcbYD+lI8oAzaqz02AupGftBOpkNyhW36s5BVomXkwrkaAzKX71hxJIQpWGCat313Nj0U6oMZwJnpV6iMaZsQkfYtVTSEHU/nSeekTOrDEkQKfukIXP190ZKQ62noW8ns4R62cvE/7xuYoLrfsplnBiUbPFRkAhiIpKdT4ZcITNiagllitushI2poszYkkq2BG/55FXSuqh6tWrt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD7QqRGg==</latexit>

k <latexit sha1_base64="vk96m7sv44ZDwxcat0WlVpbMJ78=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+8C2lEx6pw3NZMYkI5Shf+HGhSJu/Rt3/o2ZdhbaeiBwOOdecu7xY8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZQohg0WiUi1fapRcIkNw43AdqyQhr7Alj++yfzWEyrNI3lvJjH2QjqUPOCMGis9dENqRn6QPk77pbJbcWcgy8TLSRly1Pulr+4gYkmI0jBBte54bmx6KVWGM4HTYjfRGFM2pkPsWCppiLqXzhJPyalVBiSIlH3SkJn6eyOlodaT0LeTWUK96GXif14nMcFVL+UyTgxKNv8oSAQxEcnOJwOukBkxsYQyxW1WwkZUUWZsSUVbgrd48jJpnle8aqV6d1GuXed1FOAYTuAMPLiEGtxCHRrAQMIzvMKbo50X5935mI+uOPnOEfyB8/kD9iiRIA==</latexit>q<latexit sha1_base64="5n9Mvo3RgrklJF/Y5yy+moKlZrs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIR9r1+uuFV3DrJKvJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfja/d0rOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxEJRuCt/zyKmldVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDmkBBwDO8wpvz6Lw4787HorXg5DPH8AfO5w+4Y4/H</latexit>↵1
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<latexit sha1_base64="6BP9LU8nJGZTEPgIruSBUxwMbb0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0wPpev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwDvNY2W</latexit>c1

<latexit sha1_base64="qRhb1xFGYZYtvTXyIkaoqR/nlOg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqldpdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE68ZAN</latexit>

�(xi) <latexit sha1_base64="5n9Mvo3RgrklJF/Y5yy+moKlZrs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIR9r1+uuFV3DrJKvJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfja/d0rOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxEJRuCt/zyKmldVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDmkBBwDO8wpvz6Lw4787HorXg5DPH8AfO5w+4Y4/H</latexit>↵1
<latexit sha1_base64="B+mxMVRDDNVNMBEjYV3nMORijCY=">AAAB8XicbVBNTwIxFHyLX4hfqEcvjcTEE9k1Bj0SvXjERJAIhHRLFxq63U37loRs+BdePGiMV/+NN/+NXdiDgpM0mcy8l84bP5bCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMlGiGW+ySEa67VPDpVC8iQIlb8ea09CX/NEf32b+44RrIyL1gNOY90I6VCIQjKKVnrohxZEfpJNZv1xxq+4cZJV4OalAjka//NUdRCwJuUImqTEdz42xl1KNgkk+K3UTw2PKxnTIO5YqGnLTS+eJZ+TMKgMSRNo+hWSu/t5IaWjMNPTtZJbQLHuZ+J/XSTC47qVCxQlyxRYfBYkkGJHsfDIQmjOUU0so08JmJWxENWVoSyrZErzlk1dJ66Lq1aq1+8tK/SavowgncArn4MEV1OEOGtAEBgqe4RXeHOO8OO/Ox2K04OQ7x/AHzucP/cGRJQ==</latexit>v
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<latexit sha1_base64="qRhb1xFGYZYtvTXyIkaoqR/nlOg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqldpdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE68ZAN</latexit>

�(xi)
<latexit sha1_base64="EXJRk72HBL7gkTb6jhz5ITLJvyM=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2pWTSO21oJjMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kNvPbT6g0j+SDmcbYD+lI8oAzaqz02AupGftBOpkNyhW36s5BVomXkwrkaAzKX71hxJIQpWGCat313Nj0U6oMZwJnpV6iMaZsQkfYtVTSEHU/nSeekTOrDEkQKfukIXP190ZKQ62noW8ns4R62cvE/7xuYoLrfsplnBiUbPFRkAhiIpKdT4ZcITNiagllitushI2poszYkkq2BG/55FXSuqh6tWrt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD7QqRGg==</latexit>

k <latexit sha1_base64="vk96m7sv44ZDwxcat0WlVpbMJ78=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+8C2lEx6pw3NZMYkI5Shf+HGhSJu/Rt3/o2ZdhbaeiBwOOdecu7xY8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZQohg0WiUi1fapRcIkNw43AdqyQhr7Alj++yfzWEyrNI3lvJjH2QjqUPOCMGis9dENqRn6QPk77pbJbcWcgy8TLSRly1Pulr+4gYkmI0jBBte54bmx6KVWGM4HTYjfRGFM2pkPsWCppiLqXzhJPyalVBiSIlH3SkJn6eyOlodaT0LeTWUK96GXif14nMcFVL+UyTgxKNv8oSAQxEcnOJwOukBkxsYQyxW1WwkZUUWZsSUVbgrd48jJpnle8aqV6d1GuXed1FOAYTuAMPLiEGtxCHRrAQMIzvMKbo50X5935mI+uOPnOEfyB8/kD9iiRIA==</latexit>q <latexit sha1_base64="B+mxMVRDDNVNMBEjYV3nMORijCY=">AAAB8XicbVBNTwIxFHyLX4hfqEcvjcTEE9k1Bj0SvXjERJAIhHRLFxq63U37loRs+BdePGiMV/+NN/+NXdiDgpM0mcy8l84bP5bCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMlGiGW+ySEa67VPDpVC8iQIlb8ea09CX/NEf32b+44RrIyL1gNOY90I6VCIQjKKVnrohxZEfpJNZv1xxq+4cZJV4OalAjka//NUdRCwJuUImqTEdz42xl1KNgkk+K3UTw2PKxnTIO5YqGnLTS+eJZ+TMKgMSRNo+hWSu/t5IaWjMNPTtZJbQLHuZ+J/XSTC47qVCxQlyxRYfBYkkGJHsfDIQmjOUU0so08JmJWxENWVoSyrZErzlk1dJ66Lq1aq1+8tK/SavowgncArn4MEV1OEOGtAEBgqe4RXeHOO8OO/Ox2K04OQ7x/AHzucP/cGRJQ==</latexit>v <latexit sha1_base64="m9bRsq4DSRBnylJM0EbQuKFl+vY=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2pWTSO21oJjMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kNvPbT6g0j+SDmcbYD+lI8oAzaqz02AupGftBymaDcsWtunOQVeLlpAI5GoPyV28YsSREaZigWnc9Nzb9lCrDmcBZqZdojCmb0BF2LZU0RN1P54ln5MwqQxJEyj5pyFz9vZHSUOtp6NvJLKFe9jLxP6+bmOC6n3IZJwYlW3wUJIKYiGTnkyFXyIyYWkKZ4jYrYWOqKDO2pJItwVs+eZW0LqperVq7v6zUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A4OKREg==</latexit>c

We can get context-sensitive representations of 
each input token in parallel!

<latexit sha1_base64="SuVHntMNm20GqTcJ/A9jjLqdc5o="></latexit>

s = q|k 2 R|x|⇥|x|
<latexit sha1_base64="2K7uMDdLYod1RQHCfG56vmmuTzg=">AAACG3icbVDLSgNBEJyN7/iKevQyGIR4CbtBohdB9OJRwWggG0LvZDYZMrO7zPRKwrL/4cVf8eJBEU+CB//GyePgq2Cgpqqb7q4gkcKg6346hbn5hcWl5ZXi6tr6xmZpa/vGxKlmvMFiGetmAIZLEfEGCpS8mWgOKpD8Nhicj/3bO66NiKNrHCW8raAXiVAwQCt1SjUfZNIHekJ95EPMTByigmHeyab/rlD5iZdXfAXYD8LM5AedUtmtuhPQv8SbkTKZ4bJTeve7MUsVj5BJMKbluQm2M9AomOR50U8NT4ANoMdblkaguGlnk9tyum+VLg1jbV+EdKJ+78hAGTNSga0cr2h+e2PxP6+VYnjczkSUpMgjNh0UppJiTMdB0a7QnKEcWQJMC7srZX3QwNDGWbQheL9P/ktualWvXq1fHZZPz2ZxLJNdskcqxCNH5JRckEvSIIzck0fyTF6cB+fJeXXepqUFZ9azQ37A+fgCX/SiRg==</latexit>

↵ = softmaxdim=1(s)
<latexit sha1_base64="GG2ZxcEgx/ePIbY6UytzMhw191U=">AAACKHicbVBLSwMxGMzWV62vVY9egkXwVHZFqnixqAdPUsE+oNuWbJq2odnskmTFku7P8eJf8SKiSK/+ErNtD9o6EBjm+ybJjB8xKpXjjK3M0vLK6lp2PbexubW9Y+/uVWUYC0wqOGShqPtIEkY5qSiqGKlHgqDAZ6TmD67Tee2RCElD/qCGEWkGqMdpl2KkjNS2Lz3Koae9G8IUamkvQKrv+/ouaWv3YuSFxpterZ+SUZJ4SUvPaW077xScCeAicWckD2Yot+13rxPiOCBcYYakbLhOpJoaCUUxI0nOiyWJEB6gHmkYylFAZFNPgibwyCgd2A2FOVzBifrboVEg5TDwzWYaRM7PUvG/WSNW3fOmpjyKFeF4+lA3ZlCFMG0NdqggWLGhIQgLav4KcR8JhJXpNmdKcOcjL5LqScEtFor3p/nS1ayOLDgAh+AYuOAMlMAtKIMKwOAZvIIP8Gm9WG/WlzWermasmWcf/IH1/QNE46lD</latexit>

2 {�N1:|x|}|x|
<latexit sha1_base64="/UGdUp/jyIww+RuOJByhWNURwnE="></latexit>

c = ↵v 2 Rd⇥|x|



Building a Transformer Block
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…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

Transformer 
Block

• A transformer block takes 
as input a sequence of 
input vectors 

• It generates a sequence of 
output vectors  

<latexit sha1_base64="i9wVEP3nv5H69wRqZv6pEmC96u8=">AAACD3icbVC7TsMwFL0pr1JeBUYWiwrEVCWoAsYKFsaC6ENqQuU4TmvVcSLbQaqi/AELv8LCAEKsrGz8De5jgJYjWTo+517de4+fcKa0bX9bhaXlldW14nppY3Nre6e8u9dScSoJbZKYx7LjY0U5E7Spmea0k0iKI5/Ttj+8GvvtByoVi8WdHiXUi3BfsJARrI3UKx+7EdYDP8wGOXKZQNOvn93m91mAXM0iqpDIe+WKXbUnQIvEmZEKzNDolb/cICZpRIUmHCvVdexEexmWmhFO85KbKppgMsR92jVUYDPHyyb35OjIKAEKY2me0Gii/u7IcKTUKPJN5XhdNe+Nxf+8bqrDCy9jIkk1FWQ6KEw50jEah4MCJinRfGQIJpKZXREZYImJNhGWTAjO/MmLpHVadc6qtZtapX45i6MIB3AIJ+DAOdThGhrQBAKP8Ayv8GY9WS/Wu/UxLS1Ys559+APr8wc73JzL</latexit>

h 2 Rd⇥n

<latexit sha1_base64="LcOlx3FRvEqnCs1tK38yQKTImqQ=">AAACEHicbVC7TsMwFL3hWcqrwMhiUaEyVQmqgLGChbEg+pCaUDmu01p1nMh2kKoon8DCr7AwgBArIxt/g9tmgJYjWTo+517de48fc6a0bX9bS8srq2vrhY3i5tb2zm5pb7+lokQS2iQRj2THx4pyJmhTM81pJ5YUhz6nbX90NfHbD1QqFok7PY6pF+KBYAEjWBupV6q4IdZDP0iHWQW5TKDZ309vs/u0j1zNQqqQyHqlsl21p0CLxMlJGXI0eqUvtx+RJKRCE46V6jp2rL0US80Ip1nRTRSNMRnhAe0aKrCZ46XTgzJ0bJQ+CiJpntBoqv7uSHGo1Dj0TeVkXTXvTcT/vG6igwsvZSJONBVkNihIONIRmqSD+kxSovnYEEwkM7siMsQSE20yLJoQnPmTF0nrtOqcVWs3tXL9Mo+jAIdwBCfgwDnU4Roa0AQCj/AMr/BmPVkv1rv1MStdsvKeA/gD6/MHpLec/A==</latexit>

h0 2 Rd⇥n

<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

<latexit sha1_base64="eupKb/F+85B2hxPXdG4grgMeD+Y=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvoqsxIUZdFNy4r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaTu9zvPlGlmRSPZprQIMYjwSJGsLGS34+xGYdRNp6dD6o1t+7OgVaJV5AaFGgNql/9oSRpTIUhHGvte25iggwrwwins0o/1TTBZIJH1LdU4JjqIJtHnqEzqwxRJJV9wqC5+nsjw7HW0zi0k3lEvezl4n+en5roJsiYSFJDBVl8FKUcGYny+9GQKUoMn1qCiWI2KyJjrDAxtqWKLcFbPnmVdC7r3lW98dCoNW+LOspwAqdwAR5cQxPuoQVtICDhGV7hzTHOi/PufCxGS06xcwx/4Hz+AEwmkUY=</latexit>

h0



Building a Transformer Block

• A transformer block takes 
as input a sequence of 
input vectors 

• It generates a sequence of 
output vectors 

• For now, let’s focus on how 
it computes the output 
vector corresponding to the 
input at index i, 

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

Transformer 
Block

<latexit sha1_base64="i9wVEP3nv5H69wRqZv6pEmC96u8=">AAACD3icbVC7TsMwFL0pr1JeBUYWiwrEVCWoAsYKFsaC6ENqQuU4TmvVcSLbQaqi/AELv8LCAEKsrGz8De5jgJYjWTo+517de4+fcKa0bX9bhaXlldW14nppY3Nre6e8u9dScSoJbZKYx7LjY0U5E7Spmea0k0iKI5/Ttj+8GvvtByoVi8WdHiXUi3BfsJARrI3UKx+7EdYDP8wGOXKZQNOvn93m91mAXM0iqpDIe+WKXbUnQIvEmZEKzNDolb/cICZpRIUmHCvVdexEexmWmhFO85KbKppgMsR92jVUYDPHyyb35OjIKAEKY2me0Gii/u7IcKTUKPJN5XhdNe+Nxf+8bqrDCy9jIkk1FWQ6KEw50jEah4MCJinRfGQIJpKZXREZYImJNhGWTAjO/MmLpHVadc6qtZtapX45i6MIB3AIJ+DAOdThGhrQBAKP8Ayv8GY9WS/Wu/UxLS1Ys559+APr8wc73JzL</latexit>

h 2 Rd⇥n

<latexit sha1_base64="LcOlx3FRvEqnCs1tK38yQKTImqQ=">AAACEHicbVC7TsMwFL3hWcqrwMhiUaEyVQmqgLGChbEg+pCaUDmu01p1nMh2kKoon8DCr7AwgBArIxt/g9tmgJYjWTo+517de48fc6a0bX9bS8srq2vrhY3i5tb2zm5pb7+lokQS2iQRj2THx4pyJmhTM81pJ5YUhz6nbX90NfHbD1QqFok7PY6pF+KBYAEjWBupV6q4IdZDP0iHWQW5TKDZ309vs/u0j1zNQqqQyHqlsl21p0CLxMlJGXI0eqUvtx+RJKRCE46V6jp2rL0US80Ip1nRTRSNMRnhAe0aKrCZ46XTgzJ0bJQ+CiJpntBoqv7uSHGo1Dj0TeVkXTXvTcT/vG6igwsvZSJONBVkNihIONIRmqSD+kxSovnYEEwkM7siMsQSE20yLJoQnPmTF0nrtOqcVWs3tXL9Mo+jAIdwBCfgwDnU4Roa0AQCj/AMr/BmPVkv1rv1MStdsvKeA/gD6/MHpLec/A==</latexit>

h0 2 Rd⇥n

<latexit sha1_base64="k9TcZluOnHdgtkXifNjkQBxNPRM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU0mkqMeiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcis6HbFituXV3DrRKvILUoEBrWP0ajGKSCioN4Vjrvucmxs+wMoxwOqsMUk0TTCZ4TPuWSiyo9rP5rTN0ZpURCmNlSxo0V39PZFhoPRWB7RTYRHrZy8X/vH5qwhs/YzJJDZVksShMOTIxyh9HI6YoMXxqCSaK2VsRibDCxNh4KjYEb/nlVdK5rHtX9cZDo9a8LeIowwmcwgV4cA1NuIcWtIFABM/wCm+OcF6cd+dj0Vpyiplj+APn8wer2I4C</latexit>

h0
i

<latexit sha1_base64="dFVL4fDaTCq1AWA4lmja3QqUVww=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrCIrkoiRV0W3bisYh/Q1DKZTNqhk0mYmQglFPwVNy4Ucet3uPNvnLRdaOuBgcM593LPHD/hTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsu1jRTkTtKGZ5rSdSIojn9OWP7zO/dYjlYrF4l6PEtqNcF+wkBGsjdSzDwYnPYY8JpAXYT3w/exu/BD07LJTcSZAi8SdkTLMUO/ZX14QkzSiQhOOleq4TqK7GZaaEU7HJS9VNMFkiPu0Y6jAEVXdbBJ/jI6NEqAwluYJjSbq740MR0qNIt9M5hnVvJeL/3mdVIeX3YyJJNVUkOmhMOVIxyjvAgVMUqL5yBBMJDNZERlgiYk2jZVMCe78lxdJ86zinleqt9Vy7WpWRxEO4QhOwYULqMEN1KEBBDJ4hld4s56sF+vd+piOFqzZzj78gfX5A2XOlSY=</latexit>

h0
i 2 Rd

<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h



Self-Attention
1. Compute attention over 

input vectors

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h



Self-Attention
1. Compute attention over 

input vectors

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

<latexit sha1_base64="qFJjPkkyhCX2xVmyb7LlXzsq5+k=">AAACIHicbVBNS8NAEN3Ur1q/oh69LBbBU0lErBeh6EXwUsV+QBPLZrNpl2w2YXcjlJCf4sW/4sWDInrTX+O2jaCtDwbevJlhZp6XMCqVZX0apYXFpeWV8mplbX1jc8vc3mnLOBWYtHDMYtH1kCSMctJSVDHSTQRBkcdIxwsvxvXOPRGSxvxWjRLiRmjAaUAxUlrqm3UnQmroBVmYwzN4BX/SYQ4dyovUy27yu8zvh9BRNCIS8rxvVq2aNQGcJ3ZBqqBAs29+OH6M04hwhRmSsmdbiXIzJBTFjOQVJ5UkQThEA9LTlCO9x80mD+bwQCs+DGKhgys4UX9PZCiSchR5unN8sJytjcX/ar1UBaduRnmSKsLxdFGQMqhiOHYL+lQQrNhIE4QF1bdCPEQCYaU9rWgT7NmX50n7qGaf1I6vj6uN88KOMtgD++AQ2KAOGuASNEELYPAAnsALeDUejWfjzXiftpaMYmYX/IHx9Q22taNY</latexit>

k = Kh 2 Rdk⇥n

<latexit sha1_base64="Xs9q74z5hLDIMipHYH8eG/2U09U=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhNp72yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5omn5MwqAxLGyj5pyFz9vZHRSOtJFNjJWUK97M3E/7xuasJrP+MySQ1KtvgoTAUxMZmdTwZcITNiYgllitushI2ooszYkkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD7GaRGA==</latexit>

k



1. Compute attention over 
input vectors

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

<latexit sha1_base64="qFJjPkkyhCX2xVmyb7LlXzsq5+k=">AAACIHicbVBNS8NAEN3Ur1q/oh69LBbBU0lErBeh6EXwUsV+QBPLZrNpl2w2YXcjlJCf4sW/4sWDInrTX+O2jaCtDwbevJlhZp6XMCqVZX0apYXFpeWV8mplbX1jc8vc3mnLOBWYtHDMYtH1kCSMctJSVDHSTQRBkcdIxwsvxvXOPRGSxvxWjRLiRmjAaUAxUlrqm3UnQmroBVmYwzN4BX/SYQ4dyovUy27yu8zvh9BRNCIS8rxvVq2aNQGcJ3ZBqqBAs29+OH6M04hwhRmSsmdbiXIzJBTFjOQVJ5UkQThEA9LTlCO9x80mD+bwQCs+DGKhgys4UX9PZCiSchR5unN8sJytjcX/ar1UBaduRnmSKsLxdFGQMqhiOHYL+lQQrNhIE4QF1bdCPEQCYaU9rWgT7NmX50n7qGaf1I6vj6uN88KOMtgD++AQ2KAOGuASNEELYPAAnsALeDUejWfjzXiftpaMYmYX/IHx9Q22taNY</latexit>

k = Kh 2 Rdk⇥n

<latexit sha1_base64="Xs9q74z5hLDIMipHYH8eG/2U09U=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhNp72yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5omn5MwqAxLGyj5pyFz9vZHRSOtJFNjJWUK97M3E/7xuasJrP+MySQ1KtvgoTAUxMZmdTwZcITNiYgllitushI2ooszYkkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD7GaRGA==</latexit>

k

<latexit sha1_base64="fQGjfNWReeH+PVuFZO+zmiiDje8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0s4m7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94DjhfkQHSoSCUbTS/WNP9MoVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5udOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndRPb87r9Su8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QNY1I3a</latexit>qi

<latexit sha1_base64="s428gGXOaGnFh8e6e7uZ72Zh0hI=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhJUAQtSBQtji+hDakPkOE5r1XGC7SBVUVYWfoWFAYRY+QM2/ganzQAtR7J8dM69uvceL2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yFJGOWkrahipBcLgkKPka43vsr97gMRkkb8Vk1i4oRoyGlAMVJack1471J4AVtwpP8B5XAQIjXyvPQmu0t9d5y5ZtWqWVPARWIXpAoKNF3za+BHOAkJV5ghKfu2FSsnRUJRzEhWGSSSxAiP0ZD0NeUoJNJJp5dk8EgrPgwioR9XcKr+7khRKOUk9HRlvqec93LxP6+fqODcSSmPE0U4ng0KEgZVBPNYoE8FwYpNNEFYUL0rxCMkEFY6vIoOwZ4/eZF0Tmr2aa3eqlcbl0UcZXAADsExsMEZaIBr0ARtgMEjeAav4M14Ml6Md+NjVloyip598AfG5w8Lq5lW</latexit>

qi = Qhi 2 Rdk

Self-Attention



1. Compute attention over 
input vectors

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

<latexit sha1_base64="qFJjPkkyhCX2xVmyb7LlXzsq5+k=">AAACIHicbVBNS8NAEN3Ur1q/oh69LBbBU0lErBeh6EXwUsV+QBPLZrNpl2w2YXcjlJCf4sW/4sWDInrTX+O2jaCtDwbevJlhZp6XMCqVZX0apYXFpeWV8mplbX1jc8vc3mnLOBWYtHDMYtH1kCSMctJSVDHSTQRBkcdIxwsvxvXOPRGSxvxWjRLiRmjAaUAxUlrqm3UnQmroBVmYwzN4BX/SYQ4dyovUy27yu8zvh9BRNCIS8rxvVq2aNQGcJ3ZBqqBAs29+OH6M04hwhRmSsmdbiXIzJBTFjOQVJ5UkQThEA9LTlCO9x80mD+bwQCs+DGKhgys4UX9PZCiSchR5unN8sJytjcX/ar1UBaduRnmSKsLxdFGQMqhiOHYL+lQQrNhIE4QF1bdCPEQCYaU9rWgT7NmX50n7qGaf1I6vj6uN88KOMtgD++AQ2KAOGuASNEELYPAAnsALeDUejWfjzXiftpaMYmYX/IHx9Q22taNY</latexit>

k = Kh 2 Rdk⇥n

<latexit sha1_base64="Xs9q74z5hLDIMipHYH8eG/2U09U=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhNp72yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5omn5MwqAxLGyj5pyFz9vZHRSOtJFNjJWUK97M3E/7xuasJrP+MySQ1KtvgoTAUxMZmdTwZcITNiYgllitushI2ooszYkkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD7GaRGA==</latexit>

k

<latexit sha1_base64="fQGjfNWReeH+PVuFZO+zmiiDje8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0s4m7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94DjhfkQHSoSCUbTS/WNP9MoVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5udOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndRPb87r9Su8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QNY1I3a</latexit>qi

<latexit sha1_base64="s428gGXOaGnFh8e6e7uZ72Zh0hI=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhJUAQtSBQtji+hDakPkOE5r1XGC7SBVUVYWfoWFAYRY+QM2/ganzQAtR7J8dM69uvceL2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yFJGOWkrahipBcLgkKPka43vsr97gMRkkb8Vk1i4oRoyGlAMVJack1471J4AVtwpP8B5XAQIjXyvPQmu0t9d5y5ZtWqWVPARWIXpAoKNF3za+BHOAkJV5ghKfu2FSsnRUJRzEhWGSSSxAiP0ZD0NeUoJNJJp5dk8EgrPgwioR9XcKr+7khRKOUk9HRlvqec93LxP6+fqODcSSmPE0U4ng0KEgZVBPNYoE8FwYpNNEFYUL0rxCMkEFY6vIoOwZ4/eZF0Tmr2aa3eqlcbl0UcZXAADsExsMEZaIBr0ARtgMEjeAav4M14Ml6Md+NjVloyip598AfG5w8Lq5lW</latexit>

qi = Qhi 2 Rdk
<latexit sha1_base64="Mn3U6q1Icd3c8hq31SJYnbDU+gc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPu8X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP1vgjdw=</latexit>si

Self-Attention

<latexit sha1_base64="vDpt+nxAPn0WjA2AC3sRTkvYB+Y="></latexit>

si =
q|i kp
dk

2 Rn

Scaling by vector dimension 
ensures the values don’t become 
way too large.



1. Compute attention over 
input vectors

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

<latexit sha1_base64="qFJjPkkyhCX2xVmyb7LlXzsq5+k=">AAACIHicbVBNS8NAEN3Ur1q/oh69LBbBU0lErBeh6EXwUsV+QBPLZrNpl2w2YXcjlJCf4sW/4sWDInrTX+O2jaCtDwbevJlhZp6XMCqVZX0apYXFpeWV8mplbX1jc8vc3mnLOBWYtHDMYtH1kCSMctJSVDHSTQRBkcdIxwsvxvXOPRGSxvxWjRLiRmjAaUAxUlrqm3UnQmroBVmYwzN4BX/SYQ4dyovUy27yu8zvh9BRNCIS8rxvVq2aNQGcJ3ZBqqBAs29+OH6M04hwhRmSsmdbiXIzJBTFjOQVJ5UkQThEA9LTlCO9x80mD+bwQCs+DGKhgys4UX9PZCiSchR5unN8sJytjcX/ar1UBaduRnmSKsLxdFGQMqhiOHYL+lQQrNhIE4QF1bdCPEQCYaU9rWgT7NmX50n7qGaf1I6vj6uN88KOMtgD++AQ2KAOGuASNEELYPAAnsALeDUejWfjzXiftpaMYmYX/IHx9Q22taNY</latexit>

k = Kh 2 Rdk⇥n
<latexit sha1_base64="s428gGXOaGnFh8e6e7uZ72Zh0hI=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhJUAQtSBQtji+hDakPkOE5r1XGC7SBVUVYWfoWFAYRY+QM2/ganzQAtR7J8dM69uvceL2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yFJGOWkrahipBcLgkKPka43vsr97gMRkkb8Vk1i4oRoyGlAMVJack1471J4AVtwpP8B5XAQIjXyvPQmu0t9d5y5ZtWqWVPARWIXpAoKNF3za+BHOAkJV5ghKfu2FSsnRUJRzEhWGSSSxAiP0ZD0NeUoJNJJp5dk8EgrPgwioR9XcKr+7khRKOUk9HRlvqec93LxP6+fqODcSSmPE0U4ng0KEgZVBPNYoE8FwYpNNEFYUL0rxCMkEFY6vIoOwZ4/eZF0Tmr2aa3eqlcbl0UcZXAADsExsMEZaIBr0ARtgMEjeAav4M14Ml6Md+NjVloyip598AfG5w8Lq5lW</latexit>

qi = Qhi 2 Rdk
<latexit sha1_base64="3+q71v4Ctt8R1ZyQ0NDN4xuWcBk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIR93i9X3Ko7B1klXk4qkKPRL3/1BjFNIyYNFah113MT42eoDKeCTUu9VLME6RiHrGupxIhpP5vfOyVnVhmQMFa2pCFz9fdEhpHWkyiwnRGakV72ZuJ/Xjc14bWfcZmkhkm6WBSmgpiYzJ4nA64YNWJiCVLF7a2EjlAhNTaikg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTaAg4Ble4c15dF6cd+dj0Vpw8plj+APn8wcMro/9</latexit>↵i<latexit sha1_base64="vDpt+nxAPn0WjA2AC3sRTkvYB+Y="></latexit>

si =
q|i kp
dk

2 Rn

<latexit sha1_base64="5kdCMitYhnwdpaMTaxg6p+1ohl0="></latexit>

↵i = softmax (si) 2 �N1:n

Self-Attention



Self-Attention
1. Compute attention over 

input vectors

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

<latexit sha1_base64="qFJjPkkyhCX2xVmyb7LlXzsq5+k=">AAACIHicbVBNS8NAEN3Ur1q/oh69LBbBU0lErBeh6EXwUsV+QBPLZrNpl2w2YXcjlJCf4sW/4sWDInrTX+O2jaCtDwbevJlhZp6XMCqVZX0apYXFpeWV8mplbX1jc8vc3mnLOBWYtHDMYtH1kCSMctJSVDHSTQRBkcdIxwsvxvXOPRGSxvxWjRLiRmjAaUAxUlrqm3UnQmroBVmYwzN4BX/SYQ4dyovUy27yu8zvh9BRNCIS8rxvVq2aNQGcJ3ZBqqBAs29+OH6M04hwhRmSsmdbiXIzJBTFjOQVJ5UkQThEA9LTlCO9x80mD+bwQCs+DGKhgys4UX9PZCiSchR5unN8sJytjcX/ar1UBaduRnmSKsLxdFGQMqhiOHYL+lQQrNhIE4QF1bdCPEQCYaU9rWgT7NmX50n7qGaf1I6vj6uN88KOMtgD++AQ2KAOGuASNEELYPAAnsALeDUejWfjzXiftpaMYmYX/IHx9Q22taNY</latexit>

k = Kh 2 Rdk⇥n
<latexit sha1_base64="s428gGXOaGnFh8e6e7uZ72Zh0hI=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhJUAQtSBQtji+hDakPkOE5r1XGC7SBVUVYWfoWFAYRY+QM2/ganzQAtR7J8dM69uvceL2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yFJGOWkrahipBcLgkKPka43vsr97gMRkkb8Vk1i4oRoyGlAMVJack1471J4AVtwpP8B5XAQIjXyvPQmu0t9d5y5ZtWqWVPARWIXpAoKNF3za+BHOAkJV5ghKfu2FSsnRUJRzEhWGSSSxAiP0ZD0NeUoJNJJp5dk8EgrPgwioR9XcKr+7khRKOUk9HRlvqec93LxP6+fqODcSSmPE0U4ng0KEgZVBPNYoE8FwYpNNEFYUL0rxCMkEFY6vIoOwZ4/eZF0Tmr2aa3eqlcbl0UcZXAADsExsMEZaIBr0ARtgMEjeAav4M14Ml6Md+NjVloyip598AfG5w8Lq5lW</latexit>

qi = Qhi 2 Rdk
<latexit sha1_base64="3+q71v4Ctt8R1ZyQ0NDN4xuWcBk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIR93i9X3Ko7B1klXk4qkKPRL3/1BjFNIyYNFah113MT42eoDKeCTUu9VLME6RiHrGupxIhpP5vfOyVnVhmQMFa2pCFz9fdEhpHWkyiwnRGakV72ZuJ/Xjc14bWfcZmkhkm6WBSmgpiYzJ4nA64YNWJiCVLF7a2EjlAhNTaikg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTaAg4Ble4c15dF6cd+dj0Vpw8plj+APn8wcMro/9</latexit>↵i

<latexit sha1_base64="GRuxbeGZdJOlSIDiXsmmlxIc3sY=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APbUjLpnTY0kxmSTKEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU1FGiGDZYJCLV9qlGwSU2DDcC27FCGvoCW/74LvNbE1SaR/LRTGPshXQoecAZNVZ66obUjPwgncz65Ypbdecgq8TLSQVy1Pvlr+4gYkmI0jBBte54bmx6KVWGM4GzUjfRGFM2pkPsWCppiLqXzhPPyJlVBiSIlH3SkLn6eyOlodbT0LeTWUK97GXif14nMcFNL+UyTgxKtvgoSAQxEcnOJwOukBkxtYQyxW1WwkZUUWZsSSVbgrd88ippXlS9q+rlw2WldpvXUYQTOIVz8OAaanAPdWgAAwnP8ApvjnZenHfnYzFacPKdY/gD5/MH/R2RIw==</latexit>v
<latexit sha1_base64="qFSnsfbFUZhhxh+U7GvwZclIbTU=">AAACIHicbVBNS8NAEN3Ur1q/oh69LBbBU0lErBeh6MVjFfsBTQyb7aZdutmE3U2hhPwUL/4VLx4U0Zv+GjdtBG19MPDmzQwz8/yYUaks69MoLS2vrK6V1ysbm1vbO+buXltGicCkhSMWia6PJGGUk5aiipFuLAgKfUY6/ugqr3fGREga8Ts1iYkbogGnAcVIackz606I1NAP0nEGL2Ab/qTDDDqUF6mf3mb3ad8bQUfRkEjIM8+sWjVrCrhI7IJUQYGmZ344/QgnIeEKMyRlz7Zi5aZIKIoZySpOIkmM8AgNSE9TjvQeN50+mMEjrfRhEAkdXMGp+nsiRaGUk9DXnfnBcr6Wi//VeokKzt2U8jhRhOPZoiBhUEUwdwv2qSBYsYkmCAuqb4V4iATCSnta0SbY8y8vkvZJzT6rnd6cVhuXhR1lcAAOwTGwQR00wDVoghbA4AE8gRfwajwaz8ab8T5rLRnFzD74A+PrG9vKo24=</latexit>

v = V h 2 Rdk⇥n

<latexit sha1_base64="vDpt+nxAPn0WjA2AC3sRTkvYB+Y="></latexit>

si =
q|i kp
dk

2 Rn

<latexit sha1_base64="5kdCMitYhnwdpaMTaxg6p+1ohl0="></latexit>

↵i = softmax (si) 2 �N1:n



1. Compute attention over 
input vectors

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

<latexit sha1_base64="qFJjPkkyhCX2xVmyb7LlXzsq5+k=">AAACIHicbVBNS8NAEN3Ur1q/oh69LBbBU0lErBeh6EXwUsV+QBPLZrNpl2w2YXcjlJCf4sW/4sWDInrTX+O2jaCtDwbevJlhZp6XMCqVZX0apYXFpeWV8mplbX1jc8vc3mnLOBWYtHDMYtH1kCSMctJSVDHSTQRBkcdIxwsvxvXOPRGSxvxWjRLiRmjAaUAxUlrqm3UnQmroBVmYwzN4BX/SYQ4dyovUy27yu8zvh9BRNCIS8rxvVq2aNQGcJ3ZBqqBAs29+OH6M04hwhRmSsmdbiXIzJBTFjOQVJ5UkQThEA9LTlCO9x80mD+bwQCs+DGKhgys4UX9PZCiSchR5unN8sJytjcX/ar1UBaduRnmSKsLxdFGQMqhiOHYL+lQQrNhIE4QF1bdCPEQCYaU9rWgT7NmX50n7qGaf1I6vj6uN88KOMtgD++AQ2KAOGuASNEELYPAAnsALeDUejWfjzXiftpaMYmYX/IHx9Q22taNY</latexit>

k = Kh 2 Rdk⇥n
<latexit sha1_base64="s428gGXOaGnFh8e6e7uZ72Zh0hI=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhJUAQtSBQtji+hDakPkOE5r1XGC7SBVUVYWfoWFAYRY+QM2/ganzQAtR7J8dM69uvceL2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yFJGOWkrahipBcLgkKPka43vsr97gMRkkb8Vk1i4oRoyGlAMVJack1471J4AVtwpP8B5XAQIjXyvPQmu0t9d5y5ZtWqWVPARWIXpAoKNF3za+BHOAkJV5ghKfu2FSsnRUJRzEhWGSSSxAiP0ZD0NeUoJNJJp5dk8EgrPgwioR9XcKr+7khRKOUk9HRlvqec93LxP6+fqODcSSmPE0U4ng0KEgZVBPNYoE8FwYpNNEFYUL0rxCMkEFY6vIoOwZ4/eZF0Tmr2aa3eqlcbl0UcZXAADsExsMEZaIBr0ARtgMEjeAav4M14Ml6Md+NjVloyip598AfG5w8Lq5lW</latexit>

qi = Qhi 2 Rdk
<latexit sha1_base64="3+q71v4Ctt8R1ZyQ0NDN4xuWcBk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIR93i9X3Ko7B1klXk4qkKPRL3/1BjFNIyYNFah113MT42eoDKeCTUu9VLME6RiHrGupxIhpP5vfOyVnVhmQMFa2pCFz9fdEhpHWkyiwnRGakV72ZuJ/Xjc14bWfcZmkhkm6WBSmgpiYzJ4nA64YNWJiCVLF7a2EjlAhNTaikg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTaAg4Ble4c15dF6cd+dj0Vpw8plj+APn8wcMro/9</latexit>↵i

<latexit sha1_base64="GRuxbeGZdJOlSIDiXsmmlxIc3sY=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APbUjLpnTY0kxmSTKEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU1FGiGDZYJCLV9qlGwSU2DDcC27FCGvoCW/74LvNbE1SaR/LRTGPshXQoecAZNVZ66obUjPwgncz65Ypbdecgq8TLSQVy1Pvlr+4gYkmI0jBBte54bmx6KVWGM4GzUjfRGFM2pkPsWCppiLqXzhPPyJlVBiSIlH3SkLn6eyOlodbT0LeTWUK97GXif14nMcFNL+UyTgxKtvgoSAQxEcnOJwOukBkxtYQyxW1WwkZUUWZsSSVbgrd88ippXlS9q+rlw2WldpvXUYQTOIVz8OAaanAPdWgAAwnP8ApvjnZenHfnYzFacPKdY/gD5/MH/R2RIw==</latexit>v

<latexit sha1_base64="Bq1eeodPDpjU1Tsq2zKK/yYD0bE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0wPq8X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP0OAjcw=</latexit>ci

<latexit sha1_base64="qFSnsfbFUZhhxh+U7GvwZclIbTU=">AAACIHicbVBNS8NAEN3Ur1q/oh69LBbBU0lErBeh6MVjFfsBTQyb7aZdutmE3U2hhPwUL/4VLx4U0Zv+GjdtBG19MPDmzQwz8/yYUaks69MoLS2vrK6V1ysbm1vbO+buXltGicCkhSMWia6PJGGUk5aiipFuLAgKfUY6/ugqr3fGREga8Ts1iYkbogGnAcVIackz606I1NAP0nEGL2Ab/qTDDDqUF6mf3mb3ad8bQUfRkEjIM8+sWjVrCrhI7IJUQYGmZ344/QgnIeEKMyRlz7Zi5aZIKIoZySpOIkmM8AgNSE9TjvQeN50+mMEjrfRhEAkdXMGp+nsiRaGUk9DXnfnBcr6Wi//VeokKzt2U8jhRhOPZoiBhUEUwdwv2qSBYsYkmCAuqb4V4iATCSnta0SbY8y8vkvZJzT6rnd6cVhuXhR1lcAAOwTGwQR00wDVoghbA4AE8gRfwajwaz8ab8T5rLRnFzD74A+PrG9vKo24=</latexit>

v = V h 2 Rdk⇥n

<latexit sha1_base64="vDpt+nxAPn0WjA2AC3sRTkvYB+Y="></latexit>

si =
q|i kp
dk

2 Rn

<latexit sha1_base64="5kdCMitYhnwdpaMTaxg6p+1ohl0="></latexit>

↵i = softmax (si) 2 �N1:n

<latexit sha1_base64="L6Y0BD++U2KLw9sAdc5nf7cVov8=">AAACDHicbVDLSgMxFM3UV62vqks3wSK6KjNS1E2h6MZlBfuAzjhk0kwbmmSGJFMow3yAG3/FjQtF3PoB7vwbM20X2nogcDjnXG7uCWJGlbbtb6uwsrq2vlHcLG1t7+zulfcP2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkEo5vc74yJVDQS93oSE4+jgaAhxUgbyS9XsE9hHboq4X5KT+tO9iCgi1g8RMYY51pmUnbVngIuE2dOKmCOpl/+cvsRTjgRGjOkVM+xY+2lSGqKGclKbqJIjPAIDUjPUIE4UV46PSaDJ0bpwzCS5gkNp+rviRRxpSY8MEmO9FAtern4n9dLdHjlpVTEiSYCzxaFCYM6gnkzsE8lwZpNDEFYUvNXiIdIIqxNfyVTgrN48jJpn1edi2rtrlZpXM/rKIIjcAzOgAMuQQPcgiZoAQwewTN4BW/Wk/VivVsfs2jBms8cgj+wPn8A9leaUw==</latexit>

ci =
nX

i0=1

↵ivi0

Self-Attention



1. Compute attention over 
input vectors

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

<latexit sha1_base64="qFJjPkkyhCX2xVmyb7LlXzsq5+k=">AAACIHicbVBNS8NAEN3Ur1q/oh69LBbBU0lErBeh6EXwUsV+QBPLZrNpl2w2YXcjlJCf4sW/4sWDInrTX+O2jaCtDwbevJlhZp6XMCqVZX0apYXFpeWV8mplbX1jc8vc3mnLOBWYtHDMYtH1kCSMctJSVDHSTQRBkcdIxwsvxvXOPRGSxvxWjRLiRmjAaUAxUlrqm3UnQmroBVmYwzN4BX/SYQ4dyovUy27yu8zvh9BRNCIS8rxvVq2aNQGcJ3ZBqqBAs29+OH6M04hwhRmSsmdbiXIzJBTFjOQVJ5UkQThEA9LTlCO9x80mD+bwQCs+DGKhgys4UX9PZCiSchR5unN8sJytjcX/ar1UBaduRnmSKsLxdFGQMqhiOHYL+lQQrNhIE4QF1bdCPEQCYaU9rWgT7NmX50n7qGaf1I6vj6uN88KOMtgD++AQ2KAOGuASNEELYPAAnsALeDUejWfjzXiftpaMYmYX/IHx9Q22taNY</latexit>

k = Kh 2 Rdk⇥n
<latexit sha1_base64="s428gGXOaGnFh8e6e7uZ72Zh0hI=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhJUAQtSBQtji+hDakPkOE5r1XGC7SBVUVYWfoWFAYRY+QM2/ganzQAtR7J8dM69uvceL2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yFJGOWkrahipBcLgkKPka43vsr97gMRkkb8Vk1i4oRoyGlAMVJack1471J4AVtwpP8B5XAQIjXyvPQmu0t9d5y5ZtWqWVPARWIXpAoKNF3za+BHOAkJV5ghKfu2FSsnRUJRzEhWGSSSxAiP0ZD0NeUoJNJJp5dk8EgrPgwioR9XcKr+7khRKOUk9HRlvqec93LxP6+fqODcSSmPE0U4ng0KEgZVBPNYoE8FwYpNNEFYUL0rxCMkEFY6vIoOwZ4/eZF0Tmr2aa3eqlcbl0UcZXAADsExsMEZaIBr0ARtgMEjeAav4M14Ml6Md+NjVloyip598AfG5w8Lq5lW</latexit>

qi = Qhi 2 Rdk

<latexit sha1_base64="qFSnsfbFUZhhxh+U7GvwZclIbTU=">AAACIHicbVBNS8NAEN3Ur1q/oh69LBbBU0lErBeh6MVjFfsBTQyb7aZdutmE3U2hhPwUL/4VLx4U0Zv+GjdtBG19MPDmzQwz8/yYUaks69MoLS2vrK6V1ysbm1vbO+buXltGicCkhSMWia6PJGGUk5aiipFuLAgKfUY6/ugqr3fGREga8Ts1iYkbogGnAcVIackz606I1NAP0nEGL2Ab/qTDDDqUF6mf3mb3ad8bQUfRkEjIM8+sWjVrCrhI7IJUQYGmZ344/QgnIeEKMyRlz7Zi5aZIKIoZySpOIkmM8AgNSE9TjvQeN50+mMEjrfRhEAkdXMGp+nsiRaGUk9DXnfnBcr6Wi//VeokKzt2U8jhRhOPZoiBhUEUwdwv2qSBYsYkmCAuqb4V4iATCSnta0SbY8y8vkvZJzT6rnd6cVhuXhR1lcAAOwTGwQR00wDVoghbA4AE8gRfwajwaz8ab8T5rLRnFzD74A+PrG9vKo24=</latexit>

v = V h 2 Rdk⇥n

<latexit sha1_base64="Bq1eeodPDpjU1Tsq2zKK/yYD0bE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0wPq8X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP0OAjcw=</latexit>ci

<latexit sha1_base64="LZ9mdKd6Sg7wu+w+7/sM4+Jufis=">AAACEXicbVDLSsNAFJ34rPUVdelmsAh1UxIp6kaounFZ0T6gLWEynbRDJw9mbsQS8gtu/BU3LhRx686df+OkzUJbDwwczrn3zr3HjQRXYFnfxsLi0vLKamGtuL6xubVt7uw2VRhLyho0FKFsu0QxwQPWAA6CtSPJiO8K1nJHV5nfumdS8TC4g3HEej4ZBNzjlICWHLNMHY7PcRfYAyS3THgXACzIvLTc9QkMXS8ZpkcOd8ySVbEmwPPEzkkJ5ag75le3H9LY19OoIEp1bCuCXkIkcCpYWuzGikWEjsiAdTQNiM9UL5lclOJDrfSxF0r9AsAT9XdHQnylxr6rK7Ml1ayXif95nRi8s17CgyjWZ9LpR14sMIQ4iwf3uWQUxFgTQiXXu2I6JJJQ0CEWdQj27MnzpHlcsU8q1ZtqqXaZx1FA++gAlZGNTlENXaM6aiCKHtEzekVvxpPxYrwbH9PSBSPv2UN/YHz+AJ9cnYw=</latexit>

ci = SelfAttention(h)i

Self Attention

<latexit sha1_base64="vDpt+nxAPn0WjA2AC3sRTkvYB+Y="></latexit>

si =
q|i kp
dk

2 Rn

<latexit sha1_base64="5kdCMitYhnwdpaMTaxg6p+1ohl0="></latexit>

↵i = softmax (si) 2 �N1:n

<latexit sha1_base64="L6Y0BD++U2KLw9sAdc5nf7cVov8=">AAACDHicbVDLSgMxFM3UV62vqks3wSK6KjNS1E2h6MZlBfuAzjhk0kwbmmSGJFMow3yAG3/FjQtF3PoB7vwbM20X2nogcDjnXG7uCWJGlbbtb6uwsrq2vlHcLG1t7+zulfcP2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkEo5vc74yJVDQS93oSE4+jgaAhxUgbyS9XsE9hHboq4X5KT+tO9iCgi1g8RMYY51pmUnbVngIuE2dOKmCOpl/+cvsRTjgRGjOkVM+xY+2lSGqKGclKbqJIjPAIDUjPUIE4UV46PSaDJ0bpwzCS5gkNp+rviRRxpSY8MEmO9FAtern4n9dLdHjlpVTEiSYCzxaFCYM6gnkzsE8lwZpNDEFYUvNXiIdIIqxNfyVTgrN48jJpn1edi2rtrlZpXM/rKIIjcAzOgAMuQQPcgiZoAQwewTN4BW/Wk/VivVsfs2jBms8cgj+wPn8A9leaUw==</latexit>

ci =
nX

i0=1

↵ivi0

<latexit sha1_base64="lNwZrtD/MRA8856kpZE2ceqpPw4=">AAACIHicbVDLSgMxFM34rPU16tJNsAgupMxIsW6EqhvBTUVbhU4pmfROG5p5kNwRyzCf4sZfceNCEd3p15jWLnwdCBzOuTfJOX4ihUbHebempmdm5+YLC8XFpeWVVXttvanjVHFo8FjG6tpnGqSIoIECJVwnCljoS7jyBycj/+oGlBZxdInDBNoh60UiEJyhkTp21cM+IOtkHsItZhcggyNEiEZuntND6kkI0Mvo2S4936VNT4leH728Y5ecsjMG/UvcCSmRCeod+83rxjwNzdVcMq1brpNgO2MKBZeQF71UQ8L4gPWgZWjEQtDtbBwwp9tG6dIgVuZESMfq942MhVoPQ99Mhgz7+rc3Ev/zWikGB+1MRElqMvOvh4JUUozpqC3aFQo4yqEhjCth/kp5nynG0XRaNCW4vyP/Jc29srtfrpxXSrXjSR0Fskm2yA5xSZXUyCmpkwbh5I48kCfybN1bj9aL9fo1OmVNdjbID1gfn9D1o1Q=</latexit>

✓SelfAttention = {K,Q, V }

Self-Attention



Multi-Head Attention
1. Compute attention over 

input vectors

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

Self Attention …

Multi-Head Attention

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="myaabniTP2axMctTWNOMN9h3yqE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9RpVkk780kpr7AQ8lCRrCx0gN5TMvu+bTP+sWSW3HnQKvEy0gJMjT6xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8MpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdK6qHi1SvWuWqpfZ3Hk4QROoQweXEIdbqEBTSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gD12o/f</latexit>

c(0)i

<latexit sha1_base64="zaBh6zeUgxKKqonSEQ4QCRuzDrg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9RpVkk780kpr7AQ8lCRrCx0gN5TMve+bTP+sWSW3HnQKvEy0gJMjT6xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8MpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdK6qHi1SvWuWqpfZ3Hk4QROoQweXEIdbqEBTSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gD3Yo/g</latexit>

c(1)i

<latexit sha1_base64="V8zR7COS17Al2QeIZommR4WlzJQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9NJjBfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8e3Mbz9RpVkk780kpr7AQ8lCRrCx0gN5TMv182mf9Yslt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4bWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfEuK9W7aql2k8WRhxM4hTJ4cAU1qEMDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AEaqY/3</latexit>

c(H)
i

<latexit sha1_base64="ujAywaZk8wgiO1h8cyekVvT8Jak="></latexit>

s(j)i =
q(j)|i k(j)

p
dk

2 Rn

<latexit sha1_base64="6Gvb6WIVFr7oNVx335x+1bv7WDI="></latexit>

↵(j)
i = softmax

⇣
s(j)i

⌘
2 �N1:n

<latexit sha1_base64="74W+mxs4J14Ae39b65uVlgx6FtQ=">AAACHnicbZDLSsNAFIYn9VbrrerSzWAR66YkUi+bQtGNywr2Am0aJtNJO3YyCTOTQgl5Eje+ihsXigiu9G2ctkG09cDAx/+fw5nzuyGjUpnml5FZWl5ZXcuu5zY2t7Z38rt7DRlEApM6DlggWi6ShFFO6ooqRlqhIMh3GWm6w+uJ3xwRIWnA79Q4JLaP+px6FCOlJSd/hrtx8f4kcSiswI6MfCemxxUr6XLYQSwcoB97lJL2EydfMEvmtOAiWCkUQFo1J//R6QU48glXmCEp25YZKjtGQlHMSJLrRJKECA9Rn7Q1cuQTacfT8xJ4pJUe9AKhH1dwqv6eiJEv5dh3daeP1EDOexPxP68dKe/SjikPI0U4ni3yIgZVACdZwR4VBCs21oCwoPqvEA+QQFjpRHM6BGv+5EVonJas81L5tlyoXqVxZMEBOARFYIELUAU3oAbqAIMH8ARewKvxaDwbb8b7rDVjpDP74E8Zn98LAqE6</latexit>

c(j)i =
nX

i0=1

↵(j)
i v(j)i0

<latexit sha1_base64="kJdVau6cGX5TTsJy00CEiR/n8bo=">AAACGXicbVC7TgJBFJ31ifhCLW0mEhNoyK4hamOC2lhilEcCuJkdZmFg9pGZu0ay2d+w8VdsLDTGUiv/xlmgUPAkk5ycc++de48TCq7ANL+NhcWl5ZXVzFp2fWNzazu3s1tXQSQpq9FABLLpEMUE91kNOAjWDCUjniNYwxlepn7jnknFA/8WRiHreKTnc5dTAlqycya9iwuDYmJzfIbbwB4gvmHCPQdgflqR2INC2yPQd9y4nxRtbufyZskcA88Ta0ryaIqqnftsdwMaeXoeFUSplmWG0ImJBE4FS7LtSLGQ0CHpsZamPvGY6sTjyxJ8qJUudgOpnw94rP7uiImn1MhzdGW6pJr1UvE/rxWBe9qJuR9G+lA6+ciNBIYApzHhLpeMghhpQqjkeldM+0QSCjrMrA7Bmj15ntSPStZxqXxdzlcupnFk0D46QAVkoRNUQVeoimqIokf0jF7Rm/FkvBjvxsekdMGY9uyhPzC+fgCYf6C2</latexit>

c(j)i = SelfAttentionj(h)i

<latexit sha1_base64="xYA9tsR1q+1S8nPHItTW9yzFi2M="></latexit>

k(j) = Kjh 2 Rdk⇥n
<latexit sha1_base64="Aoxsn3Te/f36jF+QddVvd2Kkhng=">AAACEXicbVDLSsNAFJ34rPUVdelmsAh1UxIp6kYounHZin1Am4bJZNpOO5nEmYlQQn7Bjb/ixoUibt2582+ctF1o64ELh3Pu5d57vIhRqSzr21haXlldW89t5De3tnd2zb39hgxjgUkdhywULQ9JwigndUUVI61IEBR4jDS90XXmNx+IkDTkd2ocESdAfU57FCOlJdcs3ru0mxSHJym8hDV3CAcuhR3KYSdAauB5yW3aTXx3lLpmwSpZE8BFYs9IAcxQdc2vjh/iOCBcYYakbNtWpJwECUUxI2m+E0sSITxCfdLWlKOASCeZfJTCY634sBcKXVzBifp7IkGBlOPA053ZnXLey8T/vHasehdOQnkUK8LxdFEvZlCFMIsH+lQQrNhYE4QF1bdCPEACYaVDzOsQ7PmXF0njtGSflcq1cqFyNYsjBw7BESgCG5yDCrgBVVAHGDyCZ/AK3own48V4Nz6mrUvGbOYA/IHx+QPtSJyA</latexit>

q(j)i = Qjhi 2 Rdk

<latexit sha1_base64="hrVlBuFZyZGP6F9I4CiaLE3fWd8=">AAACKHicbVDLSsNAFJ34rPUVdelmsAh1UxIp6kYsunFZxT6gqWEynbTTTiZhZlIoIZ/jxl9xI6JIt36J0zaCth4YOHPOvdx7jxcxKpVljY2l5ZXVtfXcRn5za3tn19zbr8swFpjUcMhC0fSQJIxyUlNUMdKMBEGBx0jDG9xM/MaQCElD/qBGEWkHqMupTzFSWnLNKydAquf5yTB9TIr9kxRewrrbhz9yL4UO5dnXS+51VccdQEfRgEjIU9csWCVrCrhI7IwUQIaqa745nRDHAeEKMyRly7Yi1U6QUBQzkuadWJII4QHqkpamHOk57WR6aAqPtdKBfij04wpO1d8dCQqkHAWerpwsLOe9ifif14qVf9FOKI9iRTieDfJjBlUIJ6nBDhUEKzbSBGFB9a4Q95BAWOls8zoEe/7kRVI/LdlnpfJduVC5zuLIgUNwBIrABuegAm5BFdQABk/gBbyDD+PZeDU+jfGsdMnIeg7AHxhf3wS3ppg=</latexit>

v(j) = Vjh 2 Rdk⇥n

<latexit sha1_base64="7n+JDJJ4BR/yb3efRqArETRMCsw="></latexit>

✓SelfAttentionj = {Kj , Qj , Vj}



Multi-Head Attention
1. Compute attention over 

input vectors

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

Self Attention …

Multi-Head Attention

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="kJdVau6cGX5TTsJy00CEiR/n8bo=">AAACGXicbVC7TgJBFJ31ifhCLW0mEhNoyK4hamOC2lhilEcCuJkdZmFg9pGZu0ay2d+w8VdsLDTGUiv/xlmgUPAkk5ycc++de48TCq7ANL+NhcWl5ZXVzFp2fWNzazu3s1tXQSQpq9FABLLpEMUE91kNOAjWDCUjniNYwxlepn7jnknFA/8WRiHreKTnc5dTAlqycya9iwuDYmJzfIbbwB4gvmHCPQdgflqR2INC2yPQd9y4nxRtbufyZskcA88Ta0ryaIqqnftsdwMaeXoeFUSplmWG0ImJBE4FS7LtSLGQ0CHpsZamPvGY6sTjyxJ8qJUudgOpnw94rP7uiImn1MhzdGW6pJr1UvE/rxWBe9qJuR9G+lA6+ciNBIYApzHhLpeMghhpQqjkeldM+0QSCjrMrA7Bmj15ntSPStZxqXxdzlcupnFk0D46QAVkoRNUQVeoimqIokf0jF7Rm/FkvBjvxsekdMGY9uyhPzC+fgCYf6C2</latexit>

c(j)i = SelfAttentionj(h)i
…

<latexit sha1_base64="pclNlKYkb+Z2UYdlO1WiAtf4bF8=">AAACGnicbZDLSgMxFIYz9VbrrerSTbAIdVNmpKhQhKKbLivYC7TjkEkzbWjmQnJGKEOfw42v4saFIu7EjW9jOp2Ftv4Q+PnOOUnO70aCKzDNbyO3srq2vpHfLGxt7+zuFfcP2iqMJWUtGopQdl2imOABawEHwbqRZMR3Beu445tZvfPApOJhcAeTiNk+GQbc45SARk7Rog7HV7gvmAc9TO+TsnU6dXgN9wchKFxLUWOGcF/y4Qhsp1gyK2YqvGyszJRQpqZT/NR30dhnAVBBlOpZZgR2QiRwKti00I8ViwgdkyHraRsQnyk7SVeb4hNNBtgLpT4B4JT+nkiIr9TEd3WnT2CkFmsz+F+tF4N3aSc8iGJgAZ0/5MUCQ4hnOeEBl4yCmGhDqOT6r5iOiCQUdJoFHYK1uPKyaZ9VrPNK9bZaql9nceTRETpGZWShC1RHDdRELUTRI3pGr+jNeDJejHfjY96aM7KZQ/RHxtcPnk+eyA==</latexit>

ci =
h
c(1)
i

; . . . ; c(H)
i

i <latexit sha1_base64="Bq1eeodPDpjU1Tsq2zKK/yYD0bE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0wPq8X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP0OAjcw=</latexit>ci

<latexit sha1_base64="d/47fAXwfezaYl0CcVLKp+XwnRw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDabSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8N/M7T6g0T+SjmaTox3QoecQZNVZqhYMxkYNqza27c5BV4hWkBgWag+pXP0xYFqM0TFCte56bGj+nynAmcFrpZxpTysZ0iD1LJY1R+/n82Ck5s0pIokTZkobM1d8TOY21nsSB7YypGellbyb+5/UyE934OZdpZlCyxaIoE8QkZPY5CblCZsTEEsoUt7cSNqKKMmPzqdgQvOWXV0n7ou5d1S8fLmuN2yKOMpzAKZyDB9fQgHtoQgsYcHiGV3hzpPPivDsfi9aSU8wcwx84nz9ro45x</latexit>

dkn



Multi-Head Attention
1. Compute attention over 

input vectors

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

Self Attention …

Multi-Head Attention

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="kJdVau6cGX5TTsJy00CEiR/n8bo=">AAACGXicbVC7TgJBFJ31ifhCLW0mEhNoyK4hamOC2lhilEcCuJkdZmFg9pGZu0ay2d+w8VdsLDTGUiv/xlmgUPAkk5ycc++de48TCq7ANL+NhcWl5ZXVzFp2fWNzazu3s1tXQSQpq9FABLLpEMUE91kNOAjWDCUjniNYwxlepn7jnknFA/8WRiHreKTnc5dTAlqycya9iwuDYmJzfIbbwB4gvmHCPQdgflqR2INC2yPQd9y4nxRtbufyZskcA88Ta0ryaIqqnftsdwMaeXoeFUSplmWG0ImJBE4FS7LtSLGQ0CHpsZamPvGY6sTjyxJ8qJUudgOpnw94rP7uiImn1MhzdGW6pJr1UvE/rxWBe9qJuR9G+lA6+ciNBIYApzHhLpeMghhpQqjkeldM+0QSCjrMrA7Bmj15ntSPStZxqXxdzlcupnFk0D46QAVkoRNUQVeoimqIokf0jF7Rm/FkvBjvxsekdMGY9uyhPzC+fgCYf6C2</latexit>

c(j)i = SelfAttentionj(h)i
<latexit sha1_base64="pclNlKYkb+Z2UYdlO1WiAtf4bF8=">AAACGnicbZDLSgMxFIYz9VbrrerSTbAIdVNmpKhQhKKbLivYC7TjkEkzbWjmQnJGKEOfw42v4saFIu7EjW9jOp2Ftv4Q+PnOOUnO70aCKzDNbyO3srq2vpHfLGxt7+zuFfcP2iqMJWUtGopQdl2imOABawEHwbqRZMR3Beu445tZvfPApOJhcAeTiNk+GQbc45SARk7Rog7HV7gvmAc9TO+TsnU6dXgN9wchKFxLUWOGcF/y4Qhsp1gyK2YqvGyszJRQpqZT/NR30dhnAVBBlOpZZgR2QiRwKti00I8ViwgdkyHraRsQnyk7SVeb4hNNBtgLpT4B4JT+nkiIr9TEd3WnT2CkFmsz+F+tF4N3aSc8iGJgAZ0/5MUCQ4hnOeEBl4yCmGhDqOT6r5iOiCQUdJoFHYK1uPKyaZ9VrPNK9bZaql9nceTRETpGZWShC1RHDdRELUTRI3pGr+jNeDJejHfjY96aM7KZQ/RHxtcPnk+eyA==</latexit>

ci =
h
c(1)
i

; . . . ; c(H)
i

i
<latexit sha1_base64="Bq1eeodPDpjU1Tsq2zKK/yYD0bE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0wPq8X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP0OAjcw=</latexit>ci

<latexit sha1_base64="zEclTEx4x2WpQHDQZ4zBGkg+IgM=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIqBeh6MVjBfsBbQyb7aZZutmE3YlQQv0rXjwo4tUf4s1/47bNQVsfDDzem2FmXpAKrsFxvq3Syura+kZ5s7K1vbO7Z+8ftHWSKcpaNBGJ6gZEM8ElawEHwbqpYiQOBOsEo5up33lkSvNE3sM4ZV5MhpKHnBIwkm9X+xGBPJr4HF/hzkOCqc99u+bUnRnwMnELUkMFmr791R8kNIuZBCqI1j3XScHLiQJOBZtU+plmKaEjMmQ9QyWJmfby2fETfGyUAQ4TZUoCnqm/J3ISaz2OA9MZE4j0ojcV//N6GYSXXs5lmgGTdL4ozASGBE+TwAOuGAUxNoRQxc2tmEZEEQomr4oJwV18eZm0T+vuef3s7qzWuC7iKKNDdIROkIsuUAPdoiZqIYrG6Bm9ojfryXqx3q2PeWvJKmaq6A+szx+i+5Qf</latexit>

ĥi = W oci

<latexit sha1_base64="d/47fAXwfezaYl0CcVLKp+XwnRw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDabSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8N/M7T6g0T+SjmaTox3QoecQZNVZqhYMxkYNqza27c5BV4hWkBgWag+pXP0xYFqM0TFCte56bGj+nynAmcFrpZxpTysZ0iD1LJY1R+/n82Ck5s0pIokTZkobM1d8TOY21nsSB7YypGellbyb+5/UyE934OZdpZlCyxaIoE8QkZPY5CblCZsTEEsoUt7cSNqKKMmPzqdgQvOWXV0n7ou5d1S8fLmuN2yKOMpzAKZyDB9fQgHtoQgsYcHiGV3hzpPPivDsfi9aSU8wcwx84nz9ro45x</latexit>

dkn

<latexit sha1_base64="05WD9Em6wTSy/u2Mmth4eiS5ATQ=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ie0oWy2m3bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUkS8iQIl7ySaUxVI3g7GtzO//cS1EXH0gJOE+4oOIxEKRtFKj70RxWw07Yt+ueJW3TnIKvFyUoEcjX75qzeIWap4hExSY7qem6CfUY2CST4t9VLDE8rGdMi7lkZUceNn84On5MwqAxLG2laEZK7+nsioMmaiAtupKI7MsjcT//O6KYbXfiaiJEUescWiMJUEYzL7ngyE5gzlxBLKtLC3EjaimjK0GZVsCN7yy6ukdVH1Lqu1+1qlfpPHUYQTOIVz8OAK6nAHDWgCAwXP8ApvjnZenHfnY9FacPKZY/gD5/MHGkuQng==</latexit>

ĥi

<latexit sha1_base64="IdrteJOlaYswGvTNFJvp+SK2OOw=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V7Qe0a8mm2TY0myxJVihLf4IXD4p49Rd589+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoZuq3npg2XMkHO05YEJOB5BGnxDrpvvWoeuWKV/VmwMvEz0kFctR75a9uX9E0ZtJSQYzp+F5ig4xoy6lgk1I3NSwhdEQGrOOoJDEzQTY7dYJPnNLHkdKupMUz9fdERmJjxnHoOmNih2bRm4r/eZ3URldBxmWSWibpfFGUCmwVnv6N+1wzasXYEUI1d7diOiSaUOvSKbkQ/MWXl0nzrOpfVM/vziu16zyOIhzBMZyCD5dQg1uoQwMoDOAZXuENCfSC3tHHvLWA8plD+AP0+QM4y43F</latexit>

W o



Multi-Head Attention
1. Compute attention over 

input vectors

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

Multi-Head  
Attention

Multi-Head Attention

<latexit sha1_base64="kJdVau6cGX5TTsJy00CEiR/n8bo=">AAACGXicbVC7TgJBFJ31ifhCLW0mEhNoyK4hamOC2lhilEcCuJkdZmFg9pGZu0ay2d+w8VdsLDTGUiv/xlmgUPAkk5ycc++de48TCq7ANL+NhcWl5ZXVzFp2fWNzazu3s1tXQSQpq9FABLLpEMUE91kNOAjWDCUjniNYwxlepn7jnknFA/8WRiHreKTnc5dTAlqycya9iwuDYmJzfIbbwB4gvmHCPQdgflqR2INC2yPQd9y4nxRtbufyZskcA88Ta0ryaIqqnftsdwMaeXoeFUSplmWG0ImJBE4FS7LtSLGQ0CHpsZamPvGY6sTjyxJ8qJUudgOpnw94rP7uiImn1MhzdGW6pJr1UvE/rxWBe9qJuR9G+lA6+ciNBIYApzHhLpeMghhpQqjkeldM+0QSCjrMrA7Bmj15ntSPStZxqXxdzlcupnFk0D46QAVkoRNUQVeoimqIokf0jF7Rm/FkvBjvxsekdMGY9uyhPzC+fgCYf6C2</latexit>

c(j)i = SelfAttentionj(h)i
<latexit sha1_base64="pclNlKYkb+Z2UYdlO1WiAtf4bF8=">AAACGnicbZDLSgMxFIYz9VbrrerSTbAIdVNmpKhQhKKbLivYC7TjkEkzbWjmQnJGKEOfw42v4saFIu7EjW9jOp2Ftv4Q+PnOOUnO70aCKzDNbyO3srq2vpHfLGxt7+zuFfcP2iqMJWUtGopQdl2imOABawEHwbqRZMR3Beu445tZvfPApOJhcAeTiNk+GQbc45SARk7Rog7HV7gvmAc9TO+TsnU6dXgN9wchKFxLUWOGcF/y4Qhsp1gyK2YqvGyszJRQpqZT/NR30dhnAVBBlOpZZgR2QiRwKti00I8ViwgdkyHraRsQnyk7SVeb4hNNBtgLpT4B4JT+nkiIr9TEd3WnT2CkFmsz+F+tF4N3aSc8iGJgAZ0/5MUCQ4hnOeEBl4yCmGhDqOT6r5iOiCQUdJoFHYK1uPKyaZ9VrPNK9bZaql9nceTRETpGZWShC1RHDdRELUTRI3pGr+jNeDJejHfjY96aM7KZQ/RHxtcPnk+eyA==</latexit>

ci =
h
c(1)
i

; . . . ; c(H)
i

i

<latexit sha1_base64="zEclTEx4x2WpQHDQZ4zBGkg+IgM=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIqBeh6MVjBfsBbQyb7aZZutmE3YlQQv0rXjwo4tUf4s1/47bNQVsfDDzem2FmXpAKrsFxvq3Syura+kZ5s7K1vbO7Z+8ftHWSKcpaNBGJ6gZEM8ElawEHwbqpYiQOBOsEo5up33lkSvNE3sM4ZV5MhpKHnBIwkm9X+xGBPJr4HF/hzkOCqc99u+bUnRnwMnELUkMFmr791R8kNIuZBCqI1j3XScHLiQJOBZtU+plmKaEjMmQ9QyWJmfby2fETfGyUAQ4TZUoCnqm/J3ISaz2OA9MZE4j0ojcV//N6GYSXXs5lmgGTdL4ozASGBE+TwAOuGAUxNoRQxc2tmEZEEQomr4oJwV18eZm0T+vuef3s7qzWuC7iKKNDdIROkIsuUAPdoiZqIYrG6Bm9ojfryXqx3q2PeWvJKmaq6A+szx+i+5Qf</latexit>

ĥi = W oci

<latexit sha1_base64="qBudac/tGj3zXiJsYuPxzqngWTY="></latexit>

✓MultiHeadAttention
H = {W o} [ {Kj , Qj , Vj}Hj=1

<latexit sha1_base64="qBudac/tGj3zXiJsYuPxzqngWTY="></latexit>

✓MultiHeadAttention
H = {W o} [ {Kj , Qj , Vj}Hj=1

<latexit sha1_base64="kFIKPvpRxSkFyDu9OvF9ESMnN6M="></latexit>

hMHA

i
= MultiHeadAttention

H
(h)i

<latexit sha1_base64="/WVuAkBKAcakjLjiVRBJTQKpXjY=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY+oFy4mmMgjgYXMDgNMmH1kplclG/7DiweN8eq/ePNvHGAPClbSSaWqO91dXiSFRtv+tjIrq2vrG9nN3Nb2zu5efv+grsNYMV5joQxV06OaSxHwGgqUvBkpTn1P8oY3upn6jQeutAiDexxH3PXpIBB9wSgaqTPstJE/YXJbuZp0RTdfsIv2DGSZOCkpQIpqN//V7oUs9nmATFKtW44doZtQhYJJPsm1Y80jykZ0wFuGBtTn2k1mV0/IiVF6pB8qUwGSmfp7IqG+1mPfM50+xaFe9Kbif14rxv6lm4ggipEHbL6oH0uCIZlGQHpCcYZybAhlSphbCRtSRRmaoHImBGfx5WVSPys658XSXalQvk7jyMIRHMMpOHABZahAFWrAQMEzvMKb9Wi9WO/Wx7w1Y6Uzh/AH1ucPicWSjA==</latexit>

hMHA

i

Multi-headed attention allows us 
to look at multiple places in the 
input sequence at once.



Layer Normalization
1. Compute attention over 

input vectors 

2. Add and norm

<latexit sha1_base64="kFIKPvpRxSkFyDu9OvF9ESMnN6M="></latexit>

hMHA

i
= MultiHeadAttention

H
(h)i

LayerNorm

<latexit sha1_base64="HDHNGpJfsiG9EB7nminSis+UOUE=">AAACIHicbVA9SwNBEN2LXzF+RS1tFoNgFe4kqFgFbSxEVEwi5GLY20ySxb3bY3dODUd+io1/xcZCEe3017iJKTTxwcDjvRlm5gWxFAZd99PJTE3PzM5l53MLi0vLK/nVtapRieZQ4UoqfRUwA1JEUEGBEq5iDSwMJNSCm6OBX7sFbYSKLrEXQyNknUi0BWdopWZ+z0e4x/SE9UCfKh32D6gfMuwGQXrRv25RX4tOF5nW6u6P0cwX3KI7BJ0k3ogUyAhnzfyH31I8CSFCLpkxdc+NsZEyjYJL6Of8xEDM+A3rQN3SiIVgGunwwT7dskqLtpW2FSEdqr8nUhYa0wsD2zm40Yx7A/E/r55ge7+RiihOECL+s6idSIqKDtKiLaGBo+xZwrgW9lbKu0wzjjbTnA3BG395klR3it5usXReKpQPR3FkyQbZJNvEI3ukTI7JGakQTh7IE3khr86j8+y8Oe8/rRlnNLNO/sD5+gaRDqR3</latexit>

LayerNorm : Rd ! Rd

<latexit sha1_base64="ZkM3LHwFZC5nHhOhVvToqxIRTNg="></latexit>

�(x) =

vuut1

d

dX

i=1

(xi � µ)2
<latexit sha1_base64="J33AkBhHGxYDCJAL1vU63fZM1+A=">AAACD3icbVDLSsNAFJ34rPUVdelmsCh1UxIp6qZQdOOygn1AE8NkMmmHziRhZiItIX/gxl9x40IRt27d+TdOHwttPXDhcM693HuPnzAqlWV9G0vLK6tr64WN4ubW9s6uubffknEqMGnimMWi4yNJGI1IU1HFSCcRBHGfkbY/uB777QciJI2jOzVKiMtRL6IhxUhpyTNPHJ6Wh6ewBp0gFAhndp4FOXRkyr2M1uz8PoBDj3pmyapYE8BFYs9ICczQ8MwvJ4hxykmkMENSdm0rUW6GhKKYkbzopJIkCA9Qj3Q1jRAn0s0m/+TwWCsBDGOhK1Jwov6eyBCXcsR93cmR6st5byz+53VTFV66GY2SVJEITxeFKYMqhuNwYEAFwYqNNEFYUH0rxH2kY1E6wqIOwZ5/eZG0zir2eaV6Wy3Vr2ZxFMAhOAJlYIMLUAc3oAGaAINH8AxewZvxZLwY78bHtHXJmM0cgD8wPn8Ae0Cbtg==</latexit>

µ(x) =
1

d

dX

i=1

xi

<latexit sha1_base64="zF8ZG+8abI2r4GzISLqymTzUGeQ="></latexit>

LayerNorm(x) =
g

�(x)
(x� µ(x))

<latexit sha1_base64="/WVuAkBKAcakjLjiVRBJTQKpXjY=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY+oFy4mmMgjgYXMDgNMmH1kplclG/7DiweN8eq/ePNvHGAPClbSSaWqO91dXiSFRtv+tjIrq2vrG9nN3Nb2zu5efv+grsNYMV5joQxV06OaSxHwGgqUvBkpTn1P8oY3upn6jQeutAiDexxH3PXpIBB9wSgaqTPstJE/YXJbuZp0RTdfsIv2DGSZOCkpQIpqN//V7oUs9nmATFKtW44doZtQhYJJPsm1Y80jykZ0wFuGBtTn2k1mV0/IiVF6pB8qUwGSmfp7IqG+1mPfM50+xaFe9Kbif14rxv6lm4ggipEHbL6oH0uCIZlGQHpCcYZybAhlSphbCRtSRRmaoHImBGfx5WVSPys658XSXalQvk7jyMIRHMMpOHABZahAFWrAQMEzvMKb9Wi9WO/Wx7w1Y6Uzh/AH1ucPicWSjA==</latexit>

hMHA

i

<latexit sha1_base64="ZMOaRoFJg51PZtysXP/X3SvoLwk=">AAACKHicbZDLSgMxFIYzXmu9VV26CRZBEcqMiLoRW910oaJgVWjrkMmc2tDMheSMWIZ5HDe+ihsRRbr1SUwvC28HEn6+/xyS83uxFBptu2eNjU9MTk3nZvKzc/MLi4Wl5SsdJYpDjUcyUjce0yBFCDUUKOEmVsACT8K11znu+9f3oLSIwkvsxtAM2F0oWoIzNMgtHLZv0wbCA6YV3z+LVJC5TuYKekCH9IR1QQ34RtvgLWru26 F1Wq1km26haJfsQdG/whmJIhnVuVt4bfgRTwIIkUumdd2xY2ymTKHgErJ8I9EQM95hd1A3MmQB6GY6WDSj64b4tBUpc0KkA/p9ImWB1t3AM50Bw7b+7fXhf149wdZ+MxVhnCCEfPhQK5EUI9pPjfpCAUfZNYJxJcxfKW8zxTiabPMmBOf3yn/F1XbJ2S3tXOwUy0ejOHJklayRDeKQPVImVXJOaoSTR/JM3si79WS9WB9Wb9g6Zo1mVsiPsj6/ABuqppY=</latexit>

hAddNorm1
i = LayerNorm(hi + hMHA

i )

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

Multi-Head  
Attention

<latexit sha1_base64="yx/ByJFX/MtL9Xarjf41Mm35Et0=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EieCqJFPVY9eJJKtgPaGPYbLbt0t0k7E7EEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXl+zJkC2/42CguLS8srxdXS2vrG5pa5vdNUUSIJbZCIR7LtY0U5C2kDGHDajiXFwue05Q8vx37rnkrFovAWRjF1Be6HrMcIBi155t7gLu0CfYD0PAiuIykyz8k85pllu2JPYM0TJydllKPumV/dICKJoCEQjpXqOHYMboolMMJpVuomisaYDHGfdjQNsaDKTSf3Z9ahVgKrF0ldIVgT9fdEioVSI+HrToFhoGa9sfif10mgd+amLIwToCGZLuol3ILIGodhBUxSAnykCSaS6VstMsASE9CRlXQIzuzL86R5XHFOKtWbarl2kcdRRPvoAB0hB52iGrpCddRABD2iZ/SK3own48V4Nz6mrQUjn9lFf2B8/gB0k5Zk</latexit>

hAddNorm1
i

Residual connection allows for 
smoother gradients.

Layer normalization cuts down 
on uninformative variation in 
activations, speeding up training.



LayerNorm

Feedforward Network
1. Compute attention over 

input vectors 

2. Add and norm 

3. Feedforward layer

<latexit sha1_base64="kFIKPvpRxSkFyDu9OvF9ESMnN6M="></latexit>

hMHA

i
= MultiHeadAttention

H
(h)i

FFN
<latexit sha1_base64="ZMOaRoFJg51PZtysXP/X3SvoLwk=">AAACKHicbZDLSgMxFIYzXmu9VV26CRZBEcqMiLoRW910oaJgVWjrkMmc2tDMheSMWIZ5HDe+ihsRRbr1SUwvC28HEn6+/xyS83uxFBptu2eNjU9MTk3nZvKzc/MLi4Wl5SsdJYpDjUcyUjce0yBFCDUUKOEmVsACT8K11znu+9f3oLSIwkvsxtAM2F0oWoIzNMgtHLZv0wbCA6YV3z+LVJC5TuYKekCH9IR1QQ34RtvgLWru26 F1Wq1km26haJfsQdG/whmJIhnVuVt4bfgRTwIIkUumdd2xY2ymTKHgErJ8I9EQM95hd1A3MmQB6GY6WDSj64b4tBUpc0KkA/p9ImWB1t3AM50Bw7b+7fXhf149wdZ+MxVhnCCEfPhQK5EUI9pPjfpCAUfZNYJxJcxfKW8zxTiabPMmBOf3yn/F1XbJ2S3tXOwUy0ejOHJklayRDeKQPVImVXJOaoSTR/JM3si79WS9WB9Wb9g6Zo1mVsiPsj6/ABuqppY=</latexit>

hAddNorm1
i = LayerNorm(hi + hMHA

i )

<latexit sha1_base64="qArNh4QAj/WVON//qk5M60nK/7c=">AAACMHicbVDJSgNBEO1xjXGLevTSGARFCDNB1IvgAtGDiIoxQhKHnp6KaexZ6K4RwzCf5MVP0YuCIl79CjvLwe1Bw6v3qqiu58VSaLTtF2toeGR0bDw3kZ+cmp6ZLczNX+goURyqPJKRuvSYBilCqKJACZexAhZ4EmrezX7Xr92C0iIKz7ETQzNg16FoCc7QSG7hoH3VQLjDtFI5zlxBt2m/PIOjarbSvkr75a7vH0cqyFyn21 RzHbpGPddZrbnlHiu7haJdsnugf4kzIEUywIlbeGz4EU8CCJFLpnXdsWNspkyh4BKyfCPREDN+w66hbmjIAtDNtHdwRpeN4tNWpMwLkfbU7xMpC7TuBJ7pDBi29W+vK/7n1RNsbTVTEcYJQsj7i1qJpBjRbnrUFwo4yo4hjCth/kp5mynG0WScNyE4v0/+Sy7KJWejtH66XtzZG8SRI4tkiawQh2ySHXJITkiVcHJPnsgrebMerGfr3frotw5Zg5kF8gPW5xcsn6e4</latexit>

hFFN
i = ReLU(hAddNorm1

i W1 + b1)W2 + b2

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

Multi-Head  
Attention

<latexit sha1_base64="hmGYR2rfKSlrzeQIEAjD5d7wcZY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GNRKJ6kgv2ANpbNdtMu3WzC7qRYQv6JFw+KePWfePPfuG1z0NYHA4/3ZpiZ58eCa3Ccb6uwsrq2vlHcLG1t7+zu2fsHTR0lirIGjUSk2j7RTHDJGsBBsHasGAl9wVr+6Gbqt8ZMaR7JB5jEzAvJQPKAUwJG6tn28DHtAnuCtFa7y7Ie79llp+LMgJeJm5MyylHv2V/dfkSTkEmggmjdcZ0YvJQo4FSwrNRNNIsJHZEB6xgqSci0l84uz/CJUfo4iJQpCXim/p5ISaj1JPRNZ0hgqBe9qfif10kguPJSLuMEmKTzRUEiMER4GgPuc8UoiIkhhCpubsV0SBShYMIqmRDcxZeXSfOs4l5Uzu/Py9XrPI4iOkLH6BS56BJV0S2qowaiaIye0St6s1LrxXq3PuatBSufOUR/YH3+ANZZk80=</latexit>

hFFN
i

Here is a nonlinearity that makes 
learning easier!



More Layer Normalization

1. Compute attention over 
input vectors 

2. Add and norm 

3. Feedforward layer 

4. Another add and norm

<latexit sha1_base64="kFIKPvpRxSkFyDu9OvF9ESMnN6M="></latexit>

hMHA

i
= MultiHeadAttention

H
(h)i

FFN
<latexit sha1_base64="ZMOaRoFJg51PZtysXP/X3SvoLwk=">AAACKHicbZDLSgMxFIYzXmu9VV26CRZBEcqMiLoRW910oaJgVWjrkMmc2tDMheSMWIZ5HDe+ihsRRbr1SUwvC28HEn6+/xyS83uxFBptu2eNjU9MTk3nZvKzc/MLi4Wl5SsdJYpDjUcyUjce0yBFCDUUKOEmVsACT8K11znu+9f3oLSIwkvsxtAM2F0oWoIzNMgtHLZv0wbCA6YV3z+LVJC5TuYKekCH9IR1QQ34RtvgLWru26 F1Wq1km26haJfsQdG/whmJIhnVuVt4bfgRTwIIkUumdd2xY2ymTKHgErJ8I9EQM95hd1A3MmQB6GY6WDSj64b4tBUpc0KkA/p9ImWB1t3AM50Bw7b+7fXhf149wdZ+MxVhnCCEfPhQK5EUI9pPjfpCAUfZNYJxJcxfKW8zxTiabPMmBOf3yn/F1XbJ2S3tXOwUy0ejOHJklayRDeKQPVImVXJOaoSTR/JM3si79WS9WB9Wb9g6Zo1mVsiPsj6/ABuqppY=</latexit>

hAddNorm1
i = LayerNorm(hi + hMHA

i )

<latexit sha1_base64="qArNh4QAj/WVON//qk5M60nK/7c=">AAACMHicbVDJSgNBEO1xjXGLevTSGARFCDNB1IvgAtGDiIoxQhKHnp6KaexZ6K4RwzCf5MVP0YuCIl79CjvLwe1Bw6v3qqiu58VSaLTtF2toeGR0bDw3kZ+cmp6ZLczNX+goURyqPJKRuvSYBilCqKJACZexAhZ4EmrezX7Xr92C0iIKz7ETQzNg16FoCc7QSG7hoH3VQLjDtFI5zlxBt2m/PIOjarbSvkr75a7vH0cqyFyn21 RzHbpGPddZrbnlHiu7haJdsnugf4kzIEUywIlbeGz4EU8CCJFLpnXdsWNspkyh4BKyfCPREDN+w66hbmjIAtDNtHdwRpeN4tNWpMwLkfbU7xMpC7TuBJ7pDBi29W+vK/7n1RNsbTVTEcYJQsj7i1qJpBjRbnrUFwo4yo4hjCth/kp5mynG0WScNyE4v0/+Sy7KJWejtH66XtzZG8SRI4tkiawQh2ySHXJITkiVcHJPnsgrebMerGfr3frotw5Zg5kF8gPW5xcsn6e4</latexit>

hFFN
i = ReLU(hAddNorm1

i W1 + b1)W2 + b2

LayerNorm

<latexit sha1_base64="h4KpG0OrurwUPdR6jzTezJIIn0M=">AAACPXicbZBLSwMxFIUzvq2vqks3wSIoQpmRom4EHyAuRCq0KrR1yGRubWjmQXJHLMP8MTf+B3fu3LhQxK1b0wei1guBw3dOSO7xYik02vaTNTI6Nj4xOTWdm5mdm1/ILy5d6ChRHKo8kpG68pgGKUKookAJV7ECFngSLr32Ude/vAWlRRRWsBNDI2A3oWgKztAgN19pXad1hDtMD3z/LFJB5m5lrqB7tE9PWQdUj68PJ51ucp N+G8fHZ5lBG26+YBft3tBh4QxEgQym7OYf637EkwBC5JJpXXPsGBspUyi4hCxXTzTEjLfZDdSMDFkAupH2ts/omiE+bUbKnBBpj/68kbJA607gmWTAsKX/el34n1dLsLnbSEUYJwgh7z/UTCTFiHarpL5QwFF2jGBcCfNXyltMMY6m8Jwpwfm78rC42Co628XSeamwfzioY4qskFWyThyyQ/bJCSmTKuHknjyTV/JmPVgv1rv10Y+OWIM7y+TXWJ9foDOwCQ==</latexit>

hAddNorm2
i = LayerNorm(hAddNorm1

i + hFFN
i )

LayerNorm
FFN

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

Multi-Head  
Attention

<latexit sha1_base64="cN7SRIPX3GfFfyjeLwNu7FyPeII=">AAAB/3icbVBNS8NAEN34WetXVPDiJVgETyUpRT1WvXiSCvYD2hg2m227dDcJuxOxxBz8K148KOLVv+HNf+O2zUFbHww83pthZp4fc6bAtr+NhcWl5ZXVwlpxfWNza9vc2W2qKJGENkjEI9n2saKchbQBDDhtx5Ji4XPa8oeXY791T6ViUXgLo5i6AvdD1mMEg5Y8c39wl3aBPkB6HgTXkRSZV8k85pklu2xPYM0TJycllKPumV/dICKJoCEQjpXqOHYMboolMMJpVuwmisaYDHGfdjQNsaDKTSf3Z9aRVgKrF0ldIVgT9fdEioVSI+HrToFhoGa9sfif10mgd+amLIwToCGZLuol3ILIGodhBUxSAnykCSaS6VstMsASE9CRFXUIzuzL86RZKTsn5epNtVS7yOMooAN0iI6Rg05RDV2hOmoggh7RM3pFb8aT8WK8Gx/T1gUjn9lDf2B8/gB2GpZl</latexit>

hAddNorm2
i



One Transformer Block
1. Compute attention over 

input vectors 

2. Add and norm 

3. Feedforward layer 

4. Another add and norm

<latexit sha1_base64="kFIKPvpRxSkFyDu9OvF9ESMnN6M="></latexit>

hMHA

i
= MultiHeadAttention

H
(h)i

FFN
<latexit sha1_base64="ZMOaRoFJg51PZtysXP/X3SvoLwk=">AAACKHicbZDLSgMxFIYzXmu9VV26CRZBEcqMiLoRW910oaJgVWjrkMmc2tDMheSMWIZ5HDe+ihsRRbr1SUwvC28HEn6+/xyS83uxFBptu2eNjU9MTk3nZvKzc/MLi4Wl5SsdJYpDjUcyUjce0yBFCDUUKOEmVsACT8K11znu+9f3oLSIwkvsxtAM2F0oWoIzNMgtHLZv0wbCA6YV3z+LVJC5TuYKekCH9IR1QQ34RtvgLWru26 F1Wq1km26haJfsQdG/whmJIhnVuVt4bfgRTwIIkUumdd2xY2ymTKHgErJ8I9EQM95hd1A3MmQB6GY6WDSj64b4tBUpc0KkA/p9ImWB1t3AM50Bw7b+7fXhf149wdZ+MxVhnCCEfPhQK5EUI9pPjfpCAUfZNYJxJcxfKW8zxTiabPMmBOf3yn/F1XbJ2S3tXOwUy0ejOHJklayRDeKQPVImVXJOaoSTR/JM3si79WS9WB9Wb9g6Zo1mVsiPsj6/ABuqppY=</latexit>

hAddNorm1
i = LayerNorm(hi + hMHA

i )

<latexit sha1_base64="qArNh4QAj/WVON//qk5M60nK/7c=">AAACMHicbVDJSgNBEO1xjXGLevTSGARFCDNB1IvgAtGDiIoxQhKHnp6KaexZ6K4RwzCf5MVP0YuCIl79CjvLwe1Bw6v3qqiu58VSaLTtF2toeGR0bDw3kZ+cmp6ZLczNX+goURyqPJKRuvSYBilCqKJACZexAhZ4EmrezX7Xr92C0iIKz7ETQzNg16FoCc7QSG7hoH3VQLjDtFI5zlxBt2m/PIOjarbSvkr75a7vH0cqyFyn21 RzHbpGPddZrbnlHiu7haJdsnugf4kzIEUywIlbeGz4EU8CCJFLpnXdsWNspkyh4BKyfCPREDN+w66hbmjIAtDNtHdwRpeN4tNWpMwLkfbU7xMpC7TuBJ7pDBi29W+vK/7n1RNsbTVTEcYJQsj7i1qJpBjRbnrUFwo4yo4hjCth/kp5mynG0WScNyE4v0/+Sy7KJWejtH66XtzZG8SRI4tkiawQh2ySHXJITkiVcHJPnsgrebMerGfr3frotw5Zg5kF8gPW5xcsn6e4</latexit>

hFFN
i = ReLU(hAddNorm1

i W1 + b1)W2 + b2

LayerNorm

LayerNorm
FFN

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

Multi-Head  
Attention

<latexit sha1_base64="mwtCICUJluTGJvdmI+Kv0wJ74bA="></latexit>

h0
i = LayerNorm(hAddNorm1

i + hFFN
i )

<latexit sha1_base64="k9TcZluOnHdgtkXifNjkQBxNPRM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU0mkqMeiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcis6HbFituXV3DrRKvILUoEBrWP0ajGKSCioN4Vjrvucmxs+wMoxwOqsMUk0TTCZ4TPuWSiyo9rP5rTN0ZpURCmNlSxo0V39PZFhoPRWB7RTYRHrZy8X/vH5qwhs/YzJJDZVksShMOTIxyh9HI6YoMXxqCSaK2VsRibDCxNh4KjYEb/nlVdK5rHtX9cZDo9a8LeIowwmcwgV4cA1NuIcWtIFABM/wCm+OcF6cd+dj0Vpyiplj+APn8wer2I4C</latexit>

h0
i

Transform
er Block



One Transformer Block

FFN
LayerNorm

LayerNorm
FFN

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

Multi-Head  
Attention

<latexit sha1_base64="eupKb/F+85B2hxPXdG4grgMeD+Y=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvoqsxIUZdFNy4r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaTu9zvPlGlmRSPZprQIMYjwSJGsLGS34+xGYdRNp6dD6o1t+7OgVaJV5AaFGgNql/9oSRpTIUhHGvte25iggwrwwins0o/1TTBZIJH1LdU4JjqIJtHnqEzqwxRJJV9wqC5+nsjw7HW0zi0k3lEvezl4n+en5roJsiYSFJDBVl8FKUcGYny+9GQKUoMn1qCiWI2KyJjrDAxtqWKLcFbPnmVdC7r3lW98dCoNW+LOspwAqdwAR5cQxPuoQVtICDhGV7hzTHOi/PufCxGS06xcwx/4Hz+AEwmkUY=</latexit>

h0

<latexit sha1_base64="GUlha0xUFDBGbZaVq2mycKrxk50=">AAACKHicbVDLSgMxFM34tr5GXboJFkE3ZUZE3YhWN90IFewDOmPJpJk2mHmQ3BHLMJ/jxl9xI6JIt36JmXbA54HAybn3JPceLxZcgWWNjKnpmdm5+YXF0tLyyuqaub7RVFEiKWvQSESy7RHFBA9ZAzgI1o4lI4EnWMu7vcjrrTsmFY/CaxjGzA1IP+Q+pwS01DVPnYDAwPPTQXbjALuH9LJWzfAJLi6JAF5jpFcFYGFuyW5qu1+eva5ZtirWGPgvsQtSRgXqXfPF6UU0CfRrVBClOrYVg5sSCZwKlpWcRLGY0FvSZx1NQxIw5abjRTO8o5Ue9iOpTwh4rH53pCRQahh4ujMfUf2u5eJ/tU4C/rGb8jBO9Jp08pGfCAwRzlPDPS4ZBTHUhFDJ9ayYDogkFHS2JR2C/Xvlv6S5X7EPKwdXB+Wz8yKOBbSFttEustEROkM1VEcNRNEDekKv6M14NJ6Nd2M0aZ0yCs8m+gHj4xOpnaeT</latexit>

hMHA
= MultiHeadAttention

H
(h)

<latexit sha1_base64="/qKMuGFpImx7UPd833vgPO5y6to="></latexit>

hAddNorm = LayerNorm(h+ hMHA)
<latexit sha1_base64="obKfyQn8F/mdh0tuo2M7esFpsts="></latexit>

hFFN
i = ReLU(hAddNormW1 + b1)W2 + b2

<latexit sha1_base64="gcuMtLMJf0nB5f7R+pTtUWqAH0E="></latexit>

h0 = LayerNorm(hAddNorm + hFFN)

Transform
er Block

<latexit sha1_base64="PL6Ups6isSv0hVqMwnqC5TrnLH4=">AAACWHicbVFNa9tAEF2pSZO4SeOmx16WmEIPwUgmpL0U0vTiSyGFOA54XTFaj+zFK63YHZUaoT9Z6KH5K7l05fjQfAzs8njzZmbnbVpq5SiK/gbhi63tlzu7e51X+wevD7tvjq6dqazEkTTa2JsUHGpV4IgUabwpLUKeahyny69tfvwTrVOmuKJVidMc5oXKlATyVNI1ghZIkNSC8BfVVxYKlxmbo73QRi6bhn/mDyXfKk1qiD D7QoRF26X5MWy4kFXJhcaMRM3HSXzir8EJT1uUJgNh1XxBokm6vagfrYM/BfEG9NgmLpPubzEzssr9KKnBuUkclTStwZKSGpuOqByWIJcwx4mHBeTopvXamIa/98yM+338KYiv2f8rasidW+WpV+ZAC/c415LP5SYVZZ+mtSrKynsg7wdlleZkeOsynymLkvTKA5BW+bdyuQALkvxfdLwJ8eOVn4LrQT8+659+P+2dX2zs2GXv2DH7wGL2kZ2zIbtkIybZH3YXbAXbwW3Iwp1w714aBpuat+xBhEf/AB0gtHU=</latexit>

✓TransformerBlock = ✓MultiHeadAttention
H [ {W1,W2, b1, b2}

<latexit sha1_base64="PL6Ups6isSv0hVqMwnqC5TrnLH4="></latexit>

✓TransformerBlock = ✓MultiHeadAttention
H [ {W1,W2, b1, b2}

<latexit sha1_base64="SLNNMsLbHFQRiga7lqv49IFQxFw=">AAACGnicbVDLSgMxFM34tr6qLt0Ei6ibMiOibgTRjcsKfUFbSia9Y0MzmSG5I5ZhvsONv+LGhSLuxI1/Y9oO+DwQOJxzLrn3+LEUBl33w5manpmdm19YLCwtr6yuFdc36iZKNIcaj2Skmz4zIIWCGgqU0Iw1sNCX0PAHFyO/cQPaiEhVcRhDJ2TXSgSCM7RSt+i1Q4Z9P0j72S49pW2EW0yrmikTRDoEfS4jPsj2vlL73WLJLbtj0L/Ey0mJ5Kh0i2/tXsSTEBRyyYxpeW6MnZRpFFxCVmgnBmLGB+waWpYqFoLppOPTMrpjlR61u9inkI7V7xMpC40Zhr5NjlY0v72R+J/XSjA46aRCxQmC4pOPgkRSjOioJ9oTGjjKoSWMa2F3pbzPNONo2yzYErzfJ/8l9YOyd1Q+vDosnZ3ndSyQLbJN9ohHjskZuSQVUiOc3JEH8kSenXvn0XlxXifRKSef2SQ/4Lx/Ag3uoYY=</latexit>

h0 = TransformerBlock(h)



Multi-Layer Transformer

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

Transformer  
Block

<latexit sha1_base64="SLNNMsLbHFQRiga7lqv49IFQxFw=">AAACGnicbVDLSgMxFM34tr6qLt0Ei6ibMiOibgTRjcsKfUFbSia9Y0MzmSG5I5ZhvsONv+LGhSLuxI1/Y9oO+DwQOJxzLrn3+LEUBl33w5manpmdm19YLCwtr6yuFdc36iZKNIcaj2Skmz4zIIWCGgqU0Iw1sNCX0PAHFyO/cQPaiEhVcRhDJ2TXSgSCM7RSt+i1Q4Z9P0j72S49pW2EW0yrmikTRDoEfS4jPsj2vlL73WLJLbtj0L/Ey0mJ5Kh0i2/tXsSTEBRyyYxpeW6MnZRpFFxCVmgnBmLGB+waWpYqFoLppOPTMrpjlR61u9inkI7V7xMpC40Zhr5NjlY0v72R+J/XSjA46aRCxQmC4pOPgkRSjOioJ9oTGjjKoSWMa2F3pbzPNONo2yzYErzfJ/8l9YOyd1Q+vDosnZ3ndSyQLbJN9ohHjskZuSQVUiOc3JEH8kSenXvn0XlxXifRKSef2SQ/4Lx/Ag3uoYY=</latexit>

h0 = TransformerBlock(h)

<latexit sha1_base64="eupKb/F+85B2hxPXdG4grgMeD+Y=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvoqsxIUZdFNy4r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaTu9zvPlGlmRSPZprQIMYjwSJGsLGS34+xGYdRNp6dD6o1t+7OgVaJV5AaFGgNql/9oSRpTIUhHGvte25iggwrwwins0o/1TTBZIJH1LdU4JjqIJtHnqEzqwxRJJV9wqC5+nsjw7HW0zi0k3lEvezl4n+en5roJsiYSFJDBVl8FKUcGYny+9GQKUoMn1qCiWI2KyJjrDAxtqWKLcFbPnmVdC7r3lW98dCoNW+LOspwAqdwAR5cQxPuoQVtICDhGV7hzTHOi/PufCxGS06xcwx/4Hz+AEwmkUY=</latexit>

h0

<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h



Multi-Layer Transformer

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

Transformer  
Block

<latexit sha1_base64="M9YOKo/QSisZU3fiw13V+iC6tvQ=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHqpiRS1GXRjcsK9gFtLJPppB06mYSZSaGE/IkbF4q49U/c+TdO2iy09cDA4Zx7uWeOH3OmtON8W2vrG5tb26Wd8u7e/sGhfXTcVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/ucv9zpRKxSLxqGcx9UI8EixgBGsjDWy7H2I99oN0nD2lVX6RDeyKU3PmQKvELUgFCjQH9ld/GJEkpEITjpXquU6svRRLzQinWbmfKBpjMsEj2jNU4JAqL50nz9C5UYYoiKR5QqO5+nsjxaFSs9A3k3lOtezl4n9eL9HBjZcyESeaCrI4FCQc6QjlNaAhk5RoPjMEE8lMVkTGWGKiTVllU4K7/OVV0r6suVe1+kO90rgt6ijBKZxBFVy4hgbcQxNaQGAKz/AKb1ZqvVjv1sdidM0qdk7gD6zPH4Dzk5U=</latexit>

h(l)

<latexit sha1_base64="RE1IvJwW65i5xxnFQNn0DU8ekHo=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSJUhJJIUZdFNy4r2Ae0tUymk3boZBJmJmIJ+RU3LhRx64+482+ctFlo64GBwzn3cs8cL+JMacf5tlZW19Y3Ngtbxe2d3b19+6DUUmEsCW2SkIey42FFORO0qZnmtBNJigOP07Y3ucn89iOVioXiXk8j2g/wSDCfEayNNLBLvQDrsecn4/QhqfAz9zQd2GWn6syAlombkzLkaAzsr94wJHFAhSYcK9V1nUj3Eyw1I5ymxV6saITJBI9o11CBA6r6ySx7ik6MMkR+KM0TGs3U3xsJDpSaBp6ZzJKqRS8T//O6sfav+gkTUaypIPNDfsyRDlFWBBoySYnmU0MwkcxkRWSMJSba1FU0JbiLX14mrfOqe1Gt3dXK9eu8jgIcwTFUwIVLqMMtNKAJBJ7gGV7hzUqtF+vd+piPrlj5ziH8gfX5A2LPlAU=</latexit>

h(l+1)

<latexit sha1_base64="VCreoaFD26neLTUCEfpM2tdbbCU="></latexit>

h(l+1) = TransformerBlockl+1(h
(l))



Transformer Encoder

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

Transformer  
Block

<latexit sha1_base64="VCreoaFD26neLTUCEfpM2tdbbCU="></latexit>

h(l+1) = TransformerBlockl+1(h
(l))

Transformer  
Block

Transformer  
Block

…
<latexit sha1_base64="3/4YisKq/bnccaEY7EkdQlpA6Eg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6l/jNs=</latexit>

N

…
<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

<latexit sha1_base64="NM+O5v/Rfs+fiiWnZHQx38USfTQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqlepdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE6TZAL</latexit>

�(xi)

<latexit sha1_base64="lycPZ07cxzm1m6rXdzMLna/4Pm4=">AAACBnicbZDLSsNAFIZP6q3WW9SlCINFaBFKIkXdCEU3LivYC7QhTKbTdujkwsxELKErN76KGxeKuPUZ3Pk2TpsstPWHgY//nMOZ83sRZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvaYMY0Fog4Q8FG0PS8pZQBuKKU7bkaDY9zhteaPrab11T4VkYXCnxhF1fDwIWJ8RrLTlmofdaMhKDy4ro0uUchmdpMTKrlm0KtZMaBHsDIqQqe6aX91eSGKfBopwLGXHtiLlJFgoRjidFLqxpBEmIzygHY0B9ql0ktkZE3SsnR7qh0K/QKGZ+3siwb6UY9/TnT5WQzlfm5r/1Tqx6l84CQuiWNGApIv6MUcqRNNMUI8JShQfa8BEMP1XRIZYYKJ0cgUdgj1/8iI0Tyv2WaV6Wy3WrrI48nAAR1ACG86hBjdQhwYQeIRneIU348l4Md6Nj7Q1Z2Qz+/BHxucPmqWWqQ==</latexit>

�(xi) = �(x) + �(i)Input: 
word + position embeddings

<latexit sha1_base64="OWUzeO0v9jGckj3OWbMfognb1AE="></latexit>

hN = Transformer
Encoder (�(x1), . . . ,�(xn))

<latexit sha1_base64="GnISxdnlfvx9EuTwWTscQVOM5KA=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRS1GXRjSupYh/QpGUymbRDJ5MwMxFKyC+48VfcuFDErTt3/o2TNgttPXDhcM693HuPFzMqlWV9G6WV1bX1jfJmZWt7Z3fP3D/oyCgRmLRxxCLR85AkjHLSVlQx0osFQaHHSNebXOV+94EISSN+r6YxcUM04jSgGCktDc2aEyI19oJ0nA1uoEM5nAteepcNUh86ioZEQp4NzapVt2aAy8QuSBUUaA3NL8ePcBISrjBDUvZtK1ZuioSimJGs4iSSxAhP0Ij0NeVI73HT2UcZPNGKD4NI6OIKztTfEykKpZyGnu7Mz5WLXi7+5/UTFVy4KeVxogjH80VBwqCKYB4P9KkgWLGpJggLqm+FeIwEwkqHWNEh2IsvL5POad0+qzduG9XmZRFHGRyBY1ADNjgHTXANWqANMHgEz+AVvBlPxovxbnzMW0tGMXMI/sD4/AGmwZ2L</latexit>

hN 2 Rd⇥n

<latexit sha1_base64="QYIYl3ZulIBNNj3wnOaiDEip0gc=">AAACF3icbVDNS8MwHE3n15xfVY9egkPwMEorQ70IQy8eJ7gPWEtJs2wLS9OSpLJR9l948V/x4kERr3rzvzHtetDNB4HHe7+X5PeCmFGpbPvbKK2srq1vlDcrW9s7u3vm/kFbRonApIUjFolugCRhlJOWooqRbiwICgNGOsH4JvM7D0RIGvF7NY2JF6IhpwOKkdKSb1pupO0snU5m8Aq6DPEhI3DiOzXo9iMla5pz6Ipc982qbdk54DJxClIFBZq++aUvwUlIuMIMSdlz7Fh5KRKKYkZmFTeRJEZ4jIakpylHIZFemu81gyda6cNBJPThCubq70SKQimnYaAnQ6RGctHLxP+8XqIGl15KeZwowvH8oUHCoIpgVhLsU0GwYlNNEBZU/xXiERIIK11lRZfgLK68TNpnlnNu1e/q1cZ1UUcZHIFjcAoccAEa4BY0QQtg8AiewSt4M56MF+Pd+JiPlowicwj+wPj8AcWQnww=</latexit>

x = hx1, . . . , xni



Transformer Encoder

…

Transformer  
Block

…

<latexit sha1_base64="OWUzeO0v9jGckj3OWbMfognb1AE="></latexit>

hN = Transformer
Encoder (�(x1), . . . ,�(xn))

<latexit sha1_base64="LM5rV+aoKfPUx6BZfrDz4HJxLkM=">AAACCnicbVC7SgNBFJ31GeMramkzGoTYhF0JaiMEbSwjmAdk12V2MpsdMvtg5q4Ylq1t/BUbC0Vs/QI7/8bJo9DEAwOHc87lzj1eIrgC0/w2FhaXlldWC2vF9Y3Nre3Szm5LxamkrEljEcuORxQTPGJN4CBYJ5GMhJ5gbW9wNfLb90wqHke3MEyYE5J+xH1OCWjJLR3YgvlgZ3YS8MqDy4+xLXk/ADt3M35h5Xc6Uzar5hh4nlhTUkZTNNzSl92LaRqyCKggSnUtMwEnIxI4FSwv2qliCaED0mddTSMSMuVk41NyfKSVHvZjqV8EeKz+nshIqNQw9HQyJBCoWW8k/ud1U/DPnYxHSQosopNFfiowxHjUC+5xySiIoSaESq7/imlAJKGg2yvqEqzZk+dJ66RqnVZrN7Vy/XJaRwHto0NUQRY6Q3V0jRqoiSh6RM/oFb0ZT8aL8W58TKILxnRmD/2B8fkD/y6adw==</latexit>

{�(xi)}ni=1

<latexit sha1_base64="PIu+Po+RUVXCq6Wk6i8KcOyhAZ8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRiyepYD+gDWWz3bRLN5u4OxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUrtbsoIm7IXa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFbVr/Gx274ScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMps+TvtCcoRxbQpkW9lbChlRThjaikg3BW3x5mTTPqt5F9fz+vFK7zuMowhEcwyl4cAk1uIU6NICBhGd4hTfn0Xlx3p2PeWvByWcO4Q+czx+u2o+/</latexit>⇥N

<latexit sha1_base64="hUrk57NZAmzEt5VVOpzI9+sYcl8="></latexit>

Transformer
Encoder : V+ ! Rd⇥n

The transformer encoder maps from 
a sequence of tokens to a set of 
vectors, each corresponding to a 

token in the input sequence

This is exactly what we got from an 
RNN encoder and used for 

conditional generation in a decoder!

<latexit sha1_base64="ZqUxBK2NB1/SzON0+D5CTQvu08g=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWwVVJpKjLohuXFewF2lgm00k7dDIJMydiCQFfxY0LRdz6HO58GyexC239YeDjP+cw5/x+LLgGx/mySkvLK6tr5fXKxubW9o69u9fWUaIoa9FIRKrrE80El6wFHATrxoqR0Bes40+u8nrnninNI3kL05h5IRlJHnBKwFgD+6AP7AH8IB1ndwWmTNJsYFedmlMIL4I7gyqaqTmwP/vDiCYhk0AF0brnOjF4KVHAqWBZpZ9oFhM6ISPWMyhJyLSXFutn+Ng4QxxEyjwJuHB/T6Qk1Hoa+qYzJDDW87Xc/K/WSyC48FIu4wTyq4qPgkRgiHCeBR5yxSiIqQFCFTe7YjomilAwiVVMCO78yYvQPq25Z7X6Tb3auJzFUUaH6AidIBedowa6Rk3UQhSl6Am9oFfr0Xq23qz3n9aSNZvZR39kfXwDfYCWfA==</latexit>

henc



Building a Transformer Block

…

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

Transformer 
Block

• A transformer block takes 
as input a sequence of 
input vectors 

• It generates a sequence of 
output vectors  

<latexit sha1_base64="i9wVEP3nv5H69wRqZv6pEmC96u8=">AAACD3icbVC7TsMwFL0pr1JeBUYWiwrEVCWoAsYKFsaC6ENqQuU4TmvVcSLbQaqi/AELv8LCAEKsrGz8De5jgJYjWTo+517de4+fcKa0bX9bhaXlldW14nppY3Nre6e8u9dScSoJbZKYx7LjY0U5E7Spmea0k0iKI5/Ttj+8GvvtByoVi8WdHiXUi3BfsJARrI3UKx+7EdYDP8wGOXKZQNOvn93m91mAXM0iqpDIe+WKXbUnQIvEmZEKzNDolb/cICZpRIUmHCvVdexEexmWmhFO85KbKppgMsR92jVUYDPHyyb35OjIKAEKY2me0Gii/u7IcKTUKPJN5XhdNe+Nxf+8bqrDCy9jIkk1FWQ6KEw50jEah4MCJinRfGQIJpKZXREZYImJNhGWTAjO/MmLpHVadc6qtZtapX45i6MIB3AIJ+DAOdThGhrQBAKP8Ayv8GY9WS/Wu/UxLS1Ys559+APr8wc73JzL</latexit>

h 2 Rd⇥n

<latexit sha1_base64="LcOlx3FRvEqnCs1tK38yQKTImqQ=">AAACEHicbVC7TsMwFL3hWcqrwMhiUaEyVQmqgLGChbEg+pCaUDmu01p1nMh2kKoon8DCr7AwgBArIxt/g9tmgJYjWTo+517de48fc6a0bX9bS8srq2vrhY3i5tb2zm5pb7+lokQS2iQRj2THx4pyJmhTM81pJ5YUhz6nbX90NfHbD1QqFok7PY6pF+KBYAEjWBupV6q4IdZDP0iHWQW5TKDZ309vs/u0j1zNQqqQyHqlsl21p0CLxMlJGXI0eqUvtx+RJKRCE46V6jp2rL0US80Ip1nRTRSNMRnhAe0aKrCZ46XTgzJ0bJQ+CiJpntBoqv7uSHGo1Dj0TeVkXTXvTcT/vG6igwsvZSJONBVkNihIONIRmqSD+kxSovnYEEwkM7siMsQSE20yLJoQnPmTF0nrtOqcVWs3tXL9Mo+jAIdwBCfgwDnU4Roa0AQCj/AMr/BmPVkv1rv1MStdsvKeA/gD6/MHpLec/A==</latexit>

h0 2 Rd⇥n

<latexit sha1_base64="sPvTPjoTd8LYyx3T9O8fc0J69qI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2WjaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD59eRFQ==</latexit>

h

<latexit sha1_base64="eupKb/F+85B2hxPXdG4grgMeD+Y=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvoqsxIUZdFNy4r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaTu9zvPlGlmRSPZprQIMYjwSJGsLGS34+xGYdRNp6dD6o1t+7OgVaJV5AaFGgNql/9oSRpTIUhHGvte25iggwrwwins0o/1TTBZIJH1LdU4JjqIJtHnqEzqwxRJJV9wqC5+nsjw7HW0zi0k3lEvezl4n+en5roJsiYSFJDBVl8FKUcGYny+9GQKUoMn1qCiWI2KyJjrDAxtqWKLcFbPnmVdC7r3lW98dCoNW+LOspwAqdwAR5cQxPuoQVtICDhGV7hzTHOi/PufCxGS06xcwx/4Hz+AEwmkUY=</latexit>

h0



Decoder Block

…
<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

<latexit sha1_base64="Fnwhd7Ta5Tw0dHaaWO+17yDDvLg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLA7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAXj+7nfekKleSwfzSRBP6IDyUPOqLFSfdQrltyyuwBZJ15GSpCh1it+dfsxSyOUhgmqdcdzE+NPqTKcCZwVuqnGhLIxHWDHUkkj1P50ceiMXFilT8JY2ZKGLNTfE1MaaT2JAtsZUTPUq95c/M/rpCa89adcJqlByZaLwlQQE5P516TPFTIjJpZQpri9lbAhVZQZm03BhuCtvrxOmldl77pcqVdK1bssjjycwTlcggc3UIUHqEEDGCA8wyu8OSPnxXl3PpatOSebOYU/cD5/ANPvjPc=</latexit>

j

We’re at generation step j, and have our 
previous decoder steps available 

<latexit sha1_base64="ZyE8+TAc0YQL6DloBJZHnFBzV/0=">AAAB/nicbVDLSsNAFJ3UV62vqrhyEyyCq5JIUZdFNy4r2Ae0IUymN+3QySTM3IglFPwVNy4Ucet3uPNvnLZZaOuBgcM593LPnCARXKPjfFuFldW19Y3iZmlre2d3r7x/0NJxqhg0WSxi1QmoBsElNJGjgE6igEaBgHYwupn67QdQmsfyHscJeBEdSB5yRtFIfvmoF1EcBmE2nPg9hEfM+sAmfrniVJ0Z7GXi5qRCcjT88levH7M0AolMUK27rpOgl1GFnAmYlHqphoSyER1A11BJI9BeNos/sU+N0rfDWJkn0Z6pvzcyGmk9jgIzOQ2rF72p+J/XTTG88jIukxRBsvmhMBU2xva0C7vPFTAUY0MoU9xktdmQKsrQNFYyJbiLX14mrfOqe1Gt3dUq9eu8jiI5JifkjLjkktTJLWmQJmEkI8/klbxZT9aL9W59zEcLVr5zSP7A+vwBRRSWWA==</latexit>

hdec
<latexit sha1_base64="ZyE8+TAc0YQL6DloBJZHnFBzV/0=">AAAB/nicbVDLSsNAFJ3UV62vqrhyEyyCq5JIUZdFNy4r2Ae0IUymN+3QySTM3IglFPwVNy4Ucet3uPNvnLZZaOuBgcM593LPnCARXKPjfFuFldW19Y3iZmlre2d3r7x/0NJxqhg0WSxi1QmoBsElNJGjgE6igEaBgHYwupn67QdQmsfyHscJeBEdSB5yRtFIfvmoF1EcBmE2nPg9hEfM+sAmfrniVJ0Z7GXi5qRCcjT88levH7M0AolMUK27rpOgl1GFnAmYlHqphoSyER1A11BJI9BeNos/sU+N0rfDWJkn0Z6pvzcyGmk9jgIzOQ2rF72p+J/XTTG88jIukxRBsvmhMBU2xva0C7vPFTAUY0MoU9xktdmQKsrQNFYyJbiLX14mrfOqe1Gt3dUq9eu8jiI5JifkjLjkktTJLWmQJmEkI8/klbxZT9aL9W59zEcLVr5zSP7A+vwBRRSWWA==</latexit>

hdec



Decoder Block

…
<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

Multi-Head  
Attention

Transform
er Block

<latexit sha1_base64="Fnwhd7Ta5Tw0dHaaWO+17yDDvLg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLA7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAXj+7nfekKleSwfzSRBP6IDyUPOqLFSfdQrltyyuwBZJ15GSpCh1it+dfsxSyOUhgmqdcdzE+NPqTKcCZwVuqnGhLIxHWDHUkkj1P50ceiMXFilT8JY2ZKGLNTfE1MaaT2JAtsZUTPUq95c/M/rpCa89adcJqlByZaLwlQQE5P516TPFTIjJpZQpri9lbAhVZQZm03BhuCtvrxOmldl77pcqVdK1bssjjycwTlcggc3UIUHqEEDGCA8wyu8OSPnxXl3PpatOSebOYU/cD5/ANPvjPc=</latexit>

j

First, we do self-attention over the tokens 
we’ve already generated <latexit sha1_base64="ZyE8+TAc0YQL6DloBJZHnFBzV/0=">AAAB/nicbVDLSsNAFJ3UV62vqrhyEyyCq5JIUZdFNy4r2Ae0IUymN+3QySTM3IglFPwVNy4Ucet3uPNvnLZZaOuBgcM593LPnCARXKPjfFuFldW19Y3iZmlre2d3r7x/0NJxqhg0WSxi1QmoBsElNJGjgE6igEaBgHYwupn67QdQmsfyHscJeBEdSB5yRtFIfvmoF1EcBmE2nPg9hEfM+sAmfrniVJ0Z7GXi5qRCcjT88levH7M0AolMUK27rpOgl1GFnAmYlHqphoSyER1A11BJI9BeNos/sU+N0rfDWJkn0Z6pvzcyGmk9jgIzOQ2rF72p+J/XTTG88jIukxRBsvmhMBU2xva0C7vPFTAUY0MoU9xktdmQKsrQNFYyJbiLX14mrfOqe1Gt3dUq9eu8jiI5JifkjLjkktTJLWmQJmEkI8/klbxZT9aL9W59zEcLVr5zSP7A+vwBRRSWWA==</latexit>

hdec

<latexit sha1_base64="zSJYUzaVSxI0as1N/xuH4lPUHEA=">AAACN3icbVDLSsQwFE19O75GXboJDoJuhlZE3Qg+NrNRFBwVZsaSprdOMH2Q3IpD6V+58Tfc6caFIm79A9OZgs8DgZNz70nuPV4ihUbbfrSGhkdGx8YnJitT0zOzc9X5hTMdp4pDk8cyVhce0yBFBE0UKOEiUcBCT8K5d31Q1M9vQGkRR6fYS6ATsqtIBIIzNJJbPWqHDLtekHXzy6yNcIvZYWMvd52c7tDynkoUDWD+HiJEhS 2/bKx++dxBmw88X3OrNbtu90H/EqckNVLi2K0+tP2Yp6F5mEumdcuxE+xkTKHgEvJKO9WQMH7NrqBlaMRC0J2sv3dOV4zi0yBW5kRI++p3R8ZCrXuhZzqLafXvWiH+V2ulGGx3MhElqdmYDz4KUkkxpkWI1BcKOMqeIYwrYWalvMsU42iirpgQnN8r/yVn63Vns75xslHb3S/jmCBLZJmsEodskV3SIMekSTi5I0/khbxa99az9Wa9D1qHrNKzSH7A+vgE1LiuVQ==</latexit>

hMHA1 = MultiHeadAttention
H
(hdec)



Decoder Block

…
<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

Multi-Head  
Attention

Transform
er Block

<latexit sha1_base64="Fnwhd7Ta5Tw0dHaaWO+17yDDvLg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLA7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAXj+7nfekKleSwfzSRBP6IDyUPOqLFSfdQrltyyuwBZJ15GSpCh1it+dfsxSyOUhgmqdcdzE+NPqTKcCZwVuqnGhLIxHWDHUkkj1P50ceiMXFilT8JY2ZKGLNTfE1MaaT2JAtsZUTPUq95c/M/rpCa89adcJqlByZaLwlQQE5P516TPFTIjJpZQpri9lbAhVZQZm03BhuCtvrxOmldl77pcqVdK1bssjjycwTlcggc3UIUHqEEDGCA8wyu8OSPnxXl3PpatOSebOYU/cD5/ANPvjPc=</latexit>

j

LayerNorm

Layer norm on the output of the self-
attention <latexit sha1_base64="ZyE8+TAc0YQL6DloBJZHnFBzV/0=">AAAB/nicbVDLSsNAFJ3UV62vqrhyEyyCq5JIUZdFNy4r2Ae0IUymN+3QySTM3IglFPwVNy4Ucet3uPNvnLZZaOuBgcM593LPnCARXKPjfFuFldW19Y3iZmlre2d3r7x/0NJxqhg0WSxi1QmoBsElNJGjgE6igEaBgHYwupn67QdQmsfyHscJeBEdSB5yRtFIfvmoF1EcBmE2nPg9hEfM+sAmfrniVJ0Z7GXi5qRCcjT88levH7M0AolMUK27rpOgl1GFnAmYlHqphoSyER1A11BJI9BeNos/sU+N0rfDWJkn0Z6pvzcyGmk9jgIzOQ2rF72p+J/XTTG88jIukxRBsvmhMBU2xva0C7vPFTAUY0MoU9xktdmQKsrQNFYyJbiLX14mrfOqe1Gt3dUq9eu8jiI5JifkjLjkktTJLWmQJmEkI8/klbxZT9aL9W59zEcLVr5zSP7A+vwBRRSWWA==</latexit>

hdec

<latexit sha1_base64="J7ikihmIvUUa15iu7qGjMa3NVJM="></latexit>

hAddNorm1 = LayerNorm(hdec + hMHA1)

<latexit sha1_base64="zSJYUzaVSxI0as1N/xuH4lPUHEA=">AAACN3icbVDLSsQwFE19O75GXboJDoJuhlZE3Qg+NrNRFBwVZsaSprdOMH2Q3IpD6V+58Tfc6caFIm79A9OZgs8DgZNz70nuPV4ihUbbfrSGhkdGx8YnJitT0zOzc9X5hTMdp4pDk8cyVhce0yBFBE0UKOEiUcBCT8K5d31Q1M9vQGkRR6fYS6ATsqtIBIIzNJJbPWqHDLtekHXzy6yNcIvZYWMvd52c7tDynkoUDWD+HiJEhS 2/bKx++dxBmw88X3OrNbtu90H/EqckNVLi2K0+tP2Yp6F5mEumdcuxE+xkTKHgEvJKO9WQMH7NrqBlaMRC0J2sv3dOV4zi0yBW5kRI++p3R8ZCrXuhZzqLafXvWiH+V2ulGGx3MhElqdmYDz4KUkkxpkWI1BcKOMqeIYwrYWalvMsU42iirpgQnN8r/yVn63Vns75xslHb3S/jmCBLZJmsEodskV3SIMekSTi5I0/khbxa99az9Wa9D1qHrNKzSH7A+vgE1LiuVQ==</latexit>

hMHA1 = MultiHeadAttention
H
(hdec)



Decoder Block

…
<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

Multi-Head  
Attention

Transform
er Block

…

<latexit sha1_base64="Fnwhd7Ta5Tw0dHaaWO+17yDDvLg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLA7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAXj+7nfekKleSwfzSRBP6IDyUPOqLFSfdQrltyyuwBZJ15GSpCh1it+dfsxSyOUhgmqdcdzE+NPqTKcCZwVuqnGhLIxHWDHUkkj1P50ceiMXFilT8JY2ZKGLNTfE1MaaT2JAtsZUTPUq95c/M/rpCa89adcJqlByZaLwlQQE5P516TPFTIjJpZQpri9lbAhVZQZm03BhuCtvrxOmldl77pcqVdK1bssjjycwTlcggc3UIUHqEEDGCA8wyu8OSPnxXl3PpatOSebOYU/cD5/ANPvjPc=</latexit>

j

LayerNorm

Multi-Head  
Attention

Then we attend to the 
encoder hidden states using 
the output of the previous 
layer normalization

<latexit sha1_base64="ZyE8+TAc0YQL6DloBJZHnFBzV/0=">AAAB/nicbVDLSsNAFJ3UV62vqrhyEyyCq5JIUZdFNy4r2Ae0IUymN+3QySTM3IglFPwVNy4Ucet3uPNvnLZZaOuBgcM593LPnCARXKPjfFuFldW19Y3iZmlre2d3r7x/0NJxqhg0WSxi1QmoBsElNJGjgE6igEaBgHYwupn67QdQmsfyHscJeBEdSB5yRtFIfvmoF1EcBmE2nPg9hEfM+sAmfrniVJ0Z7GXi5qRCcjT88levH7M0AolMUK27rpOgl1GFnAmYlHqphoSyER1A11BJI9BeNos/sU+N0rfDWJkn0Z6pvzcyGmk9jgIzOQ2rF72p+J/XTTG88jIukxRBsvmhMBU2xva0C7vPFTAUY0MoU9xktdmQKsrQNFYyJbiLX14mrfOqe1Gt3dUq9eu8jiI5JifkjLjkktTJLWmQJmEkI8/klbxZT9aL9W59zEcLVr5zSP7A+vwBRRSWWA==</latexit>

hdec

<latexit sha1_base64="J7ikihmIvUUa15iu7qGjMa3NVJM="></latexit>

hAddNorm1 = LayerNorm(hdec + hMHA1)
<latexit sha1_base64="aZhx1QOrn2eciqNickob/5rQ1tY="></latexit>

hMHA2 = MultiHeadAttention
H
([henc;h

AddNorm1 ])

<latexit sha1_base64="zSJYUzaVSxI0as1N/xuH4lPUHEA=">AAACN3icbVDLSsQwFE19O75GXboJDoJuhlZE3Qg+NrNRFBwVZsaSprdOMH2Q3IpD6V+58Tfc6caFIm79A9OZgs8DgZNz70nuPV4ihUbbfrSGhkdGx8YnJitT0zOzc9X5hTMdp4pDk8cyVhce0yBFBE0UKOEiUcBCT8K5d31Q1M9vQGkRR6fYS6ATsqtIBIIzNJJbPWqHDLtekHXzy6yNcIvZYWMvd52c7tDynkoUDWD+HiJEhS 2/bKx++dxBmw88X3OrNbtu90H/EqckNVLi2K0+tP2Yp6F5mEumdcuxE+xkTKHgEvJKO9WQMH7NrqBlaMRC0J2sv3dOV4zi0yBW5kRI++p3R8ZCrXuhZzqLafXvWiH+V2ulGGx3MhElqdmYDz4KUkkxpkWI1BcKOMqeIYwrYWalvMsU42iirpgQnN8r/yVn63Vns75xslHb3S/jmCBLZJmsEodskV3SIMekSTi5I0/khbxa99az9Wa9D1qHrNKzSH7A+vgE1LiuVQ==</latexit>

hMHA1 = MultiHeadAttention
H
(hdec)

<latexit sha1_base64="nwt04oDDsDMfcjGEk779njoE55o=">AAAB/nicbVBNS8NAFNzUr1q/ouLJS7AInkoiRT0WvXisYGuhCWGz3bRLN5uw+yKWEPCvePGgiFd/hzf/jZuYg7YOLAwz77HzJkg4U2DbX0ZtaXllda2+3tjY3NreMXf3+ipOJaE9EvNYDgKsKGeC9oABp4NEUhwFnN4F06vCv7unUrFY3MIsoV6Ex4KFjGDQkm8euBGGSRBmk9x3gT5ARgXJfbNpt+wS1iJxKtJEFbq++emOYpJGVADhWKmhYyfgZVgCI5zmDTdVNMFkisd0qKnAEVVeVsbPrWOtjKwwlvoJsEr190aGI6VmUaAni7Bq3ivE/7xhCuGFlzGRpFBcVX4UptyC2Cq6sEZMUgJ8pgkmkumsFplgiQnoxhq6BGf+5EXSP205Z632TbvZuazqqKNDdIROkIPOUQddoy7qIYIy9IRe0KvxaDwbb8b7z2jNqHb20R8YH99UUZZi</latexit>

henc



Decoder Block

…
<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

Multi-Head  
Attention

Transform
er Block

…

<latexit sha1_base64="Fnwhd7Ta5Tw0dHaaWO+17yDDvLg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLA7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAXj+7nfekKleSwfzSRBP6IDyUPOqLFSfdQrltyyuwBZJ15GSpCh1it+dfsxSyOUhgmqdcdzE+NPqTKcCZwVuqnGhLIxHWDHUkkj1P50ceiMXFilT8JY2ZKGLNTfE1MaaT2JAtsZUTPUq95c/M/rpCa89adcJqlByZaLwlQQE5P516TPFTIjJpZQpri9lbAhVZQZm03BhuCtvrxOmldl77pcqVdK1bssjjycwTlcggc3UIUHqEEDGCA8wyu8OSPnxXl3PpatOSebOYU/cD5/ANPvjPc=</latexit>

j

LayerNorm

Multi-Head  
Attention

LayerNorm

Yet another layer norm
<latexit sha1_base64="ZyE8+TAc0YQL6DloBJZHnFBzV/0=">AAAB/nicbVDLSsNAFJ3UV62vqrhyEyyCq5JIUZdFNy4r2Ae0IUymN+3QySTM3IglFPwVNy4Ucet3uPNvnLZZaOuBgcM593LPnCARXKPjfFuFldW19Y3iZmlre2d3r7x/0NJxqhg0WSxi1QmoBsElNJGjgE6igEaBgHYwupn67QdQmsfyHscJeBEdSB5yRtFIfvmoF1EcBmE2nPg9hEfM+sAmfrniVJ0Z7GXi5qRCcjT88levH7M0AolMUK27rpOgl1GFnAmYlHqphoSyER1A11BJI9BeNos/sU+N0rfDWJkn0Z6pvzcyGmk9jgIzOQ2rF72p+J/XTTG88jIukxRBsvmhMBU2xva0C7vPFTAUY0MoU9xktdmQKsrQNFYyJbiLX14mrfOqe1Gt3dUq9eu8jiI5JifkjLjkktTJLWmQJmEkI8/klbxZT9aL9W59zEcLVr5zSP7A+vwBRRSWWA==</latexit>

hdec

<latexit sha1_base64="J7ikihmIvUUa15iu7qGjMa3NVJM="></latexit>

hAddNorm1 = LayerNorm(hdec + hMHA1)
<latexit sha1_base64="aZhx1QOrn2eciqNickob/5rQ1tY="></latexit>

hMHA2 = MultiHeadAttention
H
([henc;h

AddNorm1 ])

<latexit sha1_base64="zSJYUzaVSxI0as1N/xuH4lPUHEA=">AAACN3icbVDLSsQwFE19O75GXboJDoJuhlZE3Qg+NrNRFBwVZsaSprdOMH2Q3IpD6V+58Tfc6caFIm79A9OZgs8DgZNz70nuPV4ihUbbfrSGhkdGx8YnJitT0zOzc9X5hTMdp4pDk8cyVhce0yBFBE0UKOEiUcBCT8K5d31Q1M9vQGkRR6fYS6ATsqtIBIIzNJJbPWqHDLtekHXzy6yNcIvZYWMvd52c7tDynkoUDWD+HiJEhS 2/bKx++dxBmw88X3OrNbtu90H/EqckNVLi2K0+tP2Yp6F5mEumdcuxE+xkTKHgEvJKO9WQMH7NrqBlaMRC0J2sv3dOV4zi0yBW5kRI++p3R8ZCrXuhZzqLafXvWiH+V2ulGGx3MhElqdmYDz4KUkkxpkWI1BcKOMqeIYwrYWalvMsU42iirpgQnN8r/yVn63Vns75xslHb3S/jmCBLZJmsEodskV3SIMekSTi5I0/khbxa99az9Wa9D1qHrNKzSH7A+vgE1LiuVQ==</latexit>

hMHA1 = MultiHeadAttention
H
(hdec)

<latexit sha1_base64="WrtOGwWjr/1Fe7zDrtm74oNC+d8=">AAACVHicbZHLSsNAFIYn8V5vVZduBougCCWRom6EqhsXKgpWhbaWyeTEDp1cmDkRS8hD6kLwSdy4cJJ2odYDAz/fucyZf7xECo2O82HZU9Mzs3PzC5XFpeWV1era+p2OU8WhxWMZqwePaZAighYKlPCQKGChJ+HeG5wV+ftnUFrE0S0OE+iG7CkSgeAMDepVB52QYd8Lsn7+mHUQXjA78f2rWIV5bz+nx3TELtgQVEl3SvB/g5 vTPTo58PL8pBi226vWnLpTBp0U7ljUyDiue9W3jh/zNIQIuWRat10nwW7GFAouIa90Ug0J4wP2BG0jIxaC7malKTndNsSnQazMiZCW9GdHxkKth6FnKouN9d9cAf/LtVMMjrqZiJIUIeKji4JUUoxp4TD1hQKOcmgE40qYXSnvM8U4mn+oGBPcv0+eFHf7dfeg3rhp1JqnYzvmySbZIjvEJYekSc7JNWkRTl7Jp0Usy3q3vuwpe2ZUalvjng3yK+yVb4MvtZY=</latexit>

hAddNorm2 = LayerNorm(hAddNorm1 + hMHA2)

<latexit sha1_base64="nwt04oDDsDMfcjGEk779njoE55o=">AAAB/nicbVBNS8NAFNzUr1q/ouLJS7AInkoiRT0WvXisYGuhCWGz3bRLN5uw+yKWEPCvePGgiFd/hzf/jZuYg7YOLAwz77HzJkg4U2DbX0ZtaXllda2+3tjY3NreMXf3+ipOJaE9EvNYDgKsKGeC9oABp4NEUhwFnN4F06vCv7unUrFY3MIsoV6Ex4KFjGDQkm8euBGGSRBmk9x3gT5ARgXJfbNpt+wS1iJxKtJEFbq++emOYpJGVADhWKmhYyfgZVgCI5zmDTdVNMFkisd0qKnAEVVeVsbPrWOtjKwwlvoJsEr190aGI6VmUaAni7Bq3ivE/7xhCuGFlzGRpFBcVX4UptyC2Cq6sEZMUgJ8pgkmkumsFplgiQnoxhq6BGf+5EXSP205Z632TbvZuazqqKNDdIROkIPOUQddoy7qIYIy9IRe0KvxaDwbb8b7z2jNqHb20R8YH99UUZZi</latexit>

henc



Decoder Block

…
<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

Multi-Head  
Attention

Transform
er Block

…

<latexit sha1_base64="Fnwhd7Ta5Tw0dHaaWO+17yDDvLg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLA7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAXj+7nfekKleSwfzSRBP6IDyUPOqLFSfdQrltyyuwBZJ15GSpCh1it+dfsxSyOUhgmqdcdzE+NPqTKcCZwVuqnGhLIxHWDHUkkj1P50ceiMXFilT8JY2ZKGLNTfE1MaaT2JAtsZUTPUq95c/M/rpCa89adcJqlByZaLwlQQE5P516TPFTIjJpZQpri9lbAhVZQZm03BhuCtvrxOmldl77pcqVdK1bssjjycwTlcggc3UIUHqEEDGCA8wyu8OSPnxXl3PpatOSebOYU/cD5/ANPvjPc=</latexit>

j

LayerNorm

Multi-Head  
Attention

LayerNorm

Feedforward network

FFN

<latexit sha1_base64="ZyE8+TAc0YQL6DloBJZHnFBzV/0=">AAAB/nicbVDLSsNAFJ3UV62vqrhyEyyCq5JIUZdFNy4r2Ae0IUymN+3QySTM3IglFPwVNy4Ucet3uPNvnLZZaOuBgcM593LPnCARXKPjfFuFldW19Y3iZmlre2d3r7x/0NJxqhg0WSxi1QmoBsElNJGjgE6igEaBgHYwupn67QdQmsfyHscJeBEdSB5yRtFIfvmoF1EcBmE2nPg9hEfM+sAmfrniVJ0Z7GXi5qRCcjT88levH7M0AolMUK27rpOgl1GFnAmYlHqphoSyER1A11BJI9BeNos/sU+N0rfDWJkn0Z6pvzcyGmk9jgIzOQ2rF72p+J/XTTG88jIukxRBsvmhMBU2xva0C7vPFTAUY0MoU9xktdmQKsrQNFYyJbiLX14mrfOqe1Gt3dUq9eu8jiI5JifkjLjkktTJLWmQJmEkI8/klbxZT9aL9W59zEcLVr5zSP7A+vwBRRSWWA==</latexit>

hdec

<latexit sha1_base64="J7ikihmIvUUa15iu7qGjMa3NVJM="></latexit>

hAddNorm1 = LayerNorm(hdec + hMHA1)
<latexit sha1_base64="aZhx1QOrn2eciqNickob/5rQ1tY="></latexit>

hMHA2 = MultiHeadAttention
H
([henc;h

AddNorm1 ])

<latexit sha1_base64="zSJYUzaVSxI0as1N/xuH4lPUHEA=">AAACN3icbVDLSsQwFE19O75GXboJDoJuhlZE3Qg+NrNRFBwVZsaSprdOMH2Q3IpD6V+58Tfc6caFIm79A9OZgs8DgZNz70nuPV4ihUbbfrSGhkdGx8YnJitT0zOzc9X5hTMdp4pDk8cyVhce0yBFBE0UKOEiUcBCT8K5d31Q1M9vQGkRR6fYS6ATsqtIBIIzNJJbPWqHDLtekHXzy6yNcIvZYWMvd52c7tDynkoUDWD+HiJEhS 2/bKx++dxBmw88X3OrNbtu90H/EqckNVLi2K0+tP2Yp6F5mEumdcuxE+xkTKHgEvJKO9WQMH7NrqBlaMRC0J2sv3dOV4zi0yBW5kRI++p3R8ZCrXuhZzqLafXvWiH+V2ulGGx3MhElqdmYDz4KUkkxpkWI1BcKOMqeIYwrYWalvMsU42iirpgQnN8r/yVn63Vns75xslHb3S/jmCBLZJmsEodskV3SIMekSTi5I0/khbxa99az9Wa9D1qHrNKzSH7A+vgE1LiuVQ==</latexit>

hMHA1 = MultiHeadAttention
H
(hdec)

<latexit sha1_base64="WrtOGwWjr/1Fe7zDrtm74oNC+d8=">AAACVHicbZHLSsNAFIYn8V5vVZduBougCCWRom6EqhsXKgpWhbaWyeTEDp1cmDkRS8hD6kLwSdy4cJJ2odYDAz/fucyZf7xECo2O82HZU9Mzs3PzC5XFpeWV1era+p2OU8WhxWMZqwePaZAighYKlPCQKGChJ+HeG5wV+ftnUFrE0S0OE+iG7CkSgeAMDepVB52QYd8Lsn7+mHUQXjA78f2rWIV5bz+nx3TELtgQVEl3SvB/g5 vTPTo58PL8pBi226vWnLpTBp0U7ljUyDiue9W3jh/zNIQIuWRat10nwW7GFAouIa90Ug0J4wP2BG0jIxaC7malKTndNsSnQazMiZCW9GdHxkKth6FnKouN9d9cAf/LtVMMjrqZiJIUIeKji4JUUoxp4TD1hQKOcmgE40qYXSnvM8U4mn+oGBPcv0+eFHf7dfeg3rhp1JqnYzvmySbZIjvEJYekSc7JNWkRTl7Jp0Usy3q3vuwpe2ZUalvjng3yK+yVb4MvtZY=</latexit>

hAddNorm2 = LayerNorm(hAddNorm1 + hMHA2)
<latexit sha1_base64="UzzRkAwkB3hx1BTQipnPh2nCK34=">AAACPXicbVDLSgMxFM34tr6qLt0Ei6AIZaaIuhF8gLgQUbFWaOuQydxpg5kHyR2xDPNjbvwHd+7cuFDErVvTx8LXgcDJOfeSnOMlUmi07SdraHhkdGx8YrIwNT0zO1ecX7jUcao4VHksY3XlMQ1SRFBFgRKuEgUs9CTUvJuDrl+7BaVFHF1gJ4FmyFqRCARnaCS3eNEIGba9IGvn1w2EO8wOD09yukP7l3M4ruar32ayvr7n+y exCnO3ktdch65Tz3XWam6lxypusWSX7R7oX+IMSIkMcOoWHxt+zNMQIuSSaV137ASbGVMouIS80Eg1JIzfsBbUDY1YCLqZ9dLndMUoPg1iZU6EtKd+38hYqHUn9MxkN4f+7XXF/7x6isF2MxNRkiJEvP9QkEqKMe1WSX2hgKPsGMK4EuavlLeZYhxN4QVTgvM78l9yWSk7m+WNs43S7v6gjgmyRJbJKnHIFtklR+SUVAkn9+SZvJI368F6sd6tj/7okDXYWSQ/YH1+AZ4erhc=</latexit>

hFFN = ReLU(hAddNorm2W1 + b1)W2 + b2

<latexit sha1_base64="nwt04oDDsDMfcjGEk779njoE55o=">AAAB/nicbVBNS8NAFNzUr1q/ouLJS7AInkoiRT0WvXisYGuhCWGz3bRLN5uw+yKWEPCvePGgiFd/hzf/jZuYg7YOLAwz77HzJkg4U2DbX0ZtaXllda2+3tjY3NreMXf3+ipOJaE9EvNYDgKsKGeC9oABp4NEUhwFnN4F06vCv7unUrFY3MIsoV6Ex4KFjGDQkm8euBGGSRBmk9x3gT5ARgXJfbNpt+wS1iJxKtJEFbq++emOYpJGVADhWKmhYyfgZVgCI5zmDTdVNMFkisd0qKnAEVVeVsbPrWOtjKwwlvoJsEr190aGI6VmUaAni7Bq3ivE/7xhCuGFlzGRpFBcVX4UptyC2Cq6sEZMUgJ8pgkmkumsFplgiQnoxhq6BGf+5EXSP205Z632TbvZuazqqKNDdIROkIPOUQddoy7qIYIy9IRe0KvxaDwbb8b7z2jNqHb20R8YH99UUZZi</latexit>

henc



Decoder Block

…
<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

Multi-Head  
Attention

Transform
er Block

…

<latexit sha1_base64="Fnwhd7Ta5Tw0dHaaWO+17yDDvLg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLA7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAXj+7nfekKleSwfzSRBP6IDyUPOqLFSfdQrltyyuwBZJ15GSpCh1it+dfsxSyOUhgmqdcdzE+NPqTKcCZwVuqnGhLIxHWDHUkkj1P50ceiMXFilT8JY2ZKGLNTfE1MaaT2JAtsZUTPUq95c/M/rpCa89adcJqlByZaLwlQQE5P516TPFTIjJpZQpri9lbAhVZQZm03BhuCtvrxOmldl77pcqVdK1bssjjycwTlcggc3UIUHqEEDGCA8wyu8OSPnxXl3PpatOSebOYU/cD5/ANPvjPc=</latexit>

j

LayerNorm

Multi-Head  
Attention

LayerNorm

One last layer norm to get 
our final output vectors for 
each token generated so far!

FFN
LayerNorm

<latexit sha1_base64="ZyE8+TAc0YQL6DloBJZHnFBzV/0=">AAAB/nicbVDLSsNAFJ3UV62vqrhyEyyCq5JIUZdFNy4r2Ae0IUymN+3QySTM3IglFPwVNy4Ucet3uPNvnLZZaOuBgcM593LPnCARXKPjfFuFldW19Y3iZmlre2d3r7x/0NJxqhg0WSxi1QmoBsElNJGjgE6igEaBgHYwupn67QdQmsfyHscJeBEdSB5yRtFIfvmoF1EcBmE2nPg9hEfM+sAmfrniVJ0Z7GXi5qRCcjT88levH7M0AolMUK27rpOgl1GFnAmYlHqphoSyER1A11BJI9BeNos/sU+N0rfDWJkn0Z6pvzcyGmk9jgIzOQ2rF72p+J/XTTG88jIukxRBsvmhMBU2xva0C7vPFTAUY0MoU9xktdmQKsrQNFYyJbiLX14mrfOqe1Gt3dUq9eu8jiI5JifkjLjkktTJLWmQJmEkI8/klbxZT9aL9W59zEcLVr5zSP7A+vwBRRSWWA==</latexit>

hdec

<latexit sha1_base64="J7ikihmIvUUa15iu7qGjMa3NVJM="></latexit>

hAddNorm1 = LayerNorm(hdec + hMHA1)
<latexit sha1_base64="aZhx1QOrn2eciqNickob/5rQ1tY="></latexit>

hMHA2 = MultiHeadAttention
H
([henc;h

AddNorm1 ])

<latexit sha1_base64="zSJYUzaVSxI0as1N/xuH4lPUHEA=">AAACN3icbVDLSsQwFE19O75GXboJDoJuhlZE3Qg+NrNRFBwVZsaSprdOMH2Q3IpD6V+58Tfc6caFIm79A9OZgs8DgZNz70nuPV4ihUbbfrSGhkdGx8YnJitT0zOzc9X5hTMdp4pDk8cyVhce0yBFBE0UKOEiUcBCT8K5d31Q1M9vQGkRR6fYS6ATsqtIBIIzNJJbPWqHDLtekHXzy6yNcIvZYWMvd52c7tDynkoUDWD+HiJEhS 2/bKx++dxBmw88X3OrNbtu90H/EqckNVLi2K0+tP2Yp6F5mEumdcuxE+xkTKHgEvJKO9WQMH7NrqBlaMRC0J2sv3dOV4zi0yBW5kRI++p3R8ZCrXuhZzqLafXvWiH+V2ulGGx3MhElqdmYDz4KUkkxpkWI1BcKOMqeIYwrYWalvMsU42iirpgQnN8r/yVn63Vns75xslHb3S/jmCBLZJmsEodskV3SIMekSTi5I0/khbxa99az9Wa9D1qHrNKzSH7A+vgE1LiuVQ==</latexit>

hMHA1 = MultiHeadAttention
H
(hdec)

<latexit sha1_base64="WrtOGwWjr/1Fe7zDrtm74oNC+d8=">AAACVHicbZHLSsNAFIYn8V5vVZduBougCCWRom6EqhsXKgpWhbaWyeTEDp1cmDkRS8hD6kLwSdy4cJJ2odYDAz/fucyZf7xECo2O82HZU9Mzs3PzC5XFpeWV1era+p2OU8WhxWMZqwePaZAighYKlPCQKGChJ+HeG5wV+ftnUFrE0S0OE+iG7CkSgeAMDepVB52QYd8Lsn7+mHUQXjA78f2rWIV5bz+nx3TELtgQVEl3SvB/g5 vTPTo58PL8pBi226vWnLpTBp0U7ljUyDiue9W3jh/zNIQIuWRat10nwW7GFAouIa90Ug0J4wP2BG0jIxaC7malKTndNsSnQazMiZCW9GdHxkKth6FnKouN9d9cAf/LtVMMjrqZiJIUIeKji4JUUoxp4TD1hQKOcmgE40qYXSnvM8U4mn+oGBPcv0+eFHf7dfeg3rhp1JqnYzvmySbZIjvEJYekSc7JNWkRTl7Jp0Usy3q3vuwpe2ZUalvjng3yK+yVb4MvtZY=</latexit>

hAddNorm2 = LayerNorm(hAddNorm1 + hMHA2)
<latexit sha1_base64="UzzRkAwkB3hx1BTQipnPh2nCK34=">AAACPXicbVDLSgMxFM34tr6qLt0Ei6AIZaaIuhF8gLgQUbFWaOuQydxpg5kHyR2xDPNjbvwHd+7cuFDErVvTx8LXgcDJOfeSnOMlUmi07SdraHhkdGx8YrIwNT0zO1ecX7jUcao4VHksY3XlMQ1SRFBFgRKuEgUs9CTUvJuDrl+7BaVFHF1gJ4FmyFqRCARnaCS3eNEIGba9IGvn1w2EO8wOD09yukP7l3M4ruar32ayvr7n+y exCnO3ktdch65Tz3XWam6lxypusWSX7R7oX+IMSIkMcOoWHxt+zNMQIuSSaV137ASbGVMouIS80Eg1JIzfsBbUDY1YCLqZ9dLndMUoPg1iZU6EtKd+38hYqHUn9MxkN4f+7XXF/7x6isF2MxNRkiJEvP9QkEqKMe1WSX2hgKPsGMK4EuavlLeZYhxN4QVTgvM78l9yWSk7m+WNs43S7v6gjgmyRJbJKnHIFtklR+SUVAkn9+SZvJI368F6sd6tj/7okDXYWSQ/YH1+AZ4erhc=</latexit>

hFFN = ReLU(hAddNorm2W1 + b1)W2 + b2
<latexit sha1_base64="BbZ12bqcErG8H/BrDXpuCfprDDY=">AAACSXicbZDLSysxFMYzrc/q9VZdugkWUblQZqRc3Qg+QFyIKNyq0NYxkzljg5kHyRmxDPPvuXHnzv/BjQtFXJl2CtfXgcCX73cOOfm8RAqNtv1glcojo2PjE5OVqelfM7+rs3MnOk4VhyaPZazOPKZBigiaKFDCWaKAhZ6EU+9qt89Pr0FpEUf/sJdAJ2SXkQgEZ2gst3rRDhl2vSDr5stuG+EGMx94TjdpcTlgPVCHsQrzlf +d51kBt31/gNy1nP6hH3iB9/YO81W3WrPr9qDod+EMRY0M68it3rf9mKchRMgl07rl2Al2MqZQcAl5pZ1qSBi/YpfQMjJiIehONkgip0vG8WkQK3MipAP340TGQq17oWc6+9vqr6xv/sRaKQYbnUxESYoQ8eKhIJUUY9qPlfpCAUfZM4JxJcyulHeZYhxN+BUTgvP1y9/FyVrd+VtvHDdqWzvDOCbIAlkkK8Qh62SL7JMj0iSc3JJH8kxerDvryXq13orWkjWcmSefqlR+B+sVtKs=</latexit>

h0
dec = LayerNorm(hAddNorm2 + hFFN)

<latexit sha1_base64="nwt04oDDsDMfcjGEk779njoE55o=">AAAB/nicbVBNS8NAFNzUr1q/ouLJS7AInkoiRT0WvXisYGuhCWGz3bRLN5uw+yKWEPCvePGgiFd/hzf/jZuYg7YOLAwz77HzJkg4U2DbX0ZtaXllda2+3tjY3NreMXf3+ipOJaE9EvNYDgKsKGeC9oABp4NEUhwFnN4F06vCv7unUrFY3MIsoV6Ex4KFjGDQkm8euBGGSRBmk9x3gT5ARgXJfbNpt+wS1iJxKtJEFbq++emOYpJGVADhWKmhYyfgZVgCI5zmDTdVNMFkisd0qKnAEVVeVsbPrWOtjKwwlvoJsEr190aGI6VmUaAni7Bq3ivE/7xhCuGFlzGRpFBcVX4UptyC2Cq6sEZMUgJ8pgkmkumsFplgiQnoxhq6BGf+5EXSP205Z632TbvZuazqqKNDdIROkIPOUQddoy7qIYIy9IRe0KvxaDwbb8b7z2jNqHb20R8YH99UUZZi</latexit>

henc

<latexit sha1_base64="bAZZuvDOKyxNWrRj0xvWJGpSmq8=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cRMsoquSSFGXRTcuK9gLtKVMpift0MkkzJyIJWbhq7hxoYhbX8Odb+P0stDWHwY+/nMO58zvx4JrdN1vK7e0vLK6ll8vbGxube/Yu3t1HSWKQY1FIlJNn2oQXEINOQpoxgpo6Ato+MPrcb1xD0rzSN7hKIZOSPuSB5xRNFbXPmgjPKAfpIPspDvhtAcs69pFt+RO5CyCN4Mimanatb/avYglIUhkgmrd8twYOylVyJmArNBONMSUDWkfWgYlDUF30sn9mXNsnJ4TRMo8ic7E/T2R0lDrUeibzpDiQM/XxuZ/tVaCwWUn5TJOECSbLgoS4WDkjMNwelwBQzEyQJni5laHDaiiDE1kBROCN//lRaiflbzzUvm2XKxczeLIk0NyRE6JRy5IhdyQKqkRRh7JM3klb9aT9WK9Wx/T1pw1m9knf2R9/gDWDpak</latexit>

h0
dec

<latexit sha1_base64="DXND6yGa664JXM1NKI+ZwbW2F+g=">AAACQ3icbVBNa9tAEF2laeK6X0pz7GWJKXUgGCmYJpeCcXvoMYX4g9rGrFYje/FKK3ZHIUbov/WSP5Bb/0AuPSSUXgtdOYK0dh4svH3zZnfmBakUBj3vh7P1ZPvpzm7tWf35i5evXrt7b/pGZZpDjyup9DBgBqRIoIcCJQxTDSwOJAyCxaeyPrgAbYRKznGZwiRms0REgjO00tT9No4ZzoMonxfvp2OES8xD4AX9SO8vn4GrEH RXKr4omg/mygsJL47ohlw+cTh1G17LW4FuEr8iDVLhbOpej0PFsxgS5JIZM/K9FCc50yi4hKI+zgykjC/YDEaWJiwGM8lXGRT0nVVCGiltT4J0pf7bkbPYmGUcWGc5rVmvleJjtVGG0ekkF0maYbnt6qMokxQVLQOlodDAUS4tYVwLOyvlc6YZRxt73Ybgr6+8SfrHLf9Dq/213eh0qzhq5C05IE3ikxPSIV/IGekRTr6TG3JL7pwr56fzy/l9b91yqp598h+cP38BkVezsw==</latexit>

h0
dec = DecoderBlock(henc,hdec)



Multi-Layer Decoder

…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

Transformer  
Block

<latexit sha1_base64="Xt2SOb2kwphDDSMOeN4AQL7l4wM=">AAACBnicbVDLSgNBEJyNrxhfUY8iLAYhIoRdCeox6MVjBPOAZA2zk95kyOyDmV4xLHvy4q948aCIV7/Bm3/jJNmDRgsaiqpuurvcSHCFlvVl5BYWl5ZX8quFtfWNza3i9k5ThbFk0GChCGXbpQoED6CBHAW0IwnUdwW03NHlxG/dgVQ8DG5wHIHj00HAPc4oaqlX3O8i3KPrJcP0NimLY/so7U2lpA8s7RVLVsWawvxL7IyUSIZ6r/jZ7Ycs9iFAJqhSHduK0EmoRM4EpIVurCCibEQH0NE0oD4oJ5m+kZqHWumbXih1BWhO1Z8TCfWVGvuu7vQpDtW8NxH/8zoxeudOwoMoRgjYbJEXCxNDc5KJ2ecSGIqxJpRJrm812ZBKylAnV9Ah2PMv/yXNk4p9WqleV0u1iyyOPNkjB6RMbHJGauSK1EmDMPJAnsgLeTUejWfjzXifteaMbGaX/ILx8Q2P7Zky</latexit>

h(l+1)
dec

<latexit sha1_base64="dkywfLJsRA/igKc99htybN5VH8A=">AAACBHicbVA9SwNBEN2LXzF+RS3THAYhNuFOgloGbSwjmA9IzrC3mUuW7H2wOyeG4wob/4qNhSK2/gg7/42b5ApNfDDweG+GmXluJLhCy/o2ciura+sb+c3C1vbO7l5x/6ClwlgyaLJQhLLjUgWCB9BEjgI6kQTquwLa7vhq6rfvQSoeBrc4icDx6TDgHmcUtdQvlnoID+h6ySi9SyriJO3PhGQALO0Xy1bVmsFcJnZGyiRDo1/86g1CFvsQIBNUqa5tRegkVCJnAtJCL1YQUTamQ+hqGlAflJPMnkjNY60MTC+UugI0Z+rviYT6Sk18V3f6FEdq0ZuK/3ndGL0LJ+FBFCMEbL7Ii4WJoTlNxBxwCQzFRBPKJNe3mmxEJWWocyvoEOzFl5dJ67Rqn1VrN7Vy/TKLI09K5IhUiE3OSZ1ckwZpEkYeyTN5JW/Gk/FivBsf89ackc0ckj8wPn8AqbuYwg==</latexit>

h(l)
dec

<latexit sha1_base64="u4JtLMJed0XcmAdVxY9P1MUiChk=">AAACWHicfVFNS+RAEO3E73HVUY97aRyEkZUhEVEvwjB68OiCo8LMGDqditNMJx26K+IQ8icFD7t/xYudMbDrBxY0vH5Vr7rqdZhJYdDz/jju3PzC4tLySmP1x9r6RnNz69qoXHPocyWVvg2ZASlS6KNACbeZBpaEEm7CyVmVv3kAbYRKr3CawShh96mIBWdoqaCphgnDcRgX4/KuaMtf/l4ZDBEesYiAl/SUvl3OgasIdE8qPi mDwtaV7X/KWgEpL/fptw33gmbL63izoJ+BX4MWqeMyaD4NI8XzBFLkkhkz8L0MRwXTKLiEsjHMDWSMT9g9DCxMWQJmVMyMKemuZSIaK21PinTG/q8oWGLMNAltZTW1+ZiryK9ygxzjk1Eh0izHauvZQ3EuKSpauUwjoYGjnFrAuBZ2VsrHTDOO9i8a1gT/48qfwfVBxz/qHP4+bHV7tR3L5CfZIW3ik2PSJRfkkvQJJ8/kxZl3Fpy/LnGX3JW3UtepNdvkXbhbr0AatWE=</latexit>

h(l+1)
dec = DecoderBlockl+1(henc,h

(l+1)
dec )

…
<latexit sha1_base64="nwt04oDDsDMfcjGEk779njoE55o=">AAAB/nicbVBNS8NAFNzUr1q/ouLJS7AInkoiRT0WvXisYGuhCWGz3bRLN5uw+yKWEPCvePGgiFd/hzf/jZuYg7YOLAwz77HzJkg4U2DbX0ZtaXllda2+3tjY3NreMXf3+ipOJaE9EvNYDgKsKGeC9oABp4NEUhwFnN4F06vCv7unUrFY3MIsoV6Ex4KFjGDQkm8euBGGSRBmk9x3gT5ARgXJfbNpt+wS1iJxKtJEFbq++emOYpJGVADhWKmhYyfgZVgCI5zmDTdVNMFkisd0qKnAEVVeVsbPrWOtjKwwlvoJsEr190aGI6VmUaAni7Bq3ivE/7xhCuGFlzGRpFBcVX4UptyC2Cq6sEZMUgJ8pgkmkumsFplgiQnoxhq6BGf+5EXSP205Z632TbvZuazqqKNDdIROkIPOUQddoy7qIYIy9IRe0KvxaDwbb8b7z2jNqHb20R8YH99UUZZi</latexit>

henc



Transformer Decoder

…

Transformer  
Block

…

<latexit sha1_base64="PIu+Po+RUVXCq6Wk6i8KcOyhAZ8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRiyepYD+gDWWz3bRLN5u4OxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUrtbsoIm7IXa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFbVr/Gx274ScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMps+TvtCcoRxbQpkW9lbChlRThjaikg3BW3x5mTTPqt5F9fz+vFK7zuMowhEcwyl4cAk1uIU6NICBhGd4hTfn0Xlx3p2PeWvByWcO4Q+czx+u2o+/</latexit>⇥N

…
<latexit sha1_base64="nwt04oDDsDMfcjGEk779njoE55o=">AAAB/nicbVBNS8NAFNzUr1q/ouLJS7AInkoiRT0WvXisYGuhCWGz3bRLN5uw+yKWEPCvePGgiFd/hzf/jZuYg7YOLAwz77HzJkg4U2DbX0ZtaXllda2+3tjY3NreMXf3+ipOJaE9EvNYDgKsKGeC9oABp4NEUhwFnN4F06vCv7unUrFY3MIsoV6Ex4KFjGDQkm8euBGGSRBmk9x3gT5ARgXJfbNpt+wS1iJxKtJEFbq++emOYpJGVADhWKmhYyfgZVgCI5zmDTdVNMFkisd0qKnAEVVeVsbPrWOtjKwwlvoJsEr190aGI6VmUaAni7Bq3ivE/7xhCuGFlzGRpFBcVX4UptyC2Cq6sEZMUgJ8pgkmkumsFplgiQnoxhq6BGf+5EXSP205Z632TbvZuazqqKNDdIROkIPOUQddoy7qIYIy9IRe0KvxaDwbb8b7z2jNqHb20R8YH99UUZZi</latexit>

henc

<latexit sha1_base64="u4JtLMJed0XcmAdVxY9P1MUiChk=">AAACWHicfVFNS+RAEO3E73HVUY97aRyEkZUhEVEvwjB68OiCo8LMGDqditNMJx26K+IQ8icFD7t/xYudMbDrBxY0vH5Vr7rqdZhJYdDz/jju3PzC4tLySmP1x9r6RnNz69qoXHPocyWVvg2ZASlS6KNACbeZBpaEEm7CyVmVv3kAbYRKr3CawShh96mIBWdoqaCphgnDcRgX4/KuaMtf/l4ZDBEesYiAl/SUvl3OgasIdE8qPi mDwtaV7X/KWgEpL/fptw33gmbL63izoJ+BX4MWqeMyaD4NI8XzBFLkkhkz8L0MRwXTKLiEsjHMDWSMT9g9DCxMWQJmVMyMKemuZSIaK21PinTG/q8oWGLMNAltZTW1+ZiryK9ygxzjk1Eh0izHauvZQ3EuKSpauUwjoYGjnFrAuBZ2VsrHTDOO9i8a1gT/48qfwfVBxz/qHP4+bHV7tR3L5CfZIW3ik2PSJRfkkvQJJ8/kxZl3Fpy/LnGX3JW3UtepNdvkXbhbr0AatWE=</latexit>

h(l+1)
dec = DecoderBlockl+1(henc,h

(l+1)
dec )

<latexit sha1_base64="MaTQrQdh6YOHYHIklMY52JxYf6c=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR6qYkUtSNUHTjsoJ9QBPDZDppx04mYWYihJiFv+LGhSJu/Q13/o3TNgutHrhwOOde7r3HjxmVyrK+jNLC4tLySnm1sra+sbllbu90ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPLyd+954ISSN+o9KYuCEachpQjJSWPHPPyaATj2gt9eiRk3sZPbfz2zvPrFp1awr4l9gFqYICLc/8dAYRTkLCFWZIyr5txcrNkFAUM5JXnESSGOExGpK+phyFRLrZ9P4cHmplAINI6OIKTtWfExkKpUxDX3eGSI3kvDcR//P6iQrO3IzyOFGE49miIGFQRXASBhxQQbBiqSYIC6pvhXiEBMJKR1bRIdjzL/8lneO6fVJvXDeqzYsijjLYBwegBmxwCprgCrRAG2DwAJ7AC3g1Ho1n4814n7WWjGJmF/yC8fENFvmVhQ==</latexit>

{�(yi)}ji=1

<latexit sha1_base64="PsUzBK/SpbqP26rn5/woKr88DMw=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSKeqy6MaVVLAPaGOYTG/aoZMHMzdiCdn4K25cKOLWz3Dn3zh9LLT1wIUz59zL3Hv8RHCFtv1tFJaWV1bXiuuljc2t7R1zd6+p4lQyaLBYxLLtUwWCR9BAjgLaiQQa+gJa/vBq7LceQCoeR3c4SsANaT/iAWcUteSZB12ER/SDbJDf33iTR9YDlntm2a7YE1iLxJmRMpmh7plf3V7M0hAiZIIq1XHsBN2MSuRMQF7qpgoSyoa0Dx1NIxqCcrPJAbl1rJWeFcRSV4TWRP09kdFQqVHo686Q4kDNe2PxP6+TYnDhZjxKUoSITT8KUmFhbI3TsHpcAkMx0oQyyfWuFhtQSRnqzEo6BGf+5EXSPK04Z5XqbbVcu5zFUSSH5IicEIeckxq5JnXSIIzk5Jm8kjfjyXgx3o2PaWvBmM3skz8wPn8AzzyXMw==</latexit>

hN
dec

<latexit sha1_base64="xQdcEdJBOKgrDZnuS3yGDeORnLY=">AAACZHicbVHPS9xAFJ7EWnVr21jxJJShS2EXypKI2F4Koh48iQVXhc0aJpMXd+pkEmZexCXkn/Tm0Yt/h5NsKK32wcD3vvf7m7iQwqDvPzju0pvltyura7136+8/fPQ2Pp2bvNQcxjyXub6MmQEpFIxRoITLQgPLYgkX8c1hE7+4BW1Ers5wXsA0Y9dKpIIztFTkVSHCHcZpNauvTqLWqRLgNf1JQ1PGBhm/WeRUZ5opk+Y6A1 2H4YI7Ap4n1q8HYcZw1vbpuoDi9TcaFjMxmEfB0MIkR/OH+T0cRl7fH/mt0dcg6ECfdHYaefe2By8zUMglM2YS+AVOK6ZRcAl1LywNFHZhdg0TCxXLwEyrVqSafrVMQu3+9imkLft3RcUyY+ZZbDObU8zLWEP+LzYpMf0xrYQqSmxubgelpaSY00ZxmggNHOXcAsa1sLtSPmOacbT/0rMiBC9Pfg3Od0bB3mj3125//6CTY5Vsky9kQALyneyTY3JKxoSTR2fF8ZwN58lddzfdrUWq63Q1m+Qfcz8/Awu8udQ=</latexit>

hN
dec =

Transformer
Decoder (henc,�(y1), . . . ,�(yj))

<latexit sha1_base64="SOkHRDVZGsM3ATGiAiV3R8IvOPc="></latexit>

Transformer
Decoder : Rd⇥n ⇥ Vj ! Rd⇥j

The transformer decoder maps 
from a set of input encodings 

and a sequence of tokens 
generated so far to a set of 

vectors, each corresponding to 
a token in the currently-

generated sequence



Decoding

…

Transformer  
Block

<latexit sha1_base64="PIu+Po+RUVXCq6Wk6i8KcOyhAZ8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRiyepYD+gDWWz3bRLN5u4OxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUrtbsoIm7IXa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFbVr/Gx274ScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMps+TvtCcoRxbQpkW9lbChlRThjaikg3BW3x5mTTPqt5F9fz+vFK7zuMowhEcwyl4cAk1uIU6NICBhGd4hTfn0Xlx3p2PeWvByWcO4Q+czx+u2o+/</latexit>⇥N

…
<latexit sha1_base64="nwt04oDDsDMfcjGEk779njoE55o=">AAAB/nicbVBNS8NAFNzUr1q/ouLJS7AInkoiRT0WvXisYGuhCWGz3bRLN5uw+yKWEPCvePGgiFd/hzf/jZuYg7YOLAwz77HzJkg4U2DbX0ZtaXllda2+3tjY3NreMXf3+ipOJaE9EvNYDgKsKGeC9oABp4NEUhwFnN4F06vCv7unUrFY3MIsoV6Ex4KFjGDQkm8euBGGSRBmk9x3gT5ARgXJfbNpt+wS1iJxKtJEFbq++emOYpJGVADhWKmhYyfgZVgCI5zmDTdVNMFkisd0qKnAEVVeVsbPrWOtjKwwlvoJsEr190aGI6VmUaAni7Bq3ivE/7xhCuGFlzGRpFBcVX4UptyC2Cq6sEZMUgJ8pgkmkumsFplgiQnoxhq6BGf+5EXSP205Z632TbvZuazqqKNDdIROkIPOUQddoy7qIYIy9IRe0KvxaDwbb8b7z2jNqHb20R8YH99UUZZi</latexit>

henc

<latexit sha1_base64="MaTQrQdh6YOHYHIklMY52JxYf6c=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR6qYkUtSNUHTjsoJ9QBPDZDppx04mYWYihJiFv+LGhSJu/Q13/o3TNgutHrhwOOde7r3HjxmVyrK+jNLC4tLySnm1sra+sbllbu90ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPLyd+954ISSN+o9KYuCEachpQjJSWPHPPyaATj2gt9eiRk3sZPbfz2zvPrFp1awr4l9gFqYICLc/8dAYRTkLCFWZIyr5txcrNkFAUM5JXnESSGOExGpK+phyFRLrZ9P4cHmplAINI6OIKTtWfExkKpUxDX3eGSI3kvDcR//P6iQrO3IzyOFGE49miIGFQRXASBhxQQbBiqSYIC6pvhXiEBMJKR1bRIdjzL/8lneO6fVJvXDeqzYsijjLYBwegBmxwCprgCrRAG2DwAJ7AC3g1Ho1n4814n7WWjGJmF/yC8fENFvmVhQ==</latexit>

{�(yi)}ji=1

<latexit sha1_base64="3aDvJYk+Hu8vtVj5wzkpvrnwlf4=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxJBbcttGvJptk2NpssSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdD31W09UaSbFvRknNIjxQLCIEWys5A8fbnuPvXLFrbozoGXi5aQCORq98le3L0kaU2EIx1p3PDcxQYaVYYTTSambappgMsID2rFU4JjqIJsdO0EnVumjSCpbwqCZ+nsiw7HW4zi0nTE2Q73oTcX/vE5qossgYyJJDRVkvihKOTISTT9HfaYoMXxsCSaK2VsRGWKFibH5lGwI3uLLy6R5VvXOq7W7WqV+lcdRhCM4hlPw4ALqcAMN8IEAg2d4hTdHOC/Ou/Mxby04+cwh/IHz+QOduY6S</latexit>

hN
j

• Let’s say we want to predict the word at index j + 1

• All we need to do is transform this into a distribution over the 
vocabulary 
 
 

• Then we can sample, compute loss, etc.

<latexit sha1_base64="ZW5fRv5hoLAQzc5AETLr3bsv9ng="></latexit>

p(Yj+1 | x1, . . . , xn, y1, . . . , yj) = softmax(WhN
j )

<latexit sha1_base64="N1HlVJsoMzC1VTVVCfdLzg1ASMA=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUpQBYwVLIwF0YfUhMpxnNaq40S2g1Sl+QYWfoWFAYRYmdj4G5y0A7QcydLxOffq3nu8mFGpLOvbKC0tr6yuldcrG5tb2zvm7l5bRonApIUjFomuhyRhlJOWooqRbiwICj1GOt7oKvc7D0RIGvE7NY6JG6IBpwHFSGmpb550oEM5dEKkhp6X3mb36aT4YMTSdjaBjqIhkdDP+mbVqlkF4CKxZ6QKZmj2zS/Hj3ASEq4wQ1L2bCtWboqEopiRrOIkksQIj9CA9DTlSM9x0+KkDB5pxYdBJPTjChbq744UhVKOQ09X5tvKeS8X//N6iQou3JTyOFGE4+mgIGFQRTDPB/pUEKzYWBOEBdW7QjxEAmGlU6zoEOz5kxdJ+7Rmn9XqN/Vq43IWRxkcgENwDGxwDhrgGjRBC2DwCJ7BK3gznowX4934mJaWjFnPPvgD4/MHqX6eIA==</latexit>

W 2 R|V|⇥d



Encoder-Decoder

FFN
LayerNorm

LayerNorm
FFN

Multi-Head  
Attention

Encoder xN
…

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="NM+O5v/Rfs+fiiWnZHQx38USfTQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqlepdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE6TZAL</latexit>

�(xi)

<latexit sha1_base64="nwt04oDDsDMfcjGEk779njoE55o=">AAAB/nicbVBNS8NAFNzUr1q/ouLJS7AInkoiRT0WvXisYGuhCWGz3bRLN5uw+yKWEPCvePGgiFd/hzf/jZuYg7YOLAwz77HzJkg4U2DbX0ZtaXllda2+3tjY3NreMXf3+ipOJaE9EvNYDgKsKGeC9oABp4NEUhwFnN4F06vCv7unUrFY3MIsoV6Ex4KFjGDQkm8euBGGSRBmk9x3gT5ARgXJfbNpt+wS1iJxKtJEFbq++emOYpJGVADhWKmhYyfgZVgCI5zmDTdVNMFkisd0qKnAEVVeVsbPrWOtjKwwlvoJsEr190aGI6VmUaAni7Bq3ivE/7xhCuGFlzGRpFBcVX4UptyC2Cq6sEZMUgJ8pgkmkumsFplgiQnoxhq6BGf+5EXSP205Z632TbvZuazqqKNDdIROkIPOUQddoy7qIYIy9IRe0KvxaDwbb8b7z2jNqHb20R8YH99UUZZi</latexit>

henc

Multi-Head  
Attention

D
ecoder xN

<latexit sha1_base64="Fnwhd7Ta5Tw0dHaaWO+17yDDvLg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLA7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAXj+7nfekKleSwfzSRBP6IDyUPOqLFSfdQrltyyuwBZJ15GSpCh1it+dfsxSyOUhgmqdcdzE+NPqTKcCZwVuqnGhLIxHWDHUkkj1P50ceiMXFilT8JY2ZKGLNTfE1MaaT2JAtsZUTPUq95c/M/rpCa89adcJqlByZaLwlQQE5P516TPFTIjJpZQpri9lbAhVZQZm03BhuCtvrxOmldl77pcqVdK1bssjjycwTlcggc3UIUHqEEDGCA8wyu8OSPnxXl3PpatOSebOYU/cD5/ANPvjPc=</latexit>

j

LayerNorm

Multi-Head  
Attention

LayerNorm
FFN

LayerNorm

…
<latexit sha1_base64="MaTQrQdh6YOHYHIklMY52JxYf6c=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR6qYkUtSNUHTjsoJ9QBPDZDppx04mYWYihJiFv+LGhSJu/Q13/o3TNgutHrhwOOde7r3HjxmVyrK+jNLC4tLySnm1sra+sbllbu90ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPLyd+954ISSN+o9KYuCEachpQjJSWPHPPyaATj2gt9eiRk3sZPbfz2zvPrFp1awr4l9gFqYICLc/8dAYRTkLCFWZIyr5txcrNkFAUM5JXnESSGOExGpK+phyFRLrZ9P4cHmplAINI6OIKTtWfExkKpUxDX3eGSI3kvDcR//P6iQrO3IzyOFGE49miIGFQRXASBhxQQbBiqSYIC6pvhXiEBMJKR1bRIdjzL/8lneO6fVJvXDeqzYsijjLYBwegBmxwCprgCrRAG2DwAJ7AC3g1Ho1n4814n7WWjGJmF/yC8fENFvmVhQ==</latexit>

{�(yi)}ji=1

<latexit sha1_base64="3aDvJYk+Hu8vtVj5wzkpvrnwlf4=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxJBbcttGvJptk2NpssSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdD31W09UaSbFvRknNIjxQLCIEWys5A8fbnuPvXLFrbozoGXi5aQCORq98le3L0kaU2EIx1p3PDcxQYaVYYTTSambappgMsID2rFU4JjqIJsdO0EnVumjSCpbwqCZ+nsiw7HW4zi0nTE2Q73oTcX/vE5qossgYyJJDRVkvihKOTISTT9HfaYoMXxsCSaK2VsRGWKFibH5lGwI3uLLy6R5VvXOq7W7WqV+lcdRhCM4hlPw4ALqcAMN8IEAg2d4hTdHOC/Ou/Mxby04+cwh/IHz+QOduY6S</latexit>

hN
j Linear 

transformation 
+ softmax



Training
• Given some paired data            :

<latexit sha1_base64="S6Upmli6ka1v3htl63C9W833Xzc="></latexit>

henc = Transformer
Encoder (x) We can compute these 

in parallel on the GPU

Probability of a token should only depend on the ones that come 
before it! But we still want to take advantage of parallelism…

<latexit sha1_base64="0cjCN9vYh5+r0BSyWNdSO6/hHKg="></latexit>

p(yi+1) = Transformer
Decoder (henc, y1, . . . , yi)

<latexit sha1_base64="B/n829usoxybxSAU8DGGPQ9zH0E=">AAACBXicbVBLSwMxGMzWV62vVY96CBahgpRdKeqx6MVjBfuAdinZNNuGZpMlyYrL0osX/4oXD4p49T9489+YbRfU6kBgMvMNyTd+xKjSjvNpFRYWl5ZXiqultfWNzS17e6elRCwxaWLBhOz4SBFGOWlqqhnpRJKg0Gek7Y8vM799S6Sigt/oJCJeiIacBhQjbaS+vV/pCeNn8fRucgy/b8nkqG+XnaozBfxL3JyUQY5G3/7oDQSOQ8I1ZkiprutE2kuR1BQzMin1YkUihMdoSLqGchQS5aXTLSbw0CgDGAhpDtdwqv5MpChUKgl9MxkiPVLzXib+53VjHZx7KeVRrAnHs4eCmEEtYFYJHFBJsGaJIQhLav4K8QhJhLUprmRKcOdX/ktaJ1X3tFq7rpXrF3kdRbAHDkAFuOAM1MEVaIAmwOAePIJn8GI9WE/Wq/U2Gy1YeWYX/IL1/gXQDpjK</latexit>

(x, y)



• Given some paired data            : 
 
 

• Masking:

• When doing the forward pass on the decoder, self-attention can 
be parallelized

• But we don’t want the model to learn to rely on “future” words in 
the sequence!

• Solution: during training, set                     if i (query index) < j 
(key/value index) 

Training
<latexit sha1_base64="B/n829usoxybxSAU8DGGPQ9zH0E=">AAACBXicbVBLSwMxGMzWV62vVY96CBahgpRdKeqx6MVjBfuAdinZNNuGZpMlyYrL0osX/4oXD4p49T9489+YbRfU6kBgMvMNyTd+xKjSjvNpFRYWl5ZXiqultfWNzS17e6elRCwxaWLBhOz4SBFGOWlqqhnpRJKg0Gek7Y8vM799S6Sigt/oJCJeiIacBhQjbaS+vV/pCeNn8fRucgy/b8nkqG+XnaozBfxL3JyUQY5G3/7oDQSOQ8I1ZkiprutE2kuR1BQzMin1YkUihMdoSLqGchQS5aXTLSbw0CgDGAhpDtdwqv5MpChUKgl9MxkiPVLzXib+53VjHZx7KeVRrAnHs4eCmEEtYFYJHFBJsGaJIQhLav4K8QhJhLUprmRKcOdX/ktaJ1X3tFq7rpXrF3kdRbAHDkAFuOAM1MEVaIAmwOAePIJn8GI9WE/Wq/U2Gy1YeWYX/IL1/gXQDpjK</latexit>

(x, y)
<latexit sha1_base64="S6Upmli6ka1v3htl63C9W833Xzc="></latexit>

henc = Transformer
Encoder (x) We can compute these 

in parallel on the GPU

Probability of a token should only depend on the ones that come 
before it! But we still want to take advantage of parallelism…

<latexit sha1_base64="0cjCN9vYh5+r0BSyWNdSO6/hHKg="></latexit>

p(yi+1) = Transformer
Decoder (henc, y1, . . . , yi)

<latexit sha1_base64="97PaoZgLLGImp8ZRORroZYShLF4=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyWRol6EohePFewHtCFstpt27WYTdieFEPpPvHhQxKv/xJv/xm2bg1YfDDzem2FmXpAIrsFxvqzSyura+kZ5s7K1vbO7Z+8ftHWcKspaNBax6gZEM8ElawEHwbqJYiQKBOsE49uZ35kwpXksHyBLmBeRoeQhpwSM5Nu29nP+OMXX+KzPZQiZb1edmjMH/kvcglRRgaZvf/YHMU0jJoEKonXPdRLwcqKAU8GmlX6qWULomAxZz1BJIqa9fH75FJ8YZYDDWJmSgOfqz4mcRFpnUWA6IwIjvezNxP+8XgrhlZdzmaTAJF0sClOBIcazGPCAK0ZBZIYQqri5FdMRUYSCCatiQnCXX/5L2uc196JWv69XGzdFHGV0hI7RKXLRJWqgO9RELUTRBD2hF/Rq5daz9Wa9L1pLVjFziH7B+vgGzByTIQ==</latexit>sij = �1



Unconditional 
Sequence Generation

• Recall the autoregressive approximation of sequence 
probability: 
 
 

• Can we do this with a transformer model?

<latexit sha1_base64="7oB0XVeadMzenI/RS/zQPqXLmoQ="></latexit>

p(x) =

|x|Y

i=1

p(xi | x1, . . . , xi�1)



Unconditional 
Sequence Generation

• Recall the autoregressive approximation of sequence 
probability: 
 
 

• Can we do this with a transformer model?

• Yes! We just don’t have an encoder (i.e., decoder-only 
LLM).

• We still have to be careful about masking while training.

<latexit sha1_base64="7oB0XVeadMzenI/RS/zQPqXLmoQ="></latexit>

p(x) =

|x|Y

i=1

p(xi | x1, . . . , xi�1)



Decoder-Only Transformer

Multi-Head  
Attention

D
ecoder xN

<latexit sha1_base64="Fnwhd7Ta5Tw0dHaaWO+17yDDvLg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLA7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAXj+7nfekKleSwfzSRBP6IDyUPOqLFSfdQrltyyuwBZJ15GSpCh1it+dfsxSyOUhgmqdcdzE+NPqTKcCZwVuqnGhLIxHWDHUkkj1P50ceiMXFilT8JY2ZKGLNTfE1MaaT2JAtsZUTPUq95c/M/rpCa89adcJqlByZaLwlQQE5P516TPFTIjJpZQpri9lbAhVZQZm03BhuCtvrxOmldl77pcqVdK1bssjjycwTlcggc3UIUHqEEDGCA8wyu8OSPnxXl3PpatOSebOYU/cD5/ANPvjPc=</latexit>

j

LayerNorm

Multi-Head  
Attention

LayerNorm
FFN

LayerNorm

…
<latexit sha1_base64="MaTQrQdh6YOHYHIklMY52JxYf6c=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR6qYkUtSNUHTjsoJ9QBPDZDppx04mYWYihJiFv+LGhSJu/Q13/o3TNgutHrhwOOde7r3HjxmVyrK+jNLC4tLySnm1sra+sbllbu90ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPLyd+954ISSN+o9KYuCEachpQjJSWPHPPyaATj2gt9eiRk3sZPbfz2zvPrFp1awr4l9gFqYICLc/8dAYRTkLCFWZIyr5txcrNkFAUM5JXnESSGOExGpK+phyFRLrZ9P4cHmplAINI6OIKTtWfExkKpUxDX3eGSI3kvDcR//P6iQrO3IzyOFGE49miIGFQRXASBhxQQbBiqSYIC6pvhXiEBMJKR1bRIdjzL/8lneO6fVJvXDeqzYsijjLYBwegBmxwCprgCrRAG2DwAJ7AC3g1Ho1n4814n7WWjGJmF/yC8fENFvmVhQ==</latexit>

{�(yi)}ji=1

<latexit sha1_base64="3aDvJYk+Hu8vtVj5wzkpvrnwlf4=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxJBbcttGvJptk2NpssSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdD31W09UaSbFvRknNIjxQLCIEWys5A8fbnuPvXLFrbozoGXi5aQCORq98le3L0kaU2EIx1p3PDcxQYaVYYTTSambappgMsID2rFU4JjqIJsdO0EnVumjSCpbwqCZ+nsiw7HW4zi0nTE2Q73oTcX/vE5qossgYyJJDRVkvihKOTISTT9HfaYoMXxsCSaK2VsRGWKFibH5lGwI3uLLy6R5VvXOq7W7WqV+lcdRhCM4hlPw4ALqcAMN8IEAg2d4hTdHOC/Ou/Mxby04+cwh/IHz+QOduY6S</latexit>

hN
j Linear 

transformation 
+ softmax



Sequence Encoding
• What if we just want some representation of a sentence, 

and we don’t really care about being able to generate 
sentences?

• We get this with the transformer encoder: 

• But how might we train it?

<latexit sha1_base64="MlCKGTB7aDxyG0EGpDBscfUccYA=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIdVMSKeqyKILLCvYBTSiT6aQdOnkwcyMtIW78FTcuFHHrX7jzb5zELLT1wMDh3HNn5hw34kyCaX5ppaXlldW18nplY3Nre0ff3evIMBaEtknIQ9FzsaScBbQNDDjtRYJi3+W0606usnn3ngrJwuAOZhF1fDwKmMcIBiUN9AMb6BSS64CkNTtUzuyiZJqeDPSqWTdzGIvEKkgVFWgN9E97GJLYpwEQjqXsW2YEToIFMMJpWrFjSSNMJnhE+4oG2KfSSfIEqXGslKHhhUKdAIxc/b2RYF/Kme8qp49hLOdnmfjfrB+Dd+EkLIhioCpj/pAXcwNCI6vDGDJBCfCZIpgIpv5qkDEWmIAqraJKsOYjL5LOad06qzduG9XmZVFHGR2iI1RDFjpHTXSDWqiNCHpAT+gFvWqP2rP2pr3/WEtasbOP/kD7+AYefZdU</latexit>

Enc(x)

<latexit sha1_base64="S6Upmli6ka1v3htl63C9W833Xzc="></latexit>

henc = Transformer
Encoder (x)



Masked Language Modeling
Masked language modeling: 
• The probability of a sequence is a product of local token 

probabilities
• The probability of a token depends on the ones that came before 

and after it
<latexit sha1_base64="ohbmUfYDzkKpCbwQ7k7NuLf+JbY="></latexit>

p(x) =
nY

i=1

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



Masked Language Modeling
<latexit sha1_base64="ohbmUfYDzkKpCbwQ7k7NuLf+JbY="></latexit>

p(x) =
nY

i=1

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

• From our transformer encoder, we get  

• We could just transform this to the vocabulary space, and 
compute the loss from there: 

• Do you anticipate any problems?

<latexit sha1_base64="+n5MyQlSdvtstOZvYOfr7X3kxAk="></latexit>

hi = Transformer
Encoder (x)i 2 Rd

<latexit sha1_base64="T5yppjLi4hLsS+iIoo5LwJVl2O4=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHqpiRS1I1QdOOygn1AG8JkOmmHziRh5kZaQldu/BU3LhRx6ze482+cPhbaeuDC4Zx7ufeeIBFcg+N8W0vLK6tr67mN/ObW9s6uvbdf13GqKKvRWMSqGRDNBI9YDTgI1kwUIzIQrBH0b8Z+44EpzePoHoYJ8yTpRjzklICRfPsoKTZ9foqvcBvYADIdhyDJYFRs9Izs2wWn5EyAF4k7IwU0Q9W3v9qdmKaSRUAF0brlOgl4GVHAqWCjfDvVLCG0T7qsZWhEJNNeNnljhE+M0sFhrExFgCfq74mMSK2HMjCdkkBPz3tj8T+vlUJ46WU8SlJgEZ0uClOBIcbjTHCHK0ZBDA0hVHFzK6Y9oggFk1zehODOv7xI6mcl97xUvisXKtezOHLoEB2jInLRBaqgW1RFNUTRI3pGr+jNerJerHfrY9q6ZM1mDtAfWJ8/5zuYJw==</latexit>

p(Xi) = softmax(Whi)



Masked Language Modeling
<latexit sha1_base64="ohbmUfYDzkKpCbwQ7k7NuLf+JbY="></latexit>

p(x) =
nY

i=1

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

Transformer Encoder

diet



Masked Language Modeling
<latexit sha1_base64="ohbmUfYDzkKpCbwQ7k7NuLf+JbY="></latexit>

p(x) =
nY

i=1

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

Transformer Encoder

diet
If we can attend to our input 
token too, we won’t learn 
anything!



Masked Language Modeling
<latexit sha1_base64="ohbmUfYDzkKpCbwQ7k7NuLf+JbY="></latexit>

p(x) =
nY

i=1

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

Transformer Encoder

diet

Instead: randomly sample some tokens to replace with a MASK placeholder 
token in the input, then train the model to predict those words



Masked Language Modeling
<latexit sha1_base64="ohbmUfYDzkKpCbwQ7k7NuLf+JbY="></latexit>

p(x) =
nY

i=1

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

Transformer Encoder

diet

Instead: randomly sample some tokens to replace with a MASK placeholder 
token in the input, then train the model to predict those words


