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Language models

Xavier Bresson 4

“Yesterday I went to the 
beach and I saw a …” Neural network

Input:
Sequence of words

Output:
Probability distribution over 
the dictionary/vocabulary

Language model predicts the next word given a context window.

Most fundamental problem in NLP. 
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Recurrent neural networks

Data structure

Input is an ordered sequence.

Input length and output length can be variable.

RNNs are designed for sequences.

They learn a representation of sequence independently of its length.

Recurrence formula summarizes the sequence with a vector h :

Weight sharing across time (translation invariance)

They learn to keep or ignore information in the sequence for the downstream task.

Gating mechanism to forget/remember the past or the new input :
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� � h
<latexit sha1_base64="zkdywCL+gMcdgkFgl+QfQl1Airw=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hd0g6DHgxWME84DsGmZnJ8mQeSwzvUpY8h9ePCji1X/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOObmd95ZMZyre5hkrJIkqHiA04JOOkhtHwoCQ51ogGP+pWqX/PnwKskKEgVFWj2K19homkmmQIqiLW9wE8hyokBTgWblsPMspTQMRmynqOKSGajfH71FJ87JcEDbVwpwHP190ROpLUTGbtOSWBkl72Z+J/Xy2BwHeVcpRkwRReLBpnAoPEsApxwwyiIiSOEGu5uxXREDKHggiq7EILll1dJu14L/Fpwd1lt1Is4SugUnaELFKAr1EC3qIlaiCKDntErevOevBfv3ftYtK55xcwJ+gPv8wf96pId</latexit><latexit sha1_base64="zkdywCL+gMcdgkFgl+QfQl1Airw=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hd0g6DHgxWME84DsGmZnJ8mQeSwzvUpY8h9ePCji1X/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOObmd95ZMZyre5hkrJIkqHiA04JOOkhtHwoCQ51ogGP+pWqX/PnwKskKEgVFWj2K19homkmmQIqiLW9wE8hyokBTgWblsPMspTQMRmynqOKSGajfH71FJ87JcEDbVwpwHP190ROpLUTGbtOSWBkl72Z+J/Xy2BwHeVcpRkwRReLBpnAoPEsApxwwyiIiSOEGu5uxXREDKHggiq7EILll1dJu14L/Fpwd1lt1Is4SugUnaELFKAr1EC3qIlaiCKDntErevOevBfv3ftYtK55xcwJ+gPv8wf96pId</latexit><latexit sha1_base64="zkdywCL+gMcdgkFgl+QfQl1Airw=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hd0g6DHgxWME84DsGmZnJ8mQeSwzvUpY8h9ePCji1X/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOObmd95ZMZyre5hkrJIkqHiA04JOOkhtHwoCQ51ogGP+pWqX/PnwKskKEgVFWj2K19homkmmQIqiLW9wE8hyokBTgWblsPMspTQMRmynqOKSGajfH71FJ87JcEDbVwpwHP190ROpLUTGbtOSWBkl72Z+J/Xy2BwHeVcpRkwRReLBpnAoPEsApxwwyiIiSOEGu5uxXREDKHggiq7EILll1dJu14L/Fpwd1lt1Is4SugUnaELFKAr1EC3qIlaiCKDntErevOevBfv3ftYtK55xcwJ+gPv8wf96pId</latexit><latexit sha1_base64="zkdywCL+gMcdgkFgl+QfQl1Airw=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hd0g6DHgxWME84DsGmZnJ8mQeSwzvUpY8h9ePCji1X/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOObmd95ZMZyre5hkrJIkqHiA04JOOkhtHwoCQ51ogGP+pWqX/PnwKskKEgVFWj2K19homkmmQIqiLW9wE8hyokBTgWblsPMspTQMRmynqOKSGajfH71FJ87JcEDbVwpwHP190ROpLUTGbtOSWBkl72Z+J/Xy2BwHeVcpRkwRReLBpnAoPEsApxwwyiIiSOEGu5uxXREDKHggiq7EILll1dJu14L/Fpwd1lt1Is4SugUnaELFKAr1EC3qIlaiCKDntErevOevBfv3ftYtK55xcwJ+gPv8wf96pId</latexit>

<latexit sha1_base64="cIALSGUUxbizcHRyTDEQX3cYWoU=">AAACAnicbVDLSsNAFJ3UV42vqCtxM1iEClKSIuqy4MZlBfuANoTJdNIMnUzCzEQtobjxV9y4UMStX+HOv3HSZqGtBy4czrmXe+/xE0alsu1vo7S0vLK6Vl43Nza3tnes3b22jFOBSQvHLBZdH0nCKCctRRUj3UQQFPmMdPzRVe537oiQNOa3apwQN0JDTgOKkdKSZx2YIewzEigkRHwPA69TDU8fTkzT9KyKXbOngIvEKUgFFGh61ld/EOM0IlxhhqTsOXai3AwJRTEjE7OfSpIgPEJD0tOUo4hIN5u+MIHHWhnAIBa6uIJT9fdEhiIpx5GvOyOkQjnv5eJ/Xi9VwaWbUZ6kinA8WxSkDKoY5nnAARUEKzbWBGFB9a0Qh0ggrHRqeQjO/MuLpF2vOec15+as0qgXcZTBITgCVeCAC9AA16AJWgCDR/AMXsGb8WS8GO/Gx6y1ZBQz++APjM8f2R2VFg==</latexit>

h fW (h, x)
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Recurrent neural networks

Performance

Significant progress in NLP but not a breakthrough.

Dominant in NLP for Machine Translation (MT), Q&A, summarization up to 2018.

Limitation

RNNs cannot learn long-term dependencies (no more than 50 steps).

Hard to train because they are non-linear dynamical systems 

Any small perturbation can amplify or vanish.

Slow to train because of their sequential nature (due to recurrence mechanism).

Important limitation when training on large-scale datasets.

Xavier Bresson 6
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Memory networks

How do these models work?

Let us consider a simple example from the bAbI dataset (Meta 2015). 

This dataset is used to evaluate simple reasoning property of models.

Example :

Joe went to the kitchen

Joe picked up milk

Joe went to the bathroom

Joe put down the milk

Joe went to the bedroom

Question : Where is the milk?

Answer : ---

Xavier Bresson 8
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Memory networks (Weston-Chopra-Bordes, Meta, 2014 and Sukhbaatar-Szlam-Weston-Fergus, 
Meta, 2015) are designed to response to the questions with multi-step word matching :

Joe went to the kitchen

Joe picked up milk

Joe went to the bathroom

Joe put down the milk

Joe went to the bedroom

Question : Where is the milk?

Answer : bathroom 

This matching process is also called multi-hop attention. 

Multi-hop attention is a mechanism that performs multi-step reasoning.

Memory networks

Xavier Bresson 9

(1)

(2)

(3) (4)
Time
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Multi-hop attention steps 

Xavier Bresson 10

Joe went to the kitchen. Joe picked up milk. Joe went to the bathroom. Joe put down the milk. Joe went to the bedroom. Query: Where is the milk?

Joe went to the kitchen. Joe picked up milk. Joe went to the bathroom. Joe put down the milk. Joe went to the bedroom. Query: Where is the milk?

Joe went to the kitchen. Joe picked up milk. Joe went to the bathroom. Joe put down the milk. Joe went to the bedroom. Query: Where is the milk?

Joe went to the kitchen. Joe picked up milk. Joe went to the bathroom. Joe put down the milk. Joe went to the bedroom. Query: Where is the milk?

Layer 0

Layer 2

Layer 1

Layer 3

Layer 4Joe went to the kitchen. Joe picked up milk. Joe went to the bathroom. Joe put down the milk. Joe went to the bedroom. Query: Where is the milk?

(1)

(2)

(3)

(4)

Answer
Unrolling memory layers : 
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<latexit sha1_base64="+tZrlKrYAiBfMwgtveJJ3T3F1aw="></latexit>

{x0, ..., xn�1}, xi = fE(wi) 2 R1⇥d

<latexit sha1_base64="poyZ2sJPLAB85zD11ou0H6tR7oU="></latexit>

{fV (x0), ..., fV (xn�1)}, fV (xi) 2 R1⇥d

<latexit sha1_base64="+Dfe881rcANkHtpxA7N4GQlxmjM="></latexit>

{fK(x0), ..., fK(xn�1)}, fK(xi) 2 R1⇥d

<latexit sha1_base64="wpViMzH1Rrcj/nXEtKn/RsRf0Rs="></latexit>

{a0, ..., an�1}, ai 2 R,
n�1X

i=0

ai = 1

Implementation

Xavier Bresson 11

Task
response

<latexit sha1_base64="m9wuDDWrHAqL3VKSqVylm8AydOw=">AAACCnicbVDLSsNAFJ34rPEVdelmtAh1E5Ii1Y1QcOOygn1AE8JkOmmHziRxZiKW0rUbf8WNC0Xc+gXu/BsnbRbaeuDA4Zx7mbknTBmVynG+jaXlldW19dKGubm1vbNr7e23ZJIJTJo4YYnohEgSRmPSVFQx0kkFQTxkpB0Or/K8fU+EpEl8q0Yp8TnqxzSiGCltBdbRHbyEnsx4QCHS9KCtGQWtykNAT6FpmoFVdmxnCrgo3EKUQYFGYH15vQRnnMQKMyRl13VS5Y+RUBQzMjG9TJIU4SHqk66WMeJE+uPpKRN4op0ejBKhGSs4dX9vjBGXcsRDPcmRGsj5LDf/y7qZii78MY3TTJEYzx6KMgZVAvNeYI8KghUbaYGwoPqvEA+QQFjp9vIS3PmTF0Wrars1u3ZzVq5XizpK4BAcgwpwwTmog2vQAE2AwSN4Bq/gzXgyXox342M2umQUOwfgD4zPH45FlvA=</latexit>

q =
X

i

ai . fV (xi)
Weighted 

sum

Attention 
weights w/ 
Softmax

Dot 
Product

Loop process/
Multi-hop attention 

layers

Hidden state 
controlling/learning 
attention mechanism

Key vectors

Read 
memory

Write 
memory

Memory/Query

Attention Mechanism 
(q changes at each memory write)

After 
multiple 

layers/hops

MLP

<latexit sha1_base64="cVmRyZJL/ZIak0Ufm5diOceywTU=">AAACCnicbVBNS8NAEJ3Ur1q/oh69rBbBU0mKqMeCF49V7Ac0sWw223bpZhN3N0IJPXvxr3jxoIhXf4E3/42btgdtfTDweG+GmXlBwpnSjvNtFZaWV1bXiuuljc2t7R17d6+p4lQS2iAxj2U7wIpyJmhDM81pO5EURwGnrWB4mfutByoVi8WtHiXUj3BfsB4jWBupax/eI48J5EVYD4IguxnfZa6nWUQVCselHF277FScCdAicWekDDPUu/aXF8YkjajQhGOlOq6TaD/DUjPC6bjkpYommAxxn3YMFdgs87PJK2N0bJQQ9WJpSmg0UX9PZDhSahQFpjM/Wc17ufif10l178LPmEhSTQWZLuqlHOkY5bmgkElKNB8Zgolk5lZEBlhiok16eQju/MuLpFmtuGcV9/q0XKvO4ijCARzBCbhwDjW4gjo0gMAjPMMrvFlP1ov1bn1MWwvWbGYf/sD6/AE/mpie</latexit>

q 2 R1⇥d

{w0, ..., wn�1}
<latexit sha1_base64="1tFec54Oq92mOG1wmQMolT2iwf0=">AAACAnicbZDLSsNAFIYn9VbjLepK3AwWwUUNSRF0WXDjsoK9QBPCZDpph04mYWailBDc+CpuXCji1qdw59s4bbPQ1h8GPv5zDmfOH6aMSuU430ZlZXVtfaO6aW5t7+zuWfsHHZlkApM2TlgieiGShFFO2ooqRnqpICgOGemG4+tpvXtPhKQJv1OTlPgxGnIaUYyUtgLryPRy+BA4dWjbNqxrzPm5W0CvCKyaYzszwWVwS6iBUq3A+vIGCc5iwhVmSMq+66TKz5FQFDNSmF4mSYrwGA1JXyNHMZF+PjuhgKfaGcAoEfpxBWfu74kcxVJO4lB3xkiN5GJtav5X62cquvJzytNMEY7ni6KMQZXAaR5wQAXBik00ICyo/ivEIyQQVjo1U4fgLp68DJ2G7Tq2e3tRazbKOKrgGJyAM+CCS9AEN6AF2gCDR/AMXsGb8WS8GO/Gx7y1YpQzh+CPjM8fzkmUcQ==</latexit><latexit sha1_base64="1tFec54Oq92mOG1wmQMolT2iwf0=">AAACAnicbZDLSsNAFIYn9VbjLepK3AwWwUUNSRF0WXDjsoK9QBPCZDpph04mYWailBDc+CpuXCji1qdw59s4bbPQ1h8GPv5zDmfOH6aMSuU430ZlZXVtfaO6aW5t7+zuWfsHHZlkApM2TlgieiGShFFO2ooqRnqpICgOGemG4+tpvXtPhKQJv1OTlPgxGnIaUYyUtgLryPRy+BA4dWjbNqxrzPm5W0CvCKyaYzszwWVwS6iBUq3A+vIGCc5iwhVmSMq+66TKz5FQFDNSmF4mSYrwGA1JXyNHMZF+PjuhgKfaGcAoEfpxBWfu74kcxVJO4lB3xkiN5GJtav5X62cquvJzytNMEY7ni6KMQZXAaR5wQAXBik00ICyo/ivEIyQQVjo1U4fgLp68DJ2G7Tq2e3tRazbKOKrgGJyAM+CCS9AEN6AF2gCDR/AMXsGb8WS8GO/Gx7y1YpQzh+CPjM8fzkmUcQ==</latexit><latexit sha1_base64="1tFec54Oq92mOG1wmQMolT2iwf0=">AAACAnicbZDLSsNAFIYn9VbjLepK3AwWwUUNSRF0WXDjsoK9QBPCZDpph04mYWailBDc+CpuXCji1qdw59s4bbPQ1h8GPv5zDmfOH6aMSuU430ZlZXVtfaO6aW5t7+zuWfsHHZlkApM2TlgieiGShFFO2ooqRnqpICgOGemG4+tpvXtPhKQJv1OTlPgxGnIaUYyUtgLryPRy+BA4dWjbNqxrzPm5W0CvCKyaYzszwWVwS6iBUq3A+vIGCc5iwhVmSMq+66TKz5FQFDNSmF4mSYrwGA1JXyNHMZF+PjuhgKfaGcAoEfpxBWfu74kcxVJO4lB3xkiN5GJtav5X62cquvJzytNMEY7ni6KMQZXAaR5wQAXBik00ICyo/ivEIyQQVjo1U4fgLp68DJ2G7Tq2e3tRazbKOKrgGJyAM+CCS9AEN6AF2gCDR/AMXsGb8WS8GO/Gx7y1YpQzh+CPjM8fzkmUcQ==</latexit><latexit sha1_base64="1tFec54Oq92mOG1wmQMolT2iwf0=">AAACAnicbZDLSsNAFIYn9VbjLepK3AwWwUUNSRF0WXDjsoK9QBPCZDpph04mYWailBDc+CpuXCji1qdw59s4bbPQ1h8GPv5zDmfOH6aMSuU430ZlZXVtfaO6aW5t7+zuWfsHHZlkApM2TlgieiGShFFO2ooqRnqpICgOGemG4+tpvXtPhKQJv1OTlPgxGnIaUYyUtgLryPRy+BA4dWjbNqxrzPm5W0CvCKyaYzszwWVwS6iBUq3A+vIGCc5iwhVmSMq+66TKz5FQFDNSmF4mSYrwGA1JXyNHMZF+PjuhgKfaGcAoEfpxBWfu74kcxVJO4lB3xkiN5GJtav5X62cquvJzytNMEY7ni6KMQZXAaR5wQAXBik00ICyo/ivEIyQQVjo1U4fgLp68DJ2G7Tq2e3tRazbKOKrgGJyAM+CCS9AEN6AF2gCDR/AMXsGb8WS8GO/Gx7y1YpQzh+CPjM8fzkmUcQ==</latexit>

Input sequence 
of words

Word 
embeddings

Learnable 
parameters

<latexit sha1_base64="wBMsU8WiI+LbOqQ9oLQfUeyaeZ4="></latexit>

{qfK(x0)
T , ..., qfK(xn�1)

T },
qfK(xi)

T 2 R

Value vectors

Learnable parameters
Learnable 
parameters
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Formalization

Input sequence of words : 

Continuous representation/  
         word embedding : 

Hidden features :

Repeat K times :

Output : 

Xavier Bresson 12

<latexit sha1_base64="z67NkCooJuJcgyC3hNXd6sboB5I="></latexit>

a  Softmax(qKT ) 2 R1⇥n

q  aV = Softmax(qKT )V 2 R1⇥d

<latexit sha1_base64="5dzF+lAomRn037W1AVbq43Vuz40=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZkpUt0IBTcuFKrYB3RqyaRpG5rJjMkdsQz9ADf+ihsXirj1A9z5N2baLrT1QOBwzrnk3uOFgmuw7W8rtbC4tLySXs2srW9sbmW3d2o6iBRlVRqIQDU8opngklWBg2CNUDHie4LVvcFZ4tfvmdI8kDcwDFnLJz3Ju5wSMFI7m9P4FLvAHkD58eVFZZS/O3S5dH0Cfc+Lr0e3tYxJ2QV7DDxPnCnJoSkq7eyX2wlo5DMJVBCtm44dQismCjgVbJRxI81CQgekx5qGSuIz3YrHx4zwgVE6uBso8yTgsfp7Iia+1kPfM8lkST3rJeJ/XjOC7kkr5jKMgEk6+agbCQwBTprBHa4YBTE0hFDFza6Y9okiFEx/SQnO7MnzpFYsOKVC6eooVy5O60ijPbSP8shBx6iMzlEFVRFFj+gZvaI368l6sd6tj0k0ZU1ndtEfWJ8/f7uanA==</latexit>

s = MLP(q) 2 RV

<latexit sha1_base64="J/GlfBh4dVOf+CBwFcDEMDWSgUc=">AAACGHicbZDLSsNAFIYnXmu9RV26GSyCizYmRarLghuXFewFmhAm02k7dDIJMxOlhDyGG1/FjQtF3Hbn2zhps9DWAwMf/38OZ84fxIxKZdvfxtr6xubWdmmnvLu3f3BoHh13ZJQITNo4YpHoBUgSRjlpK6oY6cWCoDBgpBtMbnO/+0iEpBF/UNOYeCEacTqkGCkt+ealm8In365Cy7JgVWPKa04G3Sxn6lLupnZVe9VOzXGzctk3K7ZlzwuuglNABRTV8s2ZO4hwEhKuMENS9h07Vl6KhKKYkazsJpLECE/QiPQ1chQS6aXzwzJ4rpUBHEZCP67gXP09kaJQymkY6M4QqbFc9nLxP6+fqOGNl1IeJ4pwvFg0TBhUEcxTggMqCFZsqgFhQfVfIR4jgbDSWeYhOMsnr0KnbjkNq3F/VWnWizhK4BScgQvggGvQBHegBdoAg2fwCt7Bh/FivBmfxteidc0oZk7AnzJmP2U+m5Y=</latexit>

{w0, ..., wn�1}, wi 2 {0, ..., V � 1}
<latexit sha1_base64="5wCg24oP7WAdNMbC6ouD8V2R43g="></latexit>

{x0, ..., xn�1}, xi = fE(wi) 2 Rd

<latexit sha1_base64="gXJzKmezbtnRhQOThSrEdZ3meCY="></latexit>

K =

2

64
fK(x0)

...
fK(xn�1)

3

75 2 Rn⇥d

Key

<latexit sha1_base64="mqB7ZmK3xC12Ywwmu41TTnWDnZA=">AAACDXicbVBNS8NAEJ3Ur1q/qh69LFbBU0mKqMeCF49V7Ac0sWw223bpZhN3N0IJ/QNe/CtePCji1bs3/42bNgdtfTDweG+GmXl+zJnStv1tFZaWV1bXiuuljc2t7Z3y7l5LRYkktEkiHsmOjxXlTNCmZprTTiwpDn1O2/7oMvPbD1QqFolbPY6pF+KBYH1GsDZSr3x0j1wmkBtiPfT99GZylzquZiFVKJiUcvTKFbtqT4EWiZOTCuRo9MpfbhCRJKRCE46V6jp2rL0US80Ip5OSmygaYzLCA9o1VGCzz0un30zQsVEC1I+kKaHRVP09keJQqXHom87sajXvZeJ/XjfR/QsvZSJONBVktqifcKQjlEWDAiYp0XxsCCaSmVsRGWKJiTYBZiE48y8vklat6pxVnevTSr2Wx1GEAziEE3DgHOpwBQ1oAoFHeIZXeLOerBfr3fqYtRasfGYf/sD6/AH9GJja</latexit>

q 2 R1⇥d

Query
V =

2

64
fV (x0)

...
fV (xn�1)

3

75 2 Rn⇥d

<latexit sha1_base64="x+jW5nczloF/dJbrOd82aXE8liE="></latexit><latexit sha1_base64="x+jW5nczloF/dJbrOd82aXE8liE="></latexit><latexit sha1_base64="x+jW5nczloF/dJbrOd82aXE8liE="></latexit><latexit sha1_base64="x+jW5nczloF/dJbrOd82aXE8liE="></latexit>

Value
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Properties

This model is seen as differentiable memory computers, i.e. memory operations read and write 
can be differentiable and thus be used with backpropagation.

This network can update its memory by stacking multiple-hop attention layers to perform 
multi-step reasoning.

This model is based on the principle that intelligence requires an adaptive long-term memory, 
unlike RNNs which is limited to short-term memory. 

This technique is a precursor of Transformers.

Xavier Bresson 13
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Limitations of memory networks

Memory networks were promising, but not ground-breaking. 

Transformers designed the first efficient version of attention networks !

Transformer improvements over memory networks :

Multiple queries (one per word)

Multi-head attention mechanism (more learning capacity)

Residual blocks (better backpropagation)

Xavier Bresson 15
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<latexit sha1_base64="PJ5J7Z6lDOWhvX8uSiApVKQNxPc="></latexit>

K = HW
K 2 Rn⇥d

, W
K 2 Rd⇥d

V = HW
V 2 Rn⇥d

, W
V 2 Rd⇥d

Q = HW
Q 2 Rn⇥d

, W
Q 2 Rd⇥d

Input set (continuous representation) :

Initiate hidden state :

Repeat K layers :

Xavier Bresson 16

{x0, ..., xn�1}, X =

2

64
x0
...

xn�1

3

75 2 Rn⇥d

<latexit sha1_base64="fx3pNNiFAajWNyJIOtirmTBZ1Gg="></latexit><latexit sha1_base64="fx3pNNiFAajWNyJIOtirmTBZ1Gg="></latexit><latexit sha1_base64="fx3pNNiFAajWNyJIOtirmTBZ1Gg="></latexit><latexit sha1_base64="fx3pNNiFAajWNyJIOtirmTBZ1Gg="></latexit>

H = X 2 Rn⇥d
<latexit sha1_base64="AGgqVkFcaKeSvwE3pVF8gc+lZTE=">AAACC3icbVDLSsNAFJ3UV42vqEs3Q4vgqiRF0I1QcNNlFfuAJpbJZNIOnUzCzEQoIXs3/oobF4q49Qfc+TdO2iy09cCFwzn3cu89fsKoVLb9bVTW1jc2t6rb5s7u3v6BdXjUk3EqMOnimMVi4CNJGOWkq6hiZJAIgiKfkb4/vS78/gMRksb8Ts0S4kVozGlIMVJaGlm1NryCA+hSDt0IqYnvZ7f5fcZdRSMiYZCb5siq2w17DrhKnJLUQYnOyPpygxinEeEKMyTl0LET5WVIKIoZyU03lSRBeIrGZKgpR3qTl81/yeGpVgIYxkIXV3Cu/p7IUCTlLPJ1Z3GvXPYK8T9vmKrw0ssoT1JFOF4sClMGVQyLYGBABcGKzTRBWFB9K8QTJBBWOr4iBGf55VXSazYcu+HcnNdbzTKOKjgBNXAGHHABWqANOqALMHgEz+AVvBlPxovxbnwsWitGOXMM/sD4/AGO+Jlt</latexit><latexit sha1_base64="AGgqVkFcaKeSvwE3pVF8gc+lZTE=">AAACC3icbVDLSsNAFJ3UV42vqEs3Q4vgqiRF0I1QcNNlFfuAJpbJZNIOnUzCzEQoIXs3/oobF4q49Qfc+TdO2iy09cCFwzn3cu89fsKoVLb9bVTW1jc2t6rb5s7u3v6BdXjUk3EqMOnimMVi4CNJGOWkq6hiZJAIgiKfkb4/vS78/gMRksb8Ts0S4kVozGlIMVJaGlm1NryCA+hSDt0IqYnvZ7f5fcZdRSMiYZCb5siq2w17DrhKnJLUQYnOyPpygxinEeEKMyTl0LET5WVIKIoZyU03lSRBeIrGZKgpR3qTl81/yeGpVgIYxkIXV3Cu/p7IUCTlLPJ1Z3GvXPYK8T9vmKrw0ssoT1JFOF4sClMGVQyLYGBABcGKzTRBWFB9K8QTJBBWOr4iBGf55VXSazYcu+HcnNdbzTKOKjgBNXAGHHABWqANOqALMHgEz+AVvBlPxovxbnwsWitGOXMM/sD4/AGO+Jlt</latexit><latexit sha1_base64="AGgqVkFcaKeSvwE3pVF8gc+lZTE=">AAACC3icbVDLSsNAFJ3UV42vqEs3Q4vgqiRF0I1QcNNlFfuAJpbJZNIOnUzCzEQoIXs3/oobF4q49Qfc+TdO2iy09cCFwzn3cu89fsKoVLb9bVTW1jc2t6rb5s7u3v6BdXjUk3EqMOnimMVi4CNJGOWkq6hiZJAIgiKfkb4/vS78/gMRksb8Ts0S4kVozGlIMVJaGlm1NryCA+hSDt0IqYnvZ7f5fcZdRSMiYZCb5siq2w17DrhKnJLUQYnOyPpygxinEeEKMyTl0LET5WVIKIoZyU03lSRBeIrGZKgpR3qTl81/yeGpVgIYxkIXV3Cu/p7IUCTlLPJ1Z3GvXPYK8T9vmKrw0ssoT1JFOF4sClMGVQyLYGBABcGKzTRBWFB9K8QTJBBWOr4iBGf55VXSazYcu+HcnNdbzTKOKjgBNXAGHHABWqANOqALMHgEz+AVvBlPxovxbnwsWitGOXMM/sD4/AGO+Jlt</latexit><latexit sha1_base64="AGgqVkFcaKeSvwE3pVF8gc+lZTE=">AAACC3icbVDLSsNAFJ3UV42vqEs3Q4vgqiRF0I1QcNNlFfuAJpbJZNIOnUzCzEQoIXs3/oobF4q49Qfc+TdO2iy09cCFwzn3cu89fsKoVLb9bVTW1jc2t6rb5s7u3v6BdXjUk3EqMOnimMVi4CNJGOWkq6hiZJAIgiKfkb4/vS78/gMRksb8Ts0S4kVozGlIMVJaGlm1NryCA+hSDt0IqYnvZ7f5fcZdRSMiYZCb5siq2w17DrhKnJLUQYnOyPpygxinEeEKMyTl0LET5WVIKIoZyU03lSRBeIrGZKgpR3qTl81/yeGpVgIYxkIXV3Cu/p7IUCTlLPJ1Z3GvXPYK8T9vmKrw0ssoT1JFOF4sClMGVQyLYGBABcGKzTRBWFB9K8QTJBBWOr4iBGf55VXSazYcu+HcnNdbzTKOKjgBNXAGHHABWqANOqALMHgEz+AVvBlPxovxbnwsWitGOXMM/sD4/AGO+Jlt</latexit>

Differentiable dictionary 
Dict is a standard structure in CS 

Dict=(Key,Value)

Self-attention mechanism

Learnable parameters

<latexit sha1_base64="Z17LKnHzChkDZTU2dN73abf35uw="></latexit>

H  Softmax(QK
T )V 2 Rn⇥d

Self-attention layer

Query the dictionary 
for a key and its value.
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Xavier Bresson 17

From fixed word representation to context-to-word representation :

The new data representation is a sum of all input data weighted by the 
pairwise matching (or attention) scores.

The subset of data with non-zero attention scores forms the context.

The attention mechanism allows to dynamically change the word 
representation according to its context.

Context-to-word is a powerful idea in NLP because a word may have 
different meanings, that can only be clarified in a particular context :

The vase broke. The news broke. Sandy broke the world record. Sandy 
broke the law. We broke even. The burglar broke into the house. Etc.

Q        K         V

Attention/ 
Transformer layer

H

Context-to-word representation

<latexit sha1_base64="Z17LKnHzChkDZTU2dN73abf35uw="></latexit>

H  Softmax(QK
T )V 2 Rn⇥d

Softmax(QKT)V

context
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Computational cost

Xavier Bresson 18

he           drives    the     car

he           drives    the     car

he           drives    the     car

RNN cell
Memory 
vector

Pattern 
centered at 

word “drives”
Same pattern 
centered at 
word “the”

Kernel size k

ConvNet cell
Convolution/Sliding pattern

Pairwise 
matching 

scores

Self-Attention cell
Sum of inputs weighted 

by matching scores

RNNs 

CNNs 

ANNs 

Sequence length L
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Computational cost

RNN layer : O(L.d2)

ConvNet layer : O(L.d2.k)

Transformer layer : O(L2.d)

with L : sequence length, d : hidden feature size, k : kernel size

Attention networks have actually less parameters to learn as long as L ≤ d !

Example 1 : L = 100, d = 1000, k = 3

    RNN: O(108), ConvNet: O(3.108), Transformer: O(107)

Example 2 : L = 1000, d = 1000, k = 3

   RNN: O(109), ConvNet: O(3.109), Transformer: O(109)

Xavier Bresson 19

Seems bad !
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Outline

Language Models

Memory Networks

Transformers

Language Model Transformers

Sequence-To-Sequence Transformers

Transfer Learning

Conclusion

Xavier Bresson 20
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Language model transformers

Given a sequence of words, predict the next word.

This task to be successful requires a word 
representation that can be changed with different 
contexts.

Transformers offer expressive word representation 
with its word-in-context property.

A LM transformer is composed of three layers :

Word embedding layer

Attention layer

Classification layer

Xavier Bresson 21

Sequence of context words
“Yesterday I went to the 

beach and I saw a”

Current word “a”
 (that queries the

next word)

Output 
probability

for next word
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Word embedding layer

Categorical variables (dictionary of 10,000 words) are

represented by one-hot vectors and then

embedded into a linear space.

This is the same input embedding as in RNNs :

PyTorch nn.Embedding()

Xavier Bresson 22

g1<latexit sha1_base64="00Y0Og0iMWYqzRUKiiljeo3gU6Y="></latexit><latexit sha1_base64="00Y0Og0iMWYqzRUKiiljeo3gU6Y="></latexit><latexit sha1_base64="00Y0Og0iMWYqzRUKiiljeo3gU6Y="></latexit><latexit sha1_base64="00Y0Og0iMWYqzRUKiiljeo3gU6Y="></latexit>

g2<latexit sha1_base64="VJ2euAYwwf8YHQQUAtPa/r4zbWQ="></latexit><latexit sha1_base64="VJ2euAYwwf8YHQQUAtPa/r4zbWQ="></latexit><latexit sha1_base64="VJ2euAYwwf8YHQQUAtPa/r4zbWQ="></latexit><latexit sha1_base64="VJ2euAYwwf8YHQQUAtPa/r4zbWQ="></latexit>

g3
<latexit sha1_base64="U/joC5aM7ldT90xu7lzV6UgqZTU="></latexit><latexit sha1_base64="U/joC5aM7ldT90xu7lzV6UgqZTU="></latexit><latexit sha1_base64="U/joC5aM7ldT90xu7lzV6UgqZTU="></latexit><latexit sha1_base64="U/joC5aM7ldT90xu7lzV6UgqZTU="></latexit>

g4<latexit sha1_base64="uHnRM4zytLtp8psjMB9nWobHQdU="></latexit><latexit sha1_base64="uHnRM4zytLtp8psjMB9nWobHQdU="></latexit><latexit sha1_base64="uHnRM4zytLtp8psjMB9nWobHQdU="></latexit><latexit sha1_base64="rg2bC7kLVucqcZBxOLpyGf0aF/s="></latexit><latexit sha1_base64="1/ymqKuJw60FflTbqdoSVy4So7M="></latexit><latexit sha1_base64="1/ymqKuJw60FflTbqdoSVy4So7M="></latexit><latexit sha1_base64="8hS6En7yoUeJfpzKXVynuzsw0KI="></latexit><latexit sha1_base64="uHnRM4zytLtp8psjMB9nWobHQdU="></latexit><latexit sha1_base64="uHnRM4zytLtp8psjMB9nWobHQdU="></latexit><latexit sha1_base64="uHnRM4zytLtp8psjMB9nWobHQdU="></latexit><latexit sha1_base64="uHnRM4zytLtp8psjMB9nWobHQdU="></latexit><latexit sha1_base64="uHnRM4zytLtp8psjMB9nWobHQdU="></latexit><latexit sha1_base64="uHnRM4zytLtp8psjMB9nWobHQdU="></latexit>

U
<latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit> U

<latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit>

U
<latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit>

U
<latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit> U

<latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit> U
<latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit>

Yesterday I went to … saw a

Sequence of context words Query

<latexit sha1_base64="n0cyaTSPknU/1SzZnWGjugBpoZc=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LBbBg5REpOqt4MVjBfsBbSibzaZdusnG3U2hhP4OLx4U8eqP8ea/cdPmoK0PBh7vzTAzz084U9pxvq3S2vrG5lZ5297Z3ds/qBwetZVIJaEtIriQXR8ryllMW5ppTruJpDjyOe3447vc70yoVEzEj3qaUC/Cw5iFjGBtJK/vCx5kw9ng1rbtQaXq1Jw50CpxC1KFAs1B5asfCJJGNNaEY6V6rpNoL8NSM8LpzO6niiaYjPGQ9gyNcUSVl82PnqEzowQoFNJUrNFc/T2R4UipaeSbzgjrkVr2cvE/r5fq8MbLWJykmsZksShMOdIC5QmggElKNJ8agolk5lZERlhiok1OeQju8surpH1Zc+u1+sNVtXFRxFGGEziFc3DhGhpwD01oAYEneIZXeLMm1ov1bn0sWktWMXMMf2B9/gAyhpED</latexit>g9
<latexit sha1_base64="+Pq7+B3SzjTfjS3qJ742inOMmXs=">AAAB+XicbVDLSsNAFJ3UV42vqEs3g0VwISURqS4LblxWsA9oQ5hMJu3QyUyYmRRKyJ+4caGIW//EnX/jpM1CWw9cOJxzL/feE6aMKu2631ZtY3Nre6e+a+/tHxweOccnPSUyiUkXCybkIESKMMpJV1PNyCCVBCUhI/1wel/6/RmRigr+pOcp8RM05jSmGGkjBY4zCgWL8nER5J5b2LYdOA236S4A14lXkQao0Amcr1EkcJYQrjFDSg09N9V+jqSmmJHCHmWKpAhP0ZgMDeUoIcrPF5cX8MIoEYyFNMU1XKi/J3KUKDVPQtOZID1Rq14p/ucNMx3f+TnlaaYJx8tFccagFrCMAUZUEqzZ3BCEJTW3QjxBEmFtwipD8FZfXie966bXarYebxrtqyqOOjgD5+ASeOAWtMED6IAuwGAGnsEreLNy68V6tz6WrTWrmjkFf2B9/gDehpJy</latexit>g10…

Sequence of 
context words

Query 
word

Output 
probability

for next word

World 
Embedding 

Layer
<latexit sha1_base64="qSAY1PLaToLvajcvcD8UgaMbw0Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosePFYwbSFNpTNdtsu3WzC7kQpob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYW9/Y3Cpul3Z29/YPyodHTROnmnGfxTLW7ZAaLoXiPgqUvJ1oTqNQ8lY4vp35rUeujYjVA04SHkR0qMRAMIpW8p96GU575Ypbdecgq8TLSQVyNHrlr24/ZmnEFTJJjel4boJBRjUKJvm01E0NTygb0yHvWKpoxE2QzY+dkjOr9Mkg1rYUkrn6eyKjkTGTKLSdEcWRWfZm4n9eJ8XBTZAJlaTIFVssGqSSYExmn5O+0JyhnFhCmRb2VsJGVFOGNp+SDcFbfnmVNC+rXq1au7+q1C/yOIpwAqdwDh5cQx3uoAE+MBDwDK/w5ijnxXl3PhatBSefOYY/cD5/ADGQjuM=</latexit>wt

<latexit sha1_base64="7qRp4q+HG5i5Au8bVu89vAV0UG4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BItQUUoiUj0WvHisYD+wDWWz3bRLN5uwO1FK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPz/FhwjY7zbeVWVtfWN/Kbha3tnd294v5BU0eJoqxBIxGptk80E1yyBnIUrB0rRkJfsJY/upn6rUemNI/kPY5j5oVkIHnAKUEjPdTLT70Uz9zJaa9YcirODPYycTNSggz1XvGr249oEjKJVBCtO64To5cShZwKNil0E81iQkdkwDqGShIy7aWziyf2iVH6dhApUxLtmfp7IiWh1uPQN50hwaFe9Kbif14nweDaS7mME2SSzhcFibAxsqfv232uGEUxNoRQxc2tNh0SRSiakAomBHfx5WXSvKi41Ur17rJUO8/iyMMRHEMZXLiCGtxCHRpAQcIzvMKbpa0X6936mLfmrGzmEP7A+vwBdJGQEg==</latexit>

P (wt+1)

<latexit sha1_base64="lWMsGoxlv1sFBPcBlyLwAZT93Po=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosePFYwbSFNpTNdtsu3WzC7kQpob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYW9/Y3Cpul3Z29/YPyodHTROnmnGfxTLW7ZAaLoXiPgqUvJ1oTqNQ8lY4vp35rUeujYjVA04SHkR0qMRAMIpW8p96mTftlStu1Z2DrBIvJxXI0eiVv7r9mKURV8gkNabjuQkGGdUomOTTUjc1PKFsTIe8Y6miETdBNj92Ss6s0ieDWNtSSObq74mMRsZMotB2RhRHZtmbif95nRQHN0EmVJIiV2yxaJBKgjGZfU76QnOGcmIJZVrYWwkbUU0Z2nxKNgRv+eVV0ryserVq7f6qUr/I4yjCCZzCOXhwDXW4gwb4wEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8AcuyjqA=</latexit>w1
<latexit sha1_base64="H5U2KPGuEsL1Odt5g7SyyGCymIw=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4kJIUqR4LXjxWMG2hDWWznbZLN5uwu1FK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz321lb39jc2i7sFHf39g8OS0fHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekSleSwfzCTBIKJDyQecUWMl/6mXVae9UtmtuHOQVeLlpAw5Gr3SV7cfszRCaZigWnc8NzFBRpXhTOC02E01JpSN6RA7lkoaoQ6y+bFTcm6VPhnEypY0ZK7+nshopPUkCm1nRM1IL3sz8T+vk5rBTZBxmaQGJVssGqSCmJjMPid9rpAZMbGEMsXtrYSNqKLM2HyKNgRv+eVV0qxWvFqldn9Vrl/mcRTgFM7gAjy4hjrcQQN8YMDhGV7hzZHOi/PufCxa15x85gT+wPn8Ac03jqE=</latexit>w2

<latexit sha1_base64="cNv2nt9YINlVlghZuZ+57z6Pk1g=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4kJKoVI8FLx4rmLbQhrLZTtulm03Y3Sgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSK4Nq777aysrq1vbBa2its7u3v7pYPDho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqLSPJYPZpxgENGB5H3OqLGS/9TNLifdUtmtuDOQZeLlpAw56t3SV6cXszRCaZigWrc9NzFBRpXhTOCk2Ek1JpSN6ADblkoaoQ6y2bETcmqVHunHypY0ZKb+nshopPU4Cm1nRM1QL3pT8T+vnZr+TZBxmaQGJZsv6qeCmJhMPyc9rpAZMbaEMsXtrYQNqaLM2HyKNgRv8eVl0rioeNVK9f6qXDvP4yjAMZzAGXhwDTW4gzr4wIDDM7zCmyOdF+fd+Zi3rjj5zBH8gfP5A868jqI=</latexit>w3
<latexit sha1_base64="ek+3CvQG+vAo5yoMWxV7DFV3JcI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBg5RESvVY8OKxgqmFNpTNdtou3WzC7kYpob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFUOfxSJW7ZBqFFyib7gR2E4U0igU+BCOb2b+wyMqzWN5byYJBhEdSj7gjBor+U+9rDbtlStu1Z2DrBIvJxXI0eyVv7r9mKURSsME1brjuYkJMqoMZwKnpW6qMaFsTIfYsVTSCHWQzY+dkjOr9MkgVrakIXP190RGI60nUWg7I2pGetmbif95ndQMroOMyyQ1KNli0SAVxMRk9jnpc4XMiIkllClubyVsRBVlxuZTsiF4yy+vktZl1atX63e1SuMij6MIJ3AK5+DBFTTgFprgAwMOz/AKb450Xpx352PRWnDymWP4A+fzB9BBjqM=</latexit>w4

U
<latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit>

U
<latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit><latexit sha1_base64="n7ZTHUiUop3CT0ZMCIHMhParPlg="></latexit>

<latexit sha1_base64="qHNOFfj9tX48HBJtV8bHbdqznQg=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgooREpLosuHFZwT6gCWEynbRDJ5MwM7GWkF9x40IRt/6IO//GSZuFth64cDjnXu69J0gYlcq2v43KxubW9k51t7a3f3B4ZB7XezJOBSZdHLNYDAIkCaOcdBVVjAwSQVAUMNIPpreF338kQtKYP6h5QrwIjTkNKUZKS75Zd7OZ7zQty2rO/Ezlbl7zzYZt2QvAdeKUpAFKdHzzyx3FOI0IV5ghKYeOnSgvQ0JRzEhec1NJEoSnaEyGmnIUEelli9tzeK6VEQxjoYsruFB/T2QoknIeBbozQmoiV71C/M8bpiq88TLKk1QRjpeLwpRBFcMiCDiigmDF5pogLKi+FeIJEggrHVcRgrP68jrpXVpOy2rdXzXazTKOKjgFZ+ACOOAatMEd6IAuwOAJPINX8GbkxovxbnwsWytGOXMC/sD4/AE7AZM5</latexit>

{w1, ..., wt}

<latexit sha1_base64="qSAY1PLaToLvajcvcD8UgaMbw0Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosePFYwbSFNpTNdtsu3WzC7kQpob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYW9/Y3Cpul3Z29/YPyodHTROnmnGfxTLW7ZAaLoXiPgqUvJ1oTqNQ8lY4vp35rUeujYjVA04SHkR0qMRAMIpW8p96GU575Ypbdecgq8TLSQVyNHrlr24/ZmnEFTJJjel4boJBRjUKJvm01E0NTygb0yHvWKpoxE2QzY+dkjOr9Mkg1rYUkrn6eyKjkTGTKLSdEcWRWfZm4n9eJ8XBTZAJlaTIFVssGqSSYExmn5O+0JyhnFhCmRb2VsJGVFOGNp+SDcFbfnmVNC+rXq1au7+q1C/yOIpwAqdwDh5cQx3uoAE+MBDwDK/w5ijnxXl3PhatBSefOYY/cD5/ADGQjuM=</latexit>wt
<latexit sha1_base64="/SM13FVdTAI8QWPXLqQa639W4es=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ40JKIVI8FLx4r2A9oQ9lsN+3SzSbsTpQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791iPXRsTqAccJ9yM6UCIUjKKVWk+9DC+8Sa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZuRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDG/8TKgkRa7YfFGYSoIxmf5O+kJzhnJsCWVa2FsJG1JNGdqEijYEb/HlZdK8rHjVSvX+qlw7z+MowDGcwBl4cA01uIM6NIDBCJ7hFd6cxHlx3p2PeeuKk88cwR84nz8OBo9V</latexit>wt�1
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Interpretation

Word embeddings convert discrete words into continuous vector representations, where similar 
vectors indicate similar meanings. 

In other words, this process groups semantically related words into clusters — such as countries, 
sports, or professions.

Moreover, word embeddings capture relationships between words, enabling analogies like 
country → capital or male → female, to be represented through consistent vectors.

Xavier Bresson 23

present participle → 
past tense

male → femalecountry → capital

Cluster of 
countries

Cluster of 
capitals

<latexit sha1_base64="j3M3a127DXihtkNTAcafDdytbjY=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRFWpcFNy6r2Ac0sUwmk3boZBJmJkIJ/Q03LhRx68+482+ctFlo64GBwzn3cs8cP+FMadv+tkobm1vbO+Xdyt7+weFR9fikp+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/epP7/ScqFYvFg54l1IvwWLCQEayN5LoR1hPfz+7nj8GoWrPr9gJonTgFqUGBzqj65QYxSSMqNOFYqaFjJ9rLsNSMcDqvuKmiCSZTPKZDQwWOqPKyReY5ujBKgMJYmic0Wqi/NzIcKTWLfDOZZ1SrXi7+5w1THV57GRNJqqkgy0NhypGOUV4ACpikRPOZIZhIZrIiMsESE21qqpgSnNUvr5Neo+406827q1q7UdRRhjM4h0twoAVtuIUOdIFAAs/wCm9War1Y79bHcrRkFTun8AfW5w80u5HD</latexit>

Rd
<latexit sha1_base64="j3M3a127DXihtkNTAcafDdytbjY=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRFWpcFNy6r2Ac0sUwmk3boZBJmJkIJ/Q03LhRx68+482+ctFlo64GBwzn3cs8cP+FMadv+tkobm1vbO+Xdyt7+weFR9fikp+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/epP7/ScqFYvFg54l1IvwWLCQEayN5LoR1hPfz+7nj8GoWrPr9gJonTgFqUGBzqj65QYxSSMqNOFYqaFjJ9rLsNSMcDqvuKmiCSZTPKZDQwWOqPKyReY5ujBKgMJYmic0Wqi/NzIcKTWLfDOZZ1SrXi7+5w1THV57GRNJqqkgy0NhypGOUV4ACpikRPOZIZhIZrIiMsESE21qqpgSnNUvr5Neo+406827q1q7UdRRhjM4h0twoAVtuIUOdIFAAs/wCm9War1Y79bHcrRkFTun8AfW5w80u5HD</latexit>

Rd
<latexit sha1_base64="j3M3a127DXihtkNTAcafDdytbjY=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRFWpcFNy6r2Ac0sUwmk3boZBJmJkIJ/Q03LhRx68+482+ctFlo64GBwzn3cs8cP+FMadv+tkobm1vbO+Xdyt7+weFR9fikp+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/epP7/ScqFYvFg54l1IvwWLCQEayN5LoR1hPfz+7nj8GoWrPr9gJonTgFqUGBzqj65QYxSSMqNOFYqaFjJ9rLsNSMcDqvuKmiCSZTPKZDQwWOqPKyReY5ujBKgMJYmic0Wqi/NzIcKTWLfDOZZ1SrXi7+5w1THV57GRNJqqkgy0NhypGOUV4ACpikRPOZIZhIZrIiMsESE21qqpgSnNUvr5Neo+406827q1q7UdRRhjM4h0twoAVtuIUOdIFAAs/wCm9War1Y79bHcrRkFTun8AfW5w80u5HD</latexit>

Rd
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<latexit sha1_base64="lulX1scWBYPoVfZBVEb2LzpCUgM="></latexit>

h̄ = MHA(q,K, V ) 2 Rd, q 2 Rd,K 2 RL⇥d, V 2 RL⇥d

=

⇣
kHh=1 HAh(q,K, V )

⌘
WO, WO 2 Rd⇥d

with q = gt 2 Rd, K = V = {gt, gt�1, ..., gt�(L�1)} 2 RL⇥d

<latexit sha1_base64="XJxsbxiqn0moy0i0DVYB61bfbXY="></latexit>

HAh(q,K, V ) = Softmax

⇣
qhK

T

hp
d/H

⌘
Vh 2 Rd/H

with qh = qW
q

h
2 Rd/H

,W
q

h
2 Rd⇥d/H

Kh = KW
K

h
2 Rn⇥d/H

,W
K

h
2 Rd⇥d/H

Vh = VW
V

h
2 Rn⇥d/H

,W
V

h
2 Rd⇥d/H

Multi-head attention

Update equation for one MHA layer :

PyTorch nn.MultiheadAttention()
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Concatenation
operation

Query Key Value

Sequence of 
context words

Query 
word

Output 
probability

for next word

Multi-Head 
Attention 
(MHA)

<latexit sha1_base64="fg7M3d1ced2fsyOFGcY56whYjzQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuSPQY8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlSv2qVL3I4sjDCZzCOXhwDVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9iRjOo=</latexit>q<latexit sha1_base64="1WeXNusUZ5ZDD5PyFKsIbpLe6Gw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuSPQY8CJ4ScA8IFnC7KQ3GTM7u8zMCiHkC7x4UMSrn+TNv3GS7EETCxqKqm66u4JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfp9r1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8MafcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelr1KuVK/KlUvsjjycAKncA4eXEMV7qAGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOe+YzE</latexit>

K
<latexit sha1_base64="lkt8lK6vsr89nrw7DHtYEw5dK48=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIVI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlRqtfKrsVdw6ySryclCFHvV/66g1ilkYoDRNU667nJsbPqDKcCZwWe6nGhLIxHWLXUkkj1H42P3RKzq0yIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynaELzll1dJ66riVSvVxnW5dpnHUYBTOIML8OAGanAPdWgCA4RneIU359F5cd6dj0XrmpPPnMAfOJ8/r6WMzw==</latexit>

V

<latexit sha1_base64="RKvZaYWnQaKwnPJJNdJRaYI1NHI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RESvVY8OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFcMWi0WsugHVKLjEluFGYDdRSKNAYCeY3M39zhMqzWP5aKYJ+hEdSR5yRo2VOv2Aqmw8G5QrbtVdgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwls/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddK+rnr1av2hVmlc5XEU4QzO4RI8uIEG3EMTWsBgAs/wCm9O4rw4787HsrXg5DOn8AfO5w+InI+m</latexit>

h̄

We consider 
sequence of L words
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Head attention layer

Equation of a single head attention layer : 

Xavier Bresson 25

Yesterday I … saw a dolphin

Sequence length L

Words in
document

Prediction of 
the next 

word

<latexit sha1_base64="LiIjjOia89b+4+q+Ni24AXHNeVg="></latexit>

HA(q,K, V ) = Softmax

⇣qKT

p
d

⌘
V 2 R1⇥d, q 2 R1⇥d,K 2 RL⇥d, V 2 RL⇥d

<latexit sha1_base64="RgoPsL38sDPl7mYgZ2akQngPojo=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBbBg5ZEpHosePFYwdpCG8Jms2mXbnbD7qZQQv6JFw+KePWfePPfuGlz0NYHA4/3ZpiZF6aMKu2631ZtbX1jc6u+be/s7u0fOIdHT0pkEpMuFkzIfogUYZSTrqaakX4qCUpCRnrh5K70e1MiFRX8Uc9S4idoxGlMMdJGChxnGAoW5aMiyPWlV9h24DTcpjsHXCVeRRqgQidwvoaRwFlCuMYMKTXw3FT7OZKaYkYKe5gpkiI8QSMyMJSjhCg/n19ewDOjRDAW0hTXcK7+nshRotQsCU1ngvRYLXul+J83yHR86+eUp5kmHC8WxRmDWsAyBhhRSbBmM0MQltTcCvEYSYS1CasMwVt+eZU8XTW9VrP1cN1oX1Rx1MEJOAXnwAM3oA3uQQd0AQZT8AxewZuVWy/Wu/WxaK1Z1cwx+APr8wd79pLZ</latexit>gt�1
<latexit sha1_base64="iwTNnvjF4D82jHvNQ2VKVI9uvn8=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwISURqW6EghuXFewD2hAmk0k7dDITZyaFEvInblwo4tY/ceffOGmz0NYDFw7n3Mu99wQJo0o7zrdVWVvf2Nyqbtd2dvf2D+zDo64SqcSkgwUTsh8gRRjlpKOpZqSfSILigJFeMLkr/N6USEUFf9SzhHgxGnEaUYy0kXzbfrodBoKF2Sj3M53Xar5ddxrOHHCVuCWpgxJt3/4ahgKnMeEaM6TUwHUS7WVIaooZyWvDVJEE4QkakYGhHMVEedn88hyeGSWEkZCmuIZz9fdEhmKlZnFgOmOkx2rZK8T/vEGqoxsvozxJNeF4sShKGdQCFjHAkEqCNZsZgrCk5laIx0girE1YRQju8surpHvZcJuN5sNVvXVRxlEFJ+AUnAMXXIMWuAdt0AEYTMEzeAVvVma9WO/Wx6K1YpUzx+APrM8f9JCTKQ==</latexit>q = gt

…

Attention to the 
context words

<latexit sha1_base64="4oifmi6YMpjuyVBbE/rL2FKzDJ0=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkWoYEsiUl0W3LhwUcE+oA1hMpm0QyczYWYihBB/xY0LRdz6Ie78GydtF9p64MLhnHu59x4/pkQq2/42SmvrG5tb5e3Kzu7e/oF5eNSTPBEIdxGnXAx8KDElDHcVURQPYoFh5FPc96c3hd9/xEISzh5UGmM3gmNGQoKg0pJnVkc+p0E2zr1MNep3Decsr3hmzW7aM1irxFmQGlig45lfo4CjJMJMIQqlHDp2rNwMCkUQxXlllEgcQzSFYzzUlMEISzebHZ9bp1oJrJALXUxZM/X3RAYjKdPI150RVBO57BXif94wUeG1mxEWJwozNF8UJtRS3CqSsAIiMFI01QQiQfStFppAAZHSeRUhOMsvr5LeRdNpNVv3l7X2+SKOMjgGJ6AOHHAF2uAWdEAXIJCCZ/AK3own48V4Nz7mrSVjMVMFf2B8/gAf7ZO3</latexit>gt�(L�1)
<latexit sha1_base64="xKCFVgjdocVyvenp8fH+w4TBFZs=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAgVbEmKVJcFNy5cVLAPaEOYTCbt0MlMmJkIIdRfceNCEbd+iDv/xkmbhbYeuHA4517uvcePKZHKtr+NtfWNza3t0k55d2//4NA8Ou5JngiEu4hTLgY+lJgShruKKIoHscAw8inu+9Ob3O8/YiEJZw8qjbEbwTEjIUFQackzKyOf0yAbz7xM1Wt39eb5rOyZVbthz2GtEqcgVVCg45lfo4CjJMJMIQqlHDp2rNwMCkUQxbPyKJE4hmgKx3ioKYMRlm42P35mnWklsEIudDFlzdXfExmMpEwjX3dGUE3kspeL/3nDRIXXbkZYnCjM0GJRmFBLcStPwgqIwEjRVBOIBNG3WmgCBURK55WH4Cy/vEp6zYbTarTuL6vtiyKOEjgBp6AGHHAF2uAWdEAXIJCCZ/AK3own48V4Nz4WrWtGMVMBf2B8/gAhdJO4</latexit>gt�(L�2)
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Sequence of 
context words

Query 
word

Output 
probability

for next word

Transformer block

Transformer or attention block layer (2017) :

In 2019, LayerNorm (LN) was applied before non-
linear operations :

Xavier Bresson 26

<latexit sha1_base64="FivNuXl7IqGschm93z5IQD8lRpQ="></latexit>

h̄ = LN
�
q +MHA(q,K, V )

�
2 Rd

h = LN
�
h̄+MLP(h̄)

�
2 Rd

Layer normalization
z-scoring with learnable parameters

nn.LayerNorm()

Residual connection

<latexit sha1_base64="JWLsfBiOyRHu0fh+yQfy1QUynAg="></latexit>

h̄ = q +MHA(LN(q),LN(K),LN(V )) 2 Rd

h = h̄+MLP(LN(h̄)) 2 Rd

Transformer 
Block
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LayerNorm and residual connection

Layer normalization :

Xavier Bresson 27

z-scoring

<latexit sha1_base64="rLgUoLal+wNcmV7HwP3n9q6QMMc="></latexit>

LN(q) = a�
⇣q � µ

�

⌘
+ b 2 Rd

with µ = Mean(q) 2 R,� = Std(q) 2 R, a, b 2 Rd

Residual/skip connection :

<latexit sha1_base64="zBytBMYdIu5fHbB0Z0zhfJX4Ma4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48t2FZoQ9lsJ+3azSbsbsQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84hK81jemUmCfkSHkoecUWOl5lO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVa95kWlXsvjKMIJnMI5eHAFdbiFBrSAAcIzvMKb8+C8OO/Ox6K14OQzx/AHzucP42GM8g==</latexit>x
<latexit sha1_base64="USvj3oi+twil8YeX/h1Fw+zl6ko=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIFaEkRdRlwY3LCvYCbQiTyaQdOpmEmYlYSl/FjQtF3Poi7nwbp2kW2vrDwMd/zuGc+YOUM6Ud59taW9/Y3Nou7ZR39/YPDu2jSkclmSS0TRKeyF6AFeVM0LZmmtNeKimOA067wfh2Xu8+UqlYIh70JKVejIeCRYxgbSzfrgxImGh0gSK/W8v53LerTt3JhVbBLaAKhVq+/TUIE5LFVGjCsVJ910m1N8VSM8LprDzIFE0xGeMh7RsUOKbKm+a3z9CZcUIUJdI8oVHu/p6Y4lipSRyYzhjrkVquzc3/av1MRzfelIk001SQxaIo40gnaB4ECpmkRPOJAUwkM7ciMsISE23iKpsQ3OUvr0KnUXev6u79ZbXZKOIowQmcQg1cuIYm3EEL2kDgCZ7hFd6smfVivVsfi9Y1q5g5hj+yPn8AOneTOQ==</latexit>

·+ fW (·)
<latexit sha1_base64="rz+dMgom4vANeyK8Aeaxeii1/ns=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahIpSkiHoRCl48VrAf0May2W7apZtN2N1oQ+j/8OJBEa/+F2/+G7dtDtr6YODx3gwz87yIM6Vt+9vKrayurW/kNwtb2zu7e8X9g6YKY0log4Q8lG0PK8qZoA3NNKftSFIceJy2vNHN1G89UqlYKO51ElE3wAPBfEawNtJDgq7RGJ0hv9cqj097xZJdsWdAy8TJSAky1HvFr24/JHFAhSYcK9Vx7Ei7KZaaEU4nhW6saITJCA9ox1CBA6rcdHb1BJ0YpY/8UJoSGs3U3xMpDpRKAs90BlgP1aI3Ff/zOrH2r9yUiSjWVJD5Ij/mSIdoGgHqM0mJ5okhmEhmbkVkiCUm2gRVMCE4iy8vk2a14lxUnLvzUq2axZGHIziGMjhwCTW4hTo0gICEZ3iFN+vJerHerY95a87KZg7hD6zPH9ICkLo=</latexit>

y = x+ fW (x)

<latexit sha1_base64="PkznhpaZaBRFnH4DEtJiO1Hs0lE=">AAACBnicbZDLSsNAFIZPvNZ6i7oUYbAIrkpSRF0W3LhwUcFeoAllMp20QycXZiZCCFm58VXcuFDErc/gzrdx0gbU1h8GPv5zzsyc34s5k8qyvoyl5ZXVtfXKRnVza3tn19zb78goEYS2ScQj0fOwpJyFtK2Y4rQXC4oDj9OuN7kq6t17KiSLwjuVxtQN8ChkPiNYaWtgHjm+wCRzYiwUwxzd5D+c5gOzZtWtqdAi2CXUoFRrYH46w4gkAQ0V4VjKvm3Fys2KCwmnedVJJI0xmeAR7WsMcUClm03XyNGJdobIj4Q+oUJT9/dEhgMp08DTnQFWYzlfK8z/av1E+ZduxsI4UTQks4f8hCMVoSITNGSCEsVTDZgIpv+KyBjrXJROrqpDsOdXXoROo26f1+3bs1qzUcZRgUM4hlOw4QKacA0taAOBB3iCF3g1Ho1n4814n7UuGeXMAfyR8fENwiKZQg==</latexit>

@L

@y

<latexit sha1_base64="USvj3oi+twil8YeX/h1Fw+zl6ko=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIFaEkRdRlwY3LCvYCbQiTyaQdOpmEmYlYSl/FjQtF3Poi7nwbp2kW2vrDwMd/zuGc+YOUM6Ud59taW9/Y3Nou7ZR39/YPDu2jSkclmSS0TRKeyF6AFeVM0LZmmtNeKimOA067wfh2Xu8+UqlYIh70JKVejIeCRYxgbSzfrgxImGh0gSK/W8v53LerTt3JhVbBLaAKhVq+/TUIE5LFVGjCsVJ910m1N8VSM8LprDzIFE0xGeMh7RsUOKbKm+a3z9CZcUIUJdI8oVHu/p6Y4lipSRyYzhjrkVquzc3/av1MRzfelIk001SQxaIo40gnaB4ECpmkRPOJAUwkM7ciMsISE23iKpsQ3OUvr0KnUXev6u79ZbXZKOIowQmcQg1cuIYm3EEL2kDgCZ7hFd6smfVivVsfi9Y1q5g5hj+yPn8AOneTOQ==</latexit>

·+ fW (·)
<latexit sha1_base64="RirLaIJz3bqPK26aFIqcBygtBpQ="></latexit>

@L

@x
=

@L

@y

@y

@x

=
@L

@y

�
Id +rxfw

�

=
@L

@y
+

@L

@y
rxfw

No vanishing gradient 
for residual connection

Forward pass

Backward pass

Sequence of 
context words

Query 
word

Output 
probability

for next word

Residual 
Connection

Layer
Normalization
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Positional encoding

Transformers are designed to process sets of vectors but 
items in a set are not ordered.
This is an issue for NLP tasks. 

An additional ordering feature is required to inject 
causal ordering in the attention mechanism.

Two classes of Positional Encoding (PE) :
Learnable vs non-learnable PE

Learnable PE : 
Embedding of discrete ordering index 0,1,2,3,…,L-1, 
with L is the sequence length.
Two issues :

Requires to know the maximum L value among 
all training sequences.
Some test sequences may have lengths not 
present in the train set.

Xavier Bresson 28

Sequence of 
context words
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word

Output 
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for next word
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Positional encoding

Non-learnable PE : 
Continuous ordering with sin and cos functions.
Advantages :

No training necessary
No need to know the maximum length in the train set.
Test sequences may have lengths not present in the train set.

Xavier Bresson 29

<latexit sha1_base64="WQnm96jnBCtdZKbcffPqpwXpFJU="></latexit>

PEt 2 Rd is defined as

PEt,i =

⇢
sin(2⇡fit) if i is even,
cos(2⇡fit) if i is odd,

with fi =
10, 000

d
b2ic

2⇡
.

with kPEt � PEt0k2 / Dist(t, t0) = |t� t0| 2 R+(
because these PEs are the eigenvectors of the line.
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Classification layer

The last layer is a standard linear layer to 
compute the scores of the next word in the 
sequence, followed by a Softmax function to 
produce the probability vector.

Xavier Bresson 30

Sequence of 
context words

Query 
word

Output 
probability

for next word

Classification 
Layer

<latexit sha1_base64="O2K56xTd+mze1CGaAlqioGifjig=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI8FLx6r2A9oQ9lsN+3SzSbsToRS+g+8eFDEq//Im//GTZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbjO/88S1EbF6xGnC/YiOlAgFo2ilB1MalCtu1V2ArBMvJxXI0RyUv/rDmKURV8gkNabnuQn6M6pRMMnnpX5qeELZhI54z1JFI2782eLSObmwypCEsbalkCzU3xMzGhkzjQLbGVEcm1UvE//zeimGN/5MqCRFrthyUZhKgjHJ3iZDoTlDObWEMi3srYSNqaYMbThZCN7qy+ukXat69Wr9/qrSqOVxFOEMzuESPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox7K14OQzp/AHzucPEfWNBg==</latexit>s

<latexit sha1_base64="nMu2zxcS4cdbARA3QYucx+hauMU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI8FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpYVwalCtu1V2ArBMvJxXI0RyUv/rDmKURSsME1brnuYnxM6oMZwJnpX6qMaFsQkfYs1TSCLWfLS6dkQurDEkYK1vSkIX6eyKjkdbTKLCdETVjverNxf+8XmrCGz/jMkkNSrZcFKaCmJjM3yZDrpAZMbWEMsXtrYSNqaLM2HDmIXirL6+Tdq3q1av1+6tKo5bHUYQzOIdL8OAaGnAHTWgBgxCe4RXenInz4rw7H8vWgpPPnMIfOJ8/AT6M+w==</latexit>

h

<latexit sha1_base64="5aQlUiwBW1m2+47j+F7nBBOdGuE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI8FLx6r2A9oQ9lsN+3SzSbsToRS+g+8eFDEq//Im//GTZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbjO/88S1EbF6xGnC/YiOlAgFo2ilh6Q0KFfcqrsAWSdeTiqQozkof/WHMUsjrpBJakzPcxP0Z1SjYJLPS/3U8ISyCR3xnqWKRtz4s8Wlc3JhlSEJY21LIVmovydmNDJmGgW2M6I4NqteJv7n9VIMb/yZUEmKXLHlojCVBGOSvU2GQnOGcmoJZVrYWwkbU00Z2nCyELzVl9dJu1b16tX6/VWlUcvjKMIZnMMleHANDbiDJrSAQQjP8ApvzsR5cd6dj2VrwclnTuEPnM8fDWaNAw==</latexit>p

<latexit sha1_base64="GaITo7jYHh18FTtY2nAPZrwDkDE="></latexit>

s = LL(h) 2 RV

p = Softmax(s) 2 RV

Linear layer
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Efficient training

It is possible to train in parallel the prediction of the next words in a sequence.

For this, we need to hide the future words with a masked attention matrix.

Here is the process :

Step 1 : Compute the attention matrix.

Step 2 : Mask next word to predict.

Step 3 : Softmax calculation.

Step 4 : Calculate weighted linear combination.

Xavier Bresson 31

<latexit sha1_base64="fhWTGGhYEHcEDOLrARlXTsNJnxA="></latexit>

Mask-HA(Q,K, V ) = Softmax

⇣QKT

p
d

�Mask

⌘
V,

with Q,K, V 2 RL⇥d,Mask 2 RL⇥L,

and Maskij =

⇢
1 if attention between i and j
�1 if no attention
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Attention matrix 

Step 1 : Compute the attention matrix A, i.e. Aij is the dot product between word vector qi 
and word vector kj.
Two similar vectors will receive a high value and inversely, two dissimilar ones a low value.

Xavier Bresson 32

<latexit sha1_base64="MVTyiYPLGRNaQpvt0C0rgYEzwQg="></latexit>

A = QKT 2 RL⇥L

Aij = qTi kj 2 R

Yesterday I … saw a

saw

…

Yesterday

a
<latexit sha1_base64="/567GNfqs6hI1+r9uu/P1P0myJ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU5INS2a24C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjrZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1YpXq9Sa1+V6NY+jAOdwAVfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8Azj+M6A==</latexit>

i

<latexit sha1_base64="UeR/RbFXcM5OszSfL2wz/T9FNMs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY8kXjxCIo8ENmR2aGBgdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzlo4SxbDJIhGpTkA1Ci6xabgR2IkV0jAQ2A6m9wu//YRK80g+mlmMfkhHkg85o8ZKjUm/WHLL7hJkk3gZKUGGer/41RtELAlRGiao1l3PjY2fUmU4Ezgv9BKNMWVTOsKupZKGqP10eeicXFllQIaRsiUNWaq/J1Iaaj0LA9sZUjPW695C/M/rJmZ456dcxolByVaLhokgJiKLr8mAK2RGzCyhTHF7K2FjqigzNpuCDcFbf3mTtCplr1quNm5KtUoWRx4u4BKuwYNbqMED1KEJDBCe4RXenInz4rw7H6vWnJPNnMMfOJ8/z8OM6Q==</latexit>

j

I

<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk

<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk

<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk

<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk

<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
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Step 2 : Mask next word to predict
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<latexit sha1_base64="boscvz4VDrtRuQyjRUqNKxuzqnY=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8laRI9Vjw4rGCaQttKJvNtl262Q27E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvSgU36Hnfzsbm1vbObmmvvH9weHRcOTltG5VpygKqhNLdiBgmuGQBchSsm2pGkkiwTjS5m/udJ6YNV/IRpykLEzKSfMgpQSsFfRUrHFSqXs1bwF0nfkGqUKA1qHz1Y0WzhEmkghjT870Uw5xo5FSwWbmfGZYSOiEj1rNUkoSZMF8cO3MvrRK7Q6VtSXQX6u+JnCTGTJPIdiYEx2bVm4v/eb0Mh7dhzmWaIZN0uWiYCReVO//cjblmFMXUEkI1t7e6dEw0oWjzKdsQ/NWX10m7XvMbtcbDdbVZL+IowTlcwBX4cANNuIcWBECBwzO8wpsjnRfn3flYtm44xcwZ/IHz+QPqII65</latexit>�

<latexit sha1_base64="pm30OV/CIeIa8nSQbMezpf4a7MY=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSlKkuhEqbgS7aKUvaNIymU7aoZNJmJkIJeQD3Pgrblwo4tYPcOffOGmz0NYDFw7n3Mu997gho1KZ5rexsrq2vrGZ28pv7+zu7RcODtsyiAQmLRywQHRdJAmjnLQUVYx0Q0GQ7zLScSc3qd95IELSgDfVNCSOj0acehQjpaVBoXgNr2Djrt+ENuXQ9pEau258n/Tjmq2oTySsJbrLLJkzwGViZaQIMtQHhS97GODIJ1xhhqTsWWaonBgJRTEjSd6OJAkRnqAR6WnKkd7jxLNnEniqlSH0AqGLKzhTf0/EyJdy6ru6M71WLnqp+J/Xi5R36cSUh5EiHM8XeRGDKoBpMnBIBcGKTTVBWFB9K8RjJBBWOr+8DsFafHmZtMslq1KqNM6L1XIWRw4cgxNwBixwAargFtRBC2DwCJ7BK3gznowX4934mLeuGNnMEfgD4/MHsPSaIw==</latexit>

A = QKT 2 RL⇥L
<latexit sha1_base64="hq8ds1GzNxndWdr5mfVf8jEt2wI="></latexit>

Maskij =

⇢
1 if attention between i and j
�1 if no attention

Pointwise 
multiplication

<latexit sha1_base64="UeR/RbFXcM5OszSfL2wz/T9FNMs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY8kXjxCIo8ENmR2aGBgdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzlo4SxbDJIhGpTkA1Ci6xabgR2IkV0jAQ2A6m9wu//YRK80g+mlmMfkhHkg85o8ZKjUm/WHLL7hJkk3gZKUGGer/41RtELAlRGiao1l3PjY2fUmU4Ezgv9BKNMWVTOsKupZKGqP10eeicXFllQIaRsiUNWaq/J1Iaaj0LA9sZUjPW695C/M/rJmZ456dcxolByVaLhokgJiKLr8mAK2RGzCyhTHF7K2FjqigzNpuCDcFbf3mTtCplr1quNm5KtUoWRx4u4BKuwYNbqMED1KEJDBCe4RXenInz4rw7H6vWnJPNnMMfOJ8/z8OM6Q==</latexit>

j

saw

…

Yesterday

a
<latexit sha1_base64="/567GNfqs6hI1+r9uu/P1P0myJ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU5INS2a24C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjrZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1YpXq9Sa1+V6NY+jAOdwAVfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8Azj+M6A==</latexit>

i

I

Yesterday I … saw a

<latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>

1

<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>

1
<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>

1

<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>

1

<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>

1
<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>
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<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>
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<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>
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<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>
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<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>

1

<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>

1

<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>
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<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>
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<latexit sha1_base64="sx8aqgD1cIeIGNAHGJRIIe7slBA=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBg5REpHosePFY0X5AG8pmu2mXbnbD7kYooT/BiwdFvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXednd29/YPKodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcpv7nSeqNJPi0UwTGsR4JFjECDZWevBdd1CpejVvDrRK/IJUoUBzUPnqDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0ZpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRsXRRxlOIFTOAcfrqEBd9CEFhAYwTO8wpvDnRfn3flYtJacYuYY/sD5/AHgF4zS</latexit>
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<latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1 <latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1 <latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1
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<latexit sha1_base64="/567GNfqs6hI1+r9uu/P1P0myJ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU5INS2a24C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjrZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1YpXq9Sa1+V6NY+jAOdwAVfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8Azj+M6A==</latexit>
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<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>
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<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
<latexit sha1_base64="p2wCpVEKraZO55cbiWrKB/TDMbg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2k3bpZhN3N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/zjulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HBKNgRv+eVV0rqoerVq7e6yUq/lcRThBE7hHDy4gjrcQgOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6MjjWk=</latexit>

qk
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Softmax

<latexit sha1_base64="a/l1BFMoxqpLl0Ek1dbfORNKOpY=">AAAB6nicbVBNS8NAEJ34WeNX1aOXxSL0ICURqR4LXjxWtB/QhrLZbtqlm92wuxFK6E/w4kERr/4ib/4bN20O2vpg4PHeDDPzwoQzbTzv21lb39jc2i7tuLt7+weH5aPjtpapIrRFJJeqG2JNORO0ZZjhtJsoiuOQ0044uc39zhNVmknxaKYJDWI8EixiBBsrPVRdd1CueDVvDrRK/IJUoEBzUP7qDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0bpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRoXRRwlOIUzqIIP19CAO2hCCwiM4Ble4c3hzovz7nwsWtecYuYE/sD5/AHSYYzJ</latexit>

(
<latexit sha1_base64="a/l1BFMoxqpLl0Ek1dbfORNKOpY=">AAAB6nicbVBNS8NAEJ34WeNX1aOXxSL0ICURqR4LXjxWtB/QhrLZbtqlm92wuxFK6E/w4kERr/4ib/4bN20O2vpg4PHeDDPzwoQzbTzv21lb39jc2i7tuLt7+weH5aPjtpapIrRFJJeqG2JNORO0ZZjhtJsoiuOQ0044uc39zhNVmknxaKYJDWI8EixiBBsrPVRdd1CueDVvDrRK/IJUoEBzUP7qDyVJYyoM4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LBY6pDrL5qTN0bpUhiqSyJQyaq78nMhxrPY1D2xljM9bLXi7+5/VSE90EGRNJaqggi0VRypGRKP8bDZmixPCpJZgoZm9FZIwVJsamk4fgL7+8StqXNb9eq99fVRoXRRwlOIUzqIIP19CAO2hCCwiM4Ble4c3hzovz7nwsWtecYuYE/sD5/AHSYYzJ</latexit>

(
=

<latexit sha1_base64="OpEc/enLiBPMDCig0mcf91/67mQ="></latexit>

Softmaxrow
⇣QKT

p
d

�Mask
⌘
2 RL⇥L

<latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1 <latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1 <latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1 <latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1

<latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1

<latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1

<latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1

<latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1

<latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1

<latexit sha1_base64="JR5w8iGbxoaP1JzolmcCEj+dNyg=">AAAB8XicbVBNS8NAEJ34WeNX1aOXxSJ40JKIVI8FLx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GpM1BWx8MPN6bYWaeH0th0HG+rZXVtfWNzdKWvb2zu7dfPjhsmSjRjDdZJCPd8anhUijeRIGSd2LNaehL3vbHt7nffuLaiEg94CTmXkiHSgSCUcykxwvSEyrAiW33yxWn6sxAlolbkAoUaPTLX71BxJKQK2SSGtN1nRi9lGoUTPKp3UsMjykb0yHvZlTRkBsvnV08JaeZMiBBpLNSSGbq74mUhsZMQj/rDCmOzKKXi/953QSDGy8VKk6QKzZfFCSSYETy98lAaM5QTjJCmRbZrYSNqKYMs5DyENzFl5dJ67Lq1qq1+6tK/byIowTHcAJn4MI11OEOGtAEBgqe4RXeLGO9WO/Wx7x1xSpmjuAPrM8f7aWPug==</latexit>�1

saw

…

Yesterday

a
<latexit sha1_base64="/567GNfqs6hI1+r9uu/P1P0myJ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU5INS2a24C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjrZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1YpXq9Sa1+V6NY+jAOdwAVfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8Azj+M6A==</latexit>

i

I

Yesterday I … saw a
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0
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0.3

0.1

0.1 0.1 0.2

0.1

0.3

0.5saw

…

Yesterday

a
<latexit sha1_base64="/567GNfqs6hI1+r9uu/P1P0myJ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU5INS2a24C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjrZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1YpXq9Sa1+V6NY+jAOdwAVfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8Azj+M6A==</latexit>

i

I

Yesterday I … saw a

Attention probability 
between “saw” and 

“yesterday”, “I”,…”saw”.

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d

<latexit sha1_base64="JZSNh8HMqbgLWiOy9tGv37FCpyg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lEqseCF48V7Ac0oWw2m3bpZpPuToQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/IQzBbb9bVQ2Nre2d6q7tb39g8Mj8/ikp+JUEtolMY/lwMeKciZoFxhwOkgkxZHPad+f3s79/iOVisXiAbKEehEeCxYygkFLI7PuhhKTfDYtclfNJORBUYzMht20F7DWiVOSBirRGZlfbhCTNKICCMdKDR07AS/HEhjhtKi5qaIJJlM8pkNNBY6o8vLF8YV1rpXACmOpS4C1UH9P5DhSKot83RlhmKhVby7+5w1TCG+8nIkkBSrIclGYcgtia56EFTBJCfBME0wk07daZIJ1GqDzqukQnNWX10nvsum0mq37q0a7VcZRRafoDF0gB12jNrpDHdRFBGXoGb2iN+PJeDHejY9la8UoZ+roD4zPHxT9la4=</latexit>

qkp
d
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Updated word vectors

Step 4 : Calculate weighted linear 
combination

Xavier Bresson 35

0 0 0

0 00

0

00

0

1

0.3 0.7

0.4

0.2

0.40.2

0.3

0.1

0.1 0.1 0.2

0.1

0.3

0.5saw

…

Yesterday

a
<latexit sha1_base64="/567GNfqs6hI1+r9uu/P1P0myJ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU5INS2a24C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjrZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1YpXq9Sa1+V6NY+jAOdwAVfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8Azj+M6A==</latexit>

i

I

Yesterday I … saw a

saw

…

Yesterday

a

I

d1 d2 … dF-1 dF
<latexit sha1_base64="fxg9Ck0HDp4Pl8JR1zhp96MhZQc=">AAAB63icbVBNS8NAEJ34WeNX1aOXxSJ4kJKIVI8FLx4r2A9oQ9lsNu3S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcqZNp737aytb2xubVd23N29/YPD6tFxRyeZIrRNEp6oXog15UzStmGG016qKBYhp91wclf43SeqNEvko5mmNBB4JFnMCDaFFLmuO6zWvLo3B1olfklqUKI1rH4NooRkgkpDONa673upCXKsDCOcztxBpmmKyQSPaN9SiQXVQT6/dYbOrRKhOFG2pEFz9fdEjoXWUxHaToHNWC97hfif189MfBvkTKaZoZIsFsUZRyZBxeMoYooSw6eWYKKYvRWRMVaYGBtPEYK//PIq6VzV/Ua98XBda16WcVTgFM7gAny4gSbcQwvaQGAMz/AKb45wXpx352PRuuaUMyfwB87nD2JgjRk=</latexit>

d

Yesterday

0.3*Yesterday + 0.7*I

0.4*Yesterday + 0.2*I + 0.2*went

0.3*Yesterday + 0.1*I + 0.1*went + … + 0.3*a

0.2*Yesterday + 0.1*I + 0.1*went + …

The new vector 
representation of “saw” is 
given by a weighted linear 
combination of the vector 

representations of 
“yesterday”, “I”,…”saw”.
And the weights are the 
attention probabilities 

between the pair of words. 

<latexit sha1_base64="moYfNZvChcfjNchjDIa3lmswfRo="></latexit>

Softmaxrow
⇣QKT

p
d

�Mask
⌘
V 2 RL⇥d

<latexit sha1_base64="PVTetmURzOFmft/3lt/J3XHBYHs=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuSPQY8OIxAfOAZAmzk95kktnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6fNHWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwvp/7rSdUmsfy0UwS9CM6kDzkjBor1Ue9YsktuwuQdeJlpAQZar3iV7cfszRCaZigWnc8NzH+lCrDmcBZoZtqTCgb0wF2LJU0Qu1PF4fOyIVV+iSMlS1pyEL9PTGlkdaTKLCdETVDverNxf+8TmrCO3/KZZIalGy5KEwFMTGZf036XCEzYmIJZYrbWwkbUkWZsdkUbAje6svrpHld9irlSv2mVL3K4sjDGZzDJXhwC1V4gBo0gAHCM7zCmzNyXpx352PZmnOymVP4A+fzB831jOM=</latexit>

j

<latexit sha1_base64="PVTetmURzOFmft/3lt/J3XHBYHs=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuSPQY8OIxAfOAZAmzk95kktnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6fNHWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwvp/7rSdUmsfy0UwS9CM6kDzkjBor1Ue9YsktuwuQdeJlpAQZar3iV7cfszRCaZigWnc8NzH+lCrDmcBZoZtqTCgb0wF2LJU0Qu1PF4fOyIVV+iSMlS1pyEL9PTGlkdaTKLCdETVDverNxf+8TmrCO3/KZZIalGy5KEwFMTGZf036XCEzYmIJZYrbWwkbUkWZsdkUbAje6svrpHld9irlSv2mVL3K4sjDGZzDJXhwC1V4gBo0gAHCM7zCmzNyXpx352PZmnOymVP4A+fzB831jOM=</latexit>

j
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Masked transformer blocks

Stack multiple masked transformer blocks :

Xavier Bresson 36

Sequence of 
context words

Query 
word

Output 
probability

for next word

<latexit sha1_base64="nMOUiLuxYaEUIn1twxBb0BI4OpM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuSPQY8JJjBPOAZA2zk95kzOzsMjMrhCX/4MWDIl79H2/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81jem3GCfkQHkoecUWOlZu2hi0L0iiW37M5AVom3ICVYoN4rfnX7MUsjlIYJqnXHcxPjZ1QZzgROCt1UY0LZiA6wY6mkEWo/m107IWdW6ZMwVrakITP190RGI63HUWA7I2qGetmbiv95ndSEN37GZZIalGy+KEwFMTGZvk76XCEzYmwJZYrbWwkbUkWZsQEVbAje8surpHlZ9irlyt1VqXqxiCMPJ3AK5+DBNVShBnVoAINHeIZXeHNi58V5dz7mrTlnMXMMf+B8/gBSt47q</latexit>

H
`

<latexit sha1_base64="7lNhMoudI/tetMEwaugpcoRHjmw=">AAAB/HicbVDLSgNBEJyNrxhfqzl6WQxCBAm7ItFjwEsOIhHMA7IxzE46yZDZBzO9Yljir3jxoIhXP8Sbf+Mk2YMmFjQUVd10d3mR4Apt+9vIrKyurW9kN3Nb2zu7e+b+QUOFsWRQZ6EIZcujCgQPoI4cBbQiCdT3BDS90dXUbz6AVDwM7nAcQceng4D3OaOopa6ZdxEeUfrJ9c2kWL13QYiTrlmwS/YM1jJxUlIgKWpd88vthSz2IUAmqFJtx46wk1CJnAmY5NxYQUTZiA6grWlAfVCdZHb8xDrWSs/qh1JXgNZM/T2RUF+pse/pTp/iUC16U/E/rx1j/7KT8CCKEQI2X9SPhYWhNU3C6nEJDMVYE8ok17dabEglZajzyukQnMWXl0njrOSUS+Xb80LlNI0jSw7JESkSh1yQCqmSGqkTRsbkmbySN+PJeDHejY95a8ZIZ/LkD4zPH1M8lIA=</latexit>

LN(H`)

<latexit sha1_base64="/vEIrQO8QUAyGF0STv2LmR4p7+0=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSIISklEqseClx4r2A9oYtlsN+3SzSbsbgol5J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zba2tb2xubZd2yrt7+weH9tFxW8WpJLRFYh7LboAV5UzQlmaa024iKY4CTjvB+H7mdyZUKhaLRz1NqB/hoWAhI1gbqW/bXoBl1sifMo9yfunmfbviVJ050CpxC1KBAs2+/eUNYpJGVGjCsVI910m0n2GpGeE0L3upogkmYzykPUMFjqjys/nlOTo3ygCFsTQlNJqrvycyHCk1jQLTGWE9UsveTPzP66U6vPMzJpJUU0EWi8KUIx2jWQxowCQlmk8NwUQycysiIywx0SassgnBXX55lbSvq26tWnu4qdSvijhKcApncAEu3EIdGtCEFhCYwDO8wpuVWS/Wu/WxaF2zipkT+APr8wdB35Nc</latexit>

H̄
`+1

<latexit sha1_base64="4OrY7VAyetx653TAGTrHpawfwHs=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBAEJeyKRI8BLzlGMA9MYpid9CZDZmeXmVkhLPkLLx4U8erfePNvnCR70MSChqKqm+4uPxZcG9f9dlZW19Y3NnNb+e2d3b39wsFhQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqj26nffEKleSTvzTjGbkgHkgecUWOlh+pj2kEhzr1Jr1B0S+4MZJl4GSlChlqv8NXpRywJURomqNZtz41NN6XKcCZwku8kGmPKRnSAbUslDVF309nFE3JqlT4JImVLGjJTf0+kNNR6HPq2M6RmqBe9qfif105McNNNuYwTg5LNFwWJICYi0/dJnytkRowtoUxxeythQ6ooMzakvA3BW3x5mTQuS165VL67KlYusjhycAwncAYeXEMFqlCDOjCQ8Ayv8OZo58V5dz7mrStONnMEf+B8/gD1MJBm</latexit>

H
`+1

<latexit sha1_base64="heVGhFcbzIgxSLtgs873Tym4ZoQ=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8SNgViV6EgJccI5gHJjHMTnqTIbOzy8ysEJb8hRcPinj1b7z5N06SPWhiQUNR1U13lx8Lro3rfjsrq2vrG5u5rfz2zu7efuHgsKGjRDGss0hEquVTjYJLrBtuBLZihTT0BTb90e3Ubz6h0jyS92YcYzekA8kDzqix0kP1Me2gEDfupFcouiV3BrJMvIwUIUOtV/jq9COWhCgNE1TrtufGpptSZTgTOMl3Eo0xZSM6wLalkoaou+ns4gk5tUqfBJGyJQ2Zqb8nUhpqPQ592xlSM9SL3lT8z2snJrjuplzGiUHJ5ouCRBATken7pM8VMiPGllCmuL2VsCFVlBkbUt6G4C2+vEwaFyWvXCrfXRYr51kcOTiGEzgDD66gAlWoQR0YSHiGV3hztPPivDsf89YVJ5s5gj9wPn8ADyaQdw==</latexit>

H
`=0

<latexit sha1_base64="/gvOGZl0e0hnFTMmX6ihNT8vXPg="></latexit>

For ` = 0, 1, 2, .., L� 1

H̄
`+1

= H
`
+Mask-MHA(LN(H

`
),LN(H

`
),LN(H

`
)) 2 RL⇥d

H
`+1

= H̄
`+1

+MLP(LN(H̄
`+1

)) 2 RL⇥d

with H
`=0

= LL({wt, wt�1, ..., wt�(L�1)}) + PE 2 RL⇥d

<latexit sha1_base64="20VELkBiVnyONfNqOAuxO4yNjPI=">AAACC3icbZDLSsNAFIYnXmu9RV26GVqECm1IRKrLghsXLirYCzQhTKaTdujkwsxEKSF7N76KGxeKuPUF3Pk2TtostPXADB//fw4z5/diRoU0zW9tZXVtfWOztFXe3tnd29cPDrsiSjgmHRyxiPc9JAijIelIKhnpx5ygwGOk502ucr93T7igUXgnpzFxAjQKqU8xkkpy9YqdPripzOr53bCyumEYc67dNKzTzM7Krl41DXNWcBmsAqqgqLarf9nDCCcBCSVmSIiBZcbSSRGXFDOSle1EkBjhCRqRgcIQBUQ46WyXDJ4oZQj9iKsTSjhTf0+kKBBiGniqM0ByLBa9XPzPGyTSv3RSGsaJJCGeP+QnDMoI5sHAIeUESzZVgDCn6q8QjxFHWKr48hCsxZWXoXtmWE2jeXtebdWLOErgGFRADVjgArTANWiDDsDgETyDV/CmPWkv2rv2MW9d0YqZI/CntM8fAI2ZCA==</latexit>

{wt, wt�1, ..., wt�(L�1)}
<latexit sha1_base64="qSAY1PLaToLvajcvcD8UgaMbw0Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosePFYwbSFNpTNdtsu3WzC7kQpob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYW9/Y3Cpul3Z29/YPyodHTROnmnGfxTLW7ZAaLoXiPgqUvJ1oTqNQ8lY4vp35rUeujYjVA04SHkR0qMRAMIpW8p96GU575Ypbdecgq8TLSQVyNHrlr24/ZmnEFTJJjel4boJBRjUKJvm01E0NTygb0yHvWKpoxE2QzY+dkjOr9Mkg1rYUkrn6eyKjkTGTKLSdEcWRWfZm4n9eJ8XBTZAJlaTIFVssGqSSYExmn5O+0JyhnFhCmRb2VsJGVFOGNp+SDcFbfnmVNC+rXq1au7+q1C/yOIpwAqdwDh5cQx3uoAE+MBDwDK/w5ijnxXl3PhatBSefOYY/cD5/ADGQjuM=</latexit>wt
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Training with mini-batch 

Training is done with a batch size of B sequences and batch length of L.

Xavier Bresson

Document

Sequence of L words

Context window

Next word

Current word

Cross	
Entropy
Criterion

LB = 0.01
<latexit sha1_base64="Dc/3Cq9NxQoPTPNfgyCOy/2v+w0=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFcDZk6tHUhFN24cFHBPqAdSybNtKGZB0lGGIb6K25cKOLWD3Hn35hpK6jogcDhnHu5J8eLOZMKoQ9jaXlldW29sFHc3Nre2TX39tsySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0400ucr9zR4VkUXij0pi6AR6FzGcEKy0NzFI/wGpMMM+uprfnZ8hCdnFglpF1Wq9WnCrUAqrZFTsnlZpz4kBbKznKYIHmwHzvDyOSBDRUhGMpezaKlZthoRjhdFrsJ5LGmEzwiPY0DXFApZvNwk/hkVaG0I+EfqGCM/X7RoYDKdPA05N5VPnby8W/vF6i/LqbsTBOFA3J/JCfcKgimDcBh0xQoniqCSaC6ayQjLHAROm+8hK+fgr/J+2KZSPLvnbKDWdRRwEcgENwDGxQAw1wCZqgBQhIwQN4As/GvfFovBiv89ElY7FTAj9gvH0CJ+STvQ==</latexit><latexit sha1_base64="Dc/3Cq9NxQoPTPNfgyCOy/2v+w0=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFcDZk6tHUhFN24cFHBPqAdSybNtKGZB0lGGIb6K25cKOLWD3Hn35hpK6jogcDhnHu5J8eLOZMKoQ9jaXlldW29sFHc3Nre2TX39tsySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0400ucr9zR4VkUXij0pi6AR6FzGcEKy0NzFI/wGpMMM+uprfnZ8hCdnFglpF1Wq9WnCrUAqrZFTsnlZpz4kBbKznKYIHmwHzvDyOSBDRUhGMpezaKlZthoRjhdFrsJ5LGmEzwiPY0DXFApZvNwk/hkVaG0I+EfqGCM/X7RoYDKdPA05N5VPnby8W/vF6i/LqbsTBOFA3J/JCfcKgimDcBh0xQoniqCSaC6ayQjLHAROm+8hK+fgr/J+2KZSPLvnbKDWdRRwEcgENwDGxQAw1wCZqgBQhIwQN4As/GvfFovBiv89ElY7FTAj9gvH0CJ+STvQ==</latexit><latexit sha1_base64="Dc/3Cq9NxQoPTPNfgyCOy/2v+w0=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFcDZk6tHUhFN24cFHBPqAdSybNtKGZB0lGGIb6K25cKOLWD3Hn35hpK6jogcDhnHu5J8eLOZMKoQ9jaXlldW29sFHc3Nre2TX39tsySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0400ucr9zR4VkUXij0pi6AR6FzGcEKy0NzFI/wGpMMM+uprfnZ8hCdnFglpF1Wq9WnCrUAqrZFTsnlZpz4kBbKznKYIHmwHzvDyOSBDRUhGMpezaKlZthoRjhdFrsJ5LGmEzwiPY0DXFApZvNwk/hkVaG0I+EfqGCM/X7RoYDKdPA05N5VPnby8W/vF6i/LqbsTBOFA3J/JCfcKgimDcBh0xQoniqCSaC6ayQjLHAROm+8hK+fgr/J+2KZSPLvnbKDWdRRwEcgENwDGxQAw1wCZqgBQhIwQN4As/GvfFovBiv89ElY7FTAj9gvH0CJ+STvQ==</latexit><latexit sha1_base64="Dc/3Cq9NxQoPTPNfgyCOy/2v+w0=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFcDZk6tHUhFN24cFHBPqAdSybNtKGZB0lGGIb6K25cKOLWD3Hn35hpK6jogcDhnHu5J8eLOZMKoQ9jaXlldW29sFHc3Nre2TX39tsySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0400ucr9zR4VkUXij0pi6AR6FzGcEKy0NzFI/wGpMMM+uprfnZ8hCdnFglpF1Wq9WnCrUAqrZFTsnlZpz4kBbKznKYIHmwHzvDyOSBDRUhGMpezaKlZthoRjhdFrsJ5LGmEzwiPY0DXFApZvNwk/hkVaG0I+EfqGCM/X7RoYDKdPA05N5VPnby8W/vF6i/LqbsTBOFA3J/JCfcKgimDcBh0xQoniqCSaC6ayQjLHAROm+8hK+fgr/J+2KZSPLvnbKDWdRRwEcgENwDGxQAw1wCZqgBQhIwQN4As/GvfFovBiv89ElY7FTAj9gvH0CJ+STvQ==</latexit>

Labels: 174, 564, 13, … , 876

37

L number of words 
to predict
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Generation

The transformer network is trained in parallel (using the mask to hide the predicted words).

After training, the mask is not required anymore (there are no future words to hide).

And the sequence is generated auto-regressively, i.e. one word at a time.

Xavier Bresson 38

Sequence of 
context words

Query word

Output 
probability

for next word

<latexit sha1_base64="qSAY1PLaToLvajcvcD8UgaMbw0Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosePFYwbSFNpTNdtsu3WzC7kQpob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYW9/Y3Cpul3Z29/YPyodHTROnmnGfxTLW7ZAaLoXiPgqUvJ1oTqNQ8lY4vp35rUeujYjVA04SHkR0qMRAMIpW8p96GU575Ypbdecgq8TLSQVyNHrlr24/ZmnEFTJJjel4boJBRjUKJvm01E0NTygb0yHvWKpoxE2QzY+dkjOr9Mkg1rYUkrn6eyKjkTGTKLSdEcWRWfZm4n9eJ8XBTZAJlaTIFVssGqSSYExmn5O+0JyhnFhCmRb2VsJGVFOGNp+SDcFbfnmVNC+rXq1au7+q1C/yOIpwAqdwDh5cQx3uoAE+MBDwDK/w5ijnxXl3PhatBSefOYY/cD5/ADGQjuM=</latexit>wt
<latexit sha1_base64="/E86JwHFFRKUOyLsbGUviDO9KVM=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpJlgEFyUkItVlwY3LCvYCbQiT6aQdOpmEmYkSQnwVNy4UceuDuPNtnLZZaOsPAx//OYdz5g8SRqVynG9jbX1jc2u7slPd3ds/ODSPjrsyTgUmHRyzWPQDJAmjnHQUVYz0E0FQFDDSC6Y3s3rvgQhJY36vsoR4ERpzGlKMlLZ8szbMH/3cLRq2bTc0qWJY+GbdsZ25rFVwS6hDqbZvfg1HMU4jwhVmSMqB6yTKy5FQFDNSVIepJAnCUzQmA40cRUR6+fz4wjrTzsgKY6EfV9bc/T2Ro0jKLAp0Z4TURC7XZuZ/tUGqwmsvpzxJFeF4sShMmaVia5aENaKCYMUyDQgLqm+18AQJhJXOq6pDcJe/vArdC9tt2s27y3qrUcZRgRM4hXNw4QpacAtt6ACGDJ7hFd6MJ+PFeDc+Fq1rRjlTgz8yPn8A0zOUMQ==</latexit>

{w1, ..., wt}

<latexit sha1_base64="Zn6epKmOgVEkUgO5ZjmeaKrzOqg=">AAACC3icbVBNS8NAEN3Ur1q/oh69LC2CoJREpHosePFYxX5AE8Nmu22XbjZhd6KUkLsX/4oXD4p49Q9489+YtD1o64OBx3szzMzzI8E1WNa3UVhaXlldK66XNja3tnfM3b2WDmNFWZOGIlQdn2gmuGRN4CBYJ1KMBL5gbX90mfvte6Y0D+UtjCPmBmQgeZ9TApnkmeUHL4FjO8WO5gGOPHC4dAICQ99PbtK7pJWWPLNiVa0J8CKxZ6SCZmh45pfTC2kcMAlUEK27thWBmxAFnAqWlpxYs4jQERmwbkYlCZh2k8kvKT7MlB7uhyorCXii/p5ISKD1OPCzzvxMPe/l4n9eN4b+hZtwGcXAJJ0u6scCQ4jzYHCPK0ZBjDNCqOLZrZgOiSIUsvjyEOz5lxdJ67Rq16q167NK/WQWRxEdoDI6QjY6R3V0hRqoiSh6RM/oFb0ZT8aL8W58TFsLxmxmH/2B8fkDlu+atw==</latexit>

wt+1 ⇠ pt 2 RV

<latexit sha1_base64="EH60WaPOOP1SqX7GPaF24D4+bf8=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSIISklEqseCF48V7Ac0sWy2m3bpZhN3N4US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IOFMacf5tlZW19Y3Nktb5e2d3b19++CwpeJUEtokMY9lJ8CKciZoUzPNaSeRFEcBp+1gdDv122MqFYvFg54k1I/wQLCQEayN1LNtL8Aye8ofM49yfu7mPbviVJ0Z0DJxC1KBAo2e/eX1Y5JGVGjCsVJd10m0n2GpGeE0L3upogkmIzygXUMFjqjys9nlOTo1Sh+FsTQlNJqpvycyHCk1iQLTGWE9VIveVPzP66Y6vPEzJpJUU0Hmi8KUIx2jaQyozyQlmk8MwUQycysiQywx0SassgnBXXx5mbQuq26tWru/qtQvijhKcAwncAYuXEMd7qABTSAwhmd4hTcrs16sd+tj3rpiFTNH8AfW5w+BnZOF</latexit>

q̄`+1

<latexit sha1_base64="/FSruAusmmG7SJ2XkdyHNnbOJSk=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBAEJeyKRI8BLx4jmAcma5id9CZDZmfXmVkhLPkLLx4U8erfePNvnDwOmljQUFR1090VJIJr47rfztLyyuraem4jv7m1vbNb2Nuv6zhVDGssFrFqBlSj4BJrhhuBzUQhjQKBjWBwPfYbT6g0j+WdGSboR7QnecgZNVa6f3zI2ijEqTfqFIpuyZ2ALBJvRoowQ7VT+Gp3Y5ZGKA0TVOuW5ybGz6gynAkc5dupxoSyAe1hy1JJI9R+Nrl4RI6t0iVhrGxJQybq74mMRloPo8B2RtT09bw3Fv/zWqkJr/yMyyQ1KNl0UZgKYmIyfp90uUJmxNASyhS3txLWp4oyY0PK2xC8+ZcXSf285JVL5duLYuVsFkcODuEITsCDS6jADVShBgwkPMMrvDnaeXHenY9p65IzmzmAP3A+fwA01JCP</latexit>

q`+1

<latexit sha1_base64="VAvsav8IXIXgg1fV/bmXESBa2zI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgQcKuSPQY8OIxgnlAsobZSScZMju7mZkVwpKf8OJBEa/+jjf/xkmyB00saCiquunuCmLBtXHdbye3tr6xuZXfLuzs7u0fFA+PGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3c785hMqzSP5YCYx+iEdSN7njBortcaPaQeFmHaLJbfszkFWiZeREmSodYtfnV7EkhClYYJq3fbc2PgpVYYzgdNCJ9EYUzaiA2xbKmmI2k/n907JmVV6pB8pW9KQufp7IqWh1pMwsJ0hNUO97M3E/7x2Yvo3fsplnBiUbLGonwhiIjJ7nvS4QmbExBLKFLe3EjakijJjIyrYELzll1dJ47LsVcqV+6tS9SKLIw8ncArn4ME1VOEOalAHBgKe4RXenLHz4rw7H4vWnJPNHMMfOJ8/WSKQHw==</latexit>

q`
<latexit sha1_base64="+9Gf+XcFf0n50NlPiCVdaWZlS7A=">AAAB+nicbZBNS8NAEIYnftb6lerRS7AIHqQkItWLUPAieKlgP6CtZbOdtEs3m7C7UUrsT/HiQRGv/hJv/hu3bQ7a+sLCwzszzOzrx5wp7brf1tLyyuraem4jv7m1vbNrF/bqKkokxRqNeCSbPlHImcCaZppjM5ZIQp9jwx9eTeqNB5SKReJOj2LshKQvWMAo0cbq2oX6fdpGzseXNxl07aJbcqdyFsHLoAiZql37q92LaBKi0JQTpVqeG+tOSqRmlOM4304UxoQOSR9bBgUJUXXS6elj58g4PSeIpHlCO1P390RKQqVGoW86Q6IHar42Mf+rtRIdXHRSJuJEo6CzRUHCHR05kxycHpNINR8ZIFQyc6tDB0QSqk1aeROCN//lRaiflrxyqXx7VqycZHHk4AAO4Rg8OIcKXEMVakDhEZ7hFd6sJ+vFerc+Zq1LVjazD39kff4AXtuUBg==</latexit>

V ` = K`

<latexit sha1_base64="Pm/rl27Ak7DXbg9ofZY2bFe2R9U=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIVI8FLx4rmLbQxrLZTtulm03c3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSK4Nq777aysrq1vbBa2its7u3v7pYPDho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPRzdRvPqHSPJb3ZpxgENGB5H3OqLGS//iQuZNuqexW3BnIMvFyUoYc9W7pq9OLWRqhNExQrduem5ggo8pwJnBS7KQaE8pGdIBtSyWNUAfZ7NgJObVKj/RjZUsaMlN/T2Q00nochbYzomaoF72p+J/XTk3/Osi4TFKDks0X9VNBTEymn5MeV8iMGFtCmeL2VsKGVFFmbD5FG4K3+PIyaVxUvGqlendZrp3ncRTgGE7gDDy4ghrcQh18YMDhGV7hzZHOi/PufMxbV5x85gj+wPn8Ab92jpg=</latexit>

q0

<latexit sha1_base64="SMeOa6WGyOCzXQ4houCFmZE2L54="></latexit>

Generate the next word wt+1 as follows:

Compute output of Transformer net:

for ` = 0, ..., L� 1

q̄`+1
= q` +MHA(LN(q`),LN(K`

),LN(V `
)) 2 Rd

q`+1
= q̄`+1

+MLP(LN(q̄`+1
)) 2 Rd

with q`=0
= LL(wt) + PEt 2 Rd

K`=0
= V `=0

= LL({w1, ..., wt}) + PE 2 Rt⇥d

Get output probability pt = Softmax(LL(q`=L
)) 2 RV

Sample next word probability wt+1 ⇠ pt.
<latexit sha1_base64="e9jAjO/pgTRmS4RELHOibIqMZ5w=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqswUqW6EghvBTQX7gHYsmTTThmaSIckIZehnuHGhiFu/xp1/Y6adhbYeSDiccy/33hPEnGnjut9OYW19Y3OruF3a2d3bPygfHrW1TBShLSK5VN0Aa8qZoC3DDKfdWFEcBZx2gslN5neeqNJMigczjakf4ZFgISPYWKl395i6s+t29g/KFbfqzoFWiZeTCuRoDspf/aEkSUSFIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUoEjqv10vvIMnVlliEKp7BMGzdXfHSmOtJ5Gga2MsBnrZS8T//N6iQmv/JSJODFUkMWgMOHISJTdj4ZMUWL41BJMFLO7IjLGChNjUyrZELzlk1dJu1b16tX6/UWlUcvjKMIJnMI5eHAJDbiFJrSAgIRneIU3xzgvzrvzsSgtOHnPMfyB8/kDoomQzQ==</latexit>

K0 = V 0

No mask
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Lab 01

PyTorch implementation of Language Model Transformers

Xavier Bresson 39

Sequence of 
context words

Query 
word

Output 
probability

for next word
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Numerical results on PTB :

Vanilla RNN:  exp(train_loss) = 111    exp(test_loss) = 155     3 million parameters 

LSTM:    exp(train_loss) = 59    exp(test_loss) = 106     7 million parameters 

LSTM state-of-the-art:            exp(test_loss) = 50     50 million parameters

Vanilla LM Transformer: 

                 exp(train_loss) = 54    exp(test_loss) = 174     3 million parameters 

LM Transformer state-of-the-art (with pre-training): 

                      exp(test_loss) = 20.5   175 billion parameters

Lab 01

Xavier Bresson 40
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Attention mechanism

It is a breakthrough idea in NLP !

It is as revolutionary as CNNs in Computer Vision.

Xavier Bresson 41

Transformers

RNNs 
(degrades quickly 
after 30 words)

(Bahdanau-Cho-Bengio 2014)
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Why attention nets are better?

Why casting the LM task as a soft alignment/attention problem is a great idea ?
With RNNs, the very long sequence requires to be memorized and represented by a single 
vector. 
RNN architectures with a single memory vector cannot simply deal with long sequences (limit 
of non-linear dynamic systems).
We ask too much to memorize everything with one vector!
With attention, we distribute the memorization load over each pair of words.
Each word in the target sequence only needs to find its match with the word (or a few words) 
in the source target. 
It solves the limitation of long-term dependencies in RNNs (a word in the target sequence 
communicates with all words in the source sequence).
The matching is made easy by transforming the words with hidden representations.
Attention is a key mathematical structure for NLP and several other domains.
SOTA for all NLP tasks since 2019.

Xavier Bresson 42
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Outline

Language Models

Memory Networks

Transformers

Language Model Transformers

Sequence-To-Sequence Transformers

Transfer Learning

Conclusion

Xavier Bresson 43
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Seq2Seq Transformers

Xavier Bresson 44

Given a sequence of words, convert it into a 
different sequence.
Basic tasks in NLP 

Translation
Question & Answer
Summarization

A Seq2Sep Transformer is composed of 
World embedding layer
Self-attention encoding layer
Self-attention decoding layer
Cross-attention layer
Classification layer

Input(EN): He drives 
the red car.

Output(ES): El conduce 
el coche rojoe.

Seq2Seq Transformer Architecture
(Vaswani-et-al Google Brain 2017)

<latexit sha1_base64="hsLCwsvcLoF3ruaKtobkw3+YAU4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0mKVI8FETx4qGA/oI1ls920SzebsDsRQ6h/xYsHRbz6Q7z5b9zEHLT1wcDjvRlm5nkRZwps+8sorayurW+UNytb2zu7e+b+QVeFsSS0Q0Ieyr6HFeVM0A4w4LQfSYoDj9OeN7vI/N49lYqF4haSiLoBngjmM4JBSyOzen03BPoAMkgvBZlXMozMml23c1jLxClIDRVoj8zP4TgkcUAFEI6VGjh2BG6KJTDC6bwyjBWNMJnhCR1oKnBAlZvmx8+tY62MLT+UugRYufp7IsWBUkng6c4Aw1Qtepn4nzeIwT93UyaiGKh+LV/kx9yC0MqSsMZMUgI80QQTyfStFpliiQnovLIQnMWXl0m3UXea9ebNaa3VKOIoo0N0hE6Qg85QC12hNuogghL0hF7Qq/FoPBtvxvtPa8koZqroD4yPb3jek04=</latexit>

LEnc

<latexit sha1_base64="85MQDivJuxTSBnH6YaruPNAM3yQ=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi1WNBDx48VLAf0May2U7bpZsPdidiCPWvePGgiFd/iDf/jUmbg7Y+GHi8N8PMPDeUQqNlfRsrq2vrG5uFreL2zu7evnlw2NJBpDg0eSAD1XGZBil8aKJACZ1QAfNcCW13cpn57QdQWgT+HcYhOB4b+WIoOMNU6pulm/sewiMqL7kCPi1m6Jtlq2LNQJeJnZMyydHom1+9QcAjD3zkkmndta0QnYQpFFzCtNiLNISMT9gIuin1mQfaSWbHT+lJqgzoMFBp+Uhn6u+JhHlax56bdnoMx3rRy8T/vG6EwwsnEX4YIfh8vmgYSYoBzZKgA6GAo4xTwrgS6a2Uj5liHNO8shDsxZeXSatasWuV2u1ZuV7N4yiQI3JMTolNzkmdXJMGaRJOYvJMXsmb8WS8GO/Gx7x1xchnSuQPjM8faW+TRA==</latexit>

LDec

<latexit sha1_base64="b+9PfU9UYGJSPBybLLQgknB6RXs=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hd0g0WPAiwcPEcwDkjXMTibJkHksM71qWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dUSy4Bd//9lZW19Y3NnNb+e2d3b39wsFhw+rEUFanWmjTiohlgitWBw6CtWLDiIwEa0ajq6nffGDGcq3uYByzUJKB4n1OCTjp/qbbAfYERqY6gUm3UPRL/gx4mQQZKaIMtW7hq9PTNJFMARXE2nbgxxCmxACngk3yncSymNARGbC2o4pIZsN0dvUEnzqlh/vauFKAZ+rviZRIa8cycp2SwNAuelPxP6+dQP8yTLmKE2CKzhf1E4FB42kEuMcNoyDGjhBquLsV0yExhIILKu9CCBZfXiaNcimolCq358VqOYsjh47RCTpDAbpAVXSNaqiOKDLoGb2iN+/Re/HevY9564qXzRyhP/A+fwBFBZL8</latexit>

Lout
<latexit sha1_base64="FlwZCfnBP8VQ7bRfekoNPY/vQ5Q=">AAAB9HicbVA9SwNBEN3zM8avqKXNYhCswl2QaBmwsbCIYD4gOcLeZi5Zsrd37s4FQ8jvsLFQxNYfY+e/cZNcoYkPBh7vzTAzL0ikMOi6387a+sbm1nZuJ7+7t39wWDg6bpg41RzqPJaxbgXMgBQK6ihQQivRwKJAQjMY3sz85gi0EbF6wHECfsT6SoSCM7SSf9ftIDyhjiZCTbuFolty56CrxMtIkWSodQtfnV7M0wgUcsmMaXtugv6EaRRcwjTfSQ0kjA9ZH9qWKhaB8Sfzo6f03Co9GsbalkI6V39PTFhkzDgKbGfEcGCWvZn4n9dOMbz27T9JiqD4YlGYSooxnSVAe0IDRzm2hHEt7K2UD5hmHG1OeRuCt/zyKmmUS16lVLm/LFbLWRw5ckrOyAXxyBWpkltSI3XCySN5Jq/kzRk5L86787FoXXOymRPyB87nD1blknE=</latexit>

Lin
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<latexit sha1_base64="zVs2xW5Rrc6WxjzEx5YJtMhbsAk="></latexit>

HAh(H) = Softmax

⇣
QhK

T

hp
d/H

⌘
Vh 2 RLin⇥d/H

with Qh = HW
Q

h
2 RLin⇥d/H

,W
Q

h
2 Rd⇥d/H

Kh = HW
K

h
2 RLin⇥d/H

,W
K

h
2 Rd⇥d/H

Vh = HW
V

h
2 RLin⇥d/H

,W
V

h
2 Rd⇥d/H

Self-attention encoder
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Word embeddings

<latexit sha1_base64="AW7fnbL18OaDxbmIKhNZ1ClKd1A="></latexit>

H̄ = MHA(H) 2 RLin⇥d
, H 2 RLin⇥d

=

⇣
kHh=1 HAh(H)

⌘
W

O
, W

O 2 Rd⇥d

with H = LL({win
1 , ..., w

in
Lin

}) 2 RLin⇥d

<latexit sha1_base64="YeCWy3htdUb4U5kZH70cPzvXPek=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI8FLz1WsB/QhjLZbtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epoqxNYxGrXoCaCS5Z23AjWC9RDKNAsG4wvV/43SemNI/lo5klzI9wLHnIKRordQcBqqw5H5YrbtVdgmwSLycVyNEalr8Go5imEZOGCtS677mJ8TNUhlPB5qVBqlmCdIpj1rdUYsS0ny3PnZMrq4xIGCtb0pCl+nsiw0jrWRTYzgjNRK97C/E/r5+a8M7PuExSwyRdLQpTQUxMFr+TEVeMGjGzBKni9lZCJ6iQGptQyYbgrb+8STq1qlev1h9uKo1aHkcRLuASrsGDW2hAE1rQBgpTeIZXeHMS58V5dz5WrQUnnzmHP3A+fwBZyo+M</latexit>

H̄

<latexit sha1_base64="FfVAVmk8dQk+Qdtbu6oF2m2Fo+4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY8kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Amm9wu/84RK80g+mFmMfkjHko84o8ZKzfqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZ056dcxolByVaLRokgJiKLr8mQK2RGzCyhTHF7K2ETqigzNpuCDcFbf3mTtCtlr1quNm9KtUoWRx4u4BKuwYNbqEEdGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/nDuMxw==</latexit>

H

<latexit sha1_base64="sT6VxP8vzeDylUdgCjvwxSFwMg4=">AAACIHicbVDLSsNAFJ34rPUVdekmWAQXJSRFWpcFNy5cVLAPaGqYTCft0MmDmRu1hHyKG3/FjQtFdKdf47TNorYeGDhzzr3MnOPFnEmwrG9tZXVtfWOzsFXc3tnd29cPDlsySgShTRLxSHQ8LClnIW0CA047saA48Dhte6PLid++p0KyKLyFcUx7AR6EzGcEg5JcveakD3cO0EcQQcrCzE3trGyaZnlBvXbnrpmTuXrJMq0pjGVi56SEcjRc/cvpRyQJaAiEYym7thVDL8UCGOE0KzqJpDEmIzygXUVDHFDZS6cBM+NUKX3Dj4Q6IRhTdX4jxYGU48BTkwGGoVz0JuJ/XjcB/6KnIsUJ0JDMHvITbkBkTNoy+kxQAnysCCaCqb8aZIgFJqA6LaoS7MXIy6RVMe2qWb05L9UreR0FdIxO0BmyUQ3V0RVqoCYi6Am9oDf0rj1rr9qH9jkbXdHynSP0B9rPL3JYpP8=</latexit>

{win
1 , ..., win

Lin
}

Output 
probability

for next word

Self-attention 
encoding layer

Encode the complete input sequence with a self-attention layer :

he           drives     the      red            car

Produce a representation of 
words that depends on the 

context of surrounding words.

Self-attention 
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<latexit sha1_base64="ZX8m8Ghtw+qu4SUleLgnkQeKHLA="></latexit>

for ` = 0, ..., L
Enc � 1

H̄
`+1

= H
`
+MHA(LN(H

`
),LN(H

`
),LN(H

`
)) 2 RLin⇥d

H
`+1

= H̄
`+1

+MLP(LN(H̄
`+1

)) 2 RLin⇥d

with initialization H
`=0

= LL({win
1 , ..., w

in
Lin

}) + PE 2 RLin⇥d

and encoder output H
Enc

= H
`=LEnc

2 RLin⇥d

Full encoder layer

The encoder is composed of multiple attention blocks.

Each attention block has MHA, MLP, Residual 
Connection, Layer Normalization, PE.
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Linear layer
(word embedding)

Positional 
Encoding

Encoder
<latexit sha1_base64="8GOzta95oXZt9+TPIfwwxLmgkT0=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqewWqR4LIvRYwX5Auy3ZNG1Dk+ySzKpl6f/w4kERr/4Xb/4b03UP2vpg4PHeDDPzgkhwA6775eTW1jc2t/LbhZ3dvf2D4uFRy4SxpqxJQxHqTkAME1yxJnAQrBNpRmQgWDuYXi/89j3ThofqDmYR8yUZKz7ilICV+vV+D9gjaJncKDofFEtu2U2BV4mXkRLK0BgUP3vDkMaSKaCCGNP13Aj8hGjgVLB5oRcbFhE6JWPWtVQRyYyfpFfP8ZlVhngUalsKcKr+nkiINGYmA9spCUzMsrcQ//O6MYyu/ISrKAZmv0oXjWKBIcSLCPCQa0ZBzCwhVHN7K6YTogkFG1TBhuAtv7xKWpWyVy1Xby9KtUoWRx6doFN0jjx0iWqojhqoiSjS6Am9oFfnwXl23pz3n9ack80coz9wPr4B2H2StQ==</latexit>

H
Enc

<latexit sha1_base64="g2akQ2CBk02ytnX+ld+QlZp/0kg=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgpccK9gPaWDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsbm1vbObmGvuH9weHRcOjltmzjVjLdYLGPdDajhUijeQoGSdxPNaRRI3gkmd3O/88S1EbF6wGnC/YiOlAgFo2ilVuMxc2eDUtmtuAuQdeLlpAw5moPSV38YszTiCpmkxvQ8N0E/oxoFk3xW7KeGJ5RN6Ij3LFU04sbPFsfOyKVVhiSMtS2FZKH+nshoZMw0CmxnRHFsVr25+J/XSzG89TOhkhS5YstFYSoJxmT+ORkKzRnKqSWUaWFvJWxMNWVo8ynaELzVl9dJu1rxapXa/XW5Xs3jKMA5XMAVeHADdWhAE1rAQMAzvMKbo5wX5935WLZuOPnMGfyB8/kDgnyOdQ==</latexit>

H
0

<latexit sha1_base64="ysMmlLvaZ4LofApEmkNE5USK6H4=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIzHxRHaJQY8kXjhiIo8EVjI79MLI7MxmZtaEEP7BiweN8er/ePNvHGAPClbSSaWqO91dYcKZNp737eQ2Nre2d/K7hb39g8Oj4vFJS8tUUWxSyaXqhEQjZwKbhhmOnUQhiUOO7XB8O/fbT6g0k+LeTBIMYjIULGKUGCu16g895LxfLHllbwF3nfgZKUGGRr/41RtImsYoDOVE667vJSaYEmUY5Tgr9FKNCaFjMsSupYLEqIPp4tqZe2GVgRtJZUsYd6H+npiSWOtJHNrOmJiRXvXm4n9eNzXRTTBlIkkNCrpcFKXcNdKdv+4OmEJq+MQSQhWzt7p0RBShxgZUsCH4qy+vk1al7FfL1burUq2SxZGHMziHS/DhGmpQhwY0gcIjPMMrvDnSeXHenY9la87JZk7hD5zPH1SFjvA=</latexit>

H
`

<latexit sha1_base64="mkzZH0ynNsjaH5izGxZ/ejtAzbo=">AAAB/HicbVDLSgNBEJyNrxhfqzl6WQxCvITdINFjwEsOIhHMA7IxzE46yZDZBzO9Yljir3jxoIhXP8Sbf+Mk2YMmFjQUVd10d3mR4Apt+9vIrK1vbG5lt3M7u3v7B+bhUVOFsWTQYKEIZdujCgQPoIEcBbQjCdT3BLS88dXMbz2AVDwM7nASQdenw4APOKOopZ6ZdxEeUfrJ9c20WLt3QYiznlmwS/Yc1ipxUlIgKeo988vthyz2IUAmqFIdx46wm1CJnAmY5txYQUTZmA6ho2lAfVDdZH781DrVSt8ahFJXgNZc/T2RUF+pie/pTp/iSC17M/E/rxPj4LKb8CCKEQK2WDSIhYWhNUvC6nMJDMVEE8ok17dabEQlZajzyukQnOWXV0mzXHIqpcrteaFaTuPIkmNyQorEIRekSmqkThqEkQl5Jq/kzXgyXox342PRmjHSmTz5A+PzB1UKlIY=</latexit>

LN(H`)

<latexit sha1_base64="f710BQpexVpuk5buPMohYM8b0PI=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBZBEEpSpHoseOmxgq2FJpbNdtIu3WzC7qZQQv6JFw+KePWfePPfuG1z0NYHA4/3ZpiZFyScKe0431ZpY3Nre6e8W9nbPzg8so9PuipOJYUOjXksewFRwJmAjmaaQy+RQKKAw2MwuZv7j1OQisXiQc8S8CMyEixklGgjDWzbC4jMWvlT5gHnV24+sKtOzVkArxO3IFVUoD2wv7xhTNMIhKacKNV3nUT7GZGaUQ55xUsVJIROyAj6hgoSgfKzxeU5vjDKEIexNCU0Xqi/JzISKTWLAtMZET1Wq95c/M/rpzq89TMmklSDoMtFYcqxjvE8BjxkEqjmM0MIlczciumYSEK1CatiQnBXX14n3XrNbdQa99fVZr2Io4zO0Dm6RC66QU3UQm3UQRRN0TN6RW9WZr1Y79bHsrVkFTOn6A+szx9DrZNi</latexit>

H̄
`+1

<latexit sha1_base64="xZKdwo3g3YWoOjhafVmgugmsWhA=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBAEIewGiR4DXnKMYB6YrGF20kmGzM4uM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dQSy4Nq777aytb2xubed28rt7+weHhaPjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGtzO/9YRK80jem0mMfkiHkg84o8ZKD7XHtItCXHrTXqHoltw5yCrxMlKEDPVe4avbj1gSojRMUK07nhsbP6XKcCZwmu8mGmPKxnSIHUslDVH76fziKTm3Sp8MImVLGjJXf0+kNNR6Ega2M6RmpJe9mfif10nM4MZPuYwTg5ItFg0SQUxEZu+TPlfIjJhYQpni9lbCRlRRZmxIeRuCt/zyKmmWS16lVLm7KlbLWRw5OIUzuAAPrqEKNahDAxhIeIZXeHO08+K8Ox+L1jUnmzmBP3A+fwD2/pBs</latexit>

H
`+1

Output 
probability

for next word

<latexit sha1_base64="sT6VxP8vzeDylUdgCjvwxSFwMg4=">AAACIHicbVDLSsNAFJ34rPUVdekmWAQXJSRFWpcFNy5cVLAPaGqYTCft0MmDmRu1hHyKG3/FjQtFdKdf47TNorYeGDhzzr3MnOPFnEmwrG9tZXVtfWOzsFXc3tnd29cPDlsySgShTRLxSHQ8LClnIW0CA047saA48Dhte6PLid++p0KyKLyFcUx7AR6EzGcEg5JcveakD3cO0EcQQcrCzE3trGyaZnlBvXbnrpmTuXrJMq0pjGVi56SEcjRc/cvpRyQJaAiEYym7thVDL8UCGOE0KzqJpDEmIzygXUVDHFDZS6cBM+NUKX3Dj4Q6IRhTdX4jxYGU48BTkwGGoVz0JuJ/XjcB/6KnIsUJ0JDMHvITbkBkTNoy+kxQAnysCCaCqb8aZIgFJqA6LaoS7MXIy6RVMe2qWb05L9UreR0FdIxO0BmyUQ3V0RVqoCYi6Am9oDf0rj1rr9qH9jkbXdHynSP0B9rPL3JYpP8=</latexit>

{win
1 , ..., win

Lin
}
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Compute the query to the next word to predict 
with a masked self-attention layer to speed up 
training.

The mask hides future words in the output 
sequence, i.e. the words we want to predict.

Update equation for the masked self-attention 
decoder layer : 

Self-attention layer produces a representation of 
the sequence of output words that depend on the 
context of their surrounding words.

Masked self-attention decoder
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Masked self-
attention 

decoding layer

<latexit sha1_base64="2iHsKQkHyIuTqP5qxpM1tgOa06A="></latexit>

H̄ = Mask-MHA(H,H,H) 2 RLout⇥d

with H = LL({wout
1 , ..., w

out
Lout

}) + PE 2 RLout⇥d

<latexit sha1_base64="uvMpwwFsgwMlyroDUYAWUTs2r7U=">AAACI3icbVDLSsNAFJ34rPUVdekmWAQXJSRFqrgquHHhooJ9QBPDZDpth04ezNyoJeRf3PgrblwoxY0L/8Vpm0VtPXDhzDn3MvceP+ZMgmV9ayura+sbm4Wt4vbO7t6+fnDYlFEiCG2QiEei7WNJOQtpAxhw2o4FxYHPacsfXk/81iMVkkXhPYxi6ga4H7IeIxiU5OlXTvr04AB9BhGkUQKZl9pZ2TTN8qJ8682/Myfz9JJlWlMYy8TOSQnlqHv62OlGJAloCIRjKTu2FYObYgGMcJoVnUTSGJMh7tOOoiEOqHTT6Y2ZcaqUrtGLhKoQjKk6P5HiQMpR4KvOAMNALnoT8T+vk0Dv0k1ZGCdAQzL7qJdwAyJjEpjRZYIS4CNFMBFM7WqQARaYgIq1qEKwF09eJs2KaVfN6t15qVbJ4yigY3SCzpCNLlAN3aA6aiCCXtAb+kCf2qv2ro21r1nripbPHKE/0H5+AXfKpqA=</latexit>

{wout
1 , ..., wout

Lout
}

<latexit sha1_base64="YeCWy3htdUb4U5kZH70cPzvXPek=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI8FLz1WsB/QhjLZbtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epoqxNYxGrXoCaCS5Z23AjWC9RDKNAsG4wvV/43SemNI/lo5klzI9wLHnIKRordQcBqqw5H5YrbtVdgmwSLycVyNEalr8Go5imEZOGCtS677mJ8TNUhlPB5qVBqlmCdIpj1rdUYsS0ny3PnZMrq4xIGCtb0pCl+nsiw0jrWRTYzgjNRK97C/E/r5+a8M7PuExSwyRdLQpTQUxMFr+TEVeMGjGzBKni9lZCJ6iQGptQyYbgrb+8STq1qlev1h9uKo1aHkcRLuASrsGDW2hAE1rQBgpTeIZXeHMS58V5dz5WrQUnnzmHP3A+fwBZyo+M</latexit>

H̄

<latexit sha1_base64="FfVAVmk8dQk+Qdtbu6oF2m2Fo+4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY8kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Amm9wu/84RK80g+mFmMfkjHko84o8ZKzfqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZ056dcxolByVaLRokgJiKLr8mQK2RGzCyhTHF7K2ETqigzNpuCDcFbf3mTtCtlr1quNm9KtUoWRx4u4BKuwYNbqEEdGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/nDuMxw==</latexit>

H

Output 
probability

for next word

El       conduce           el           coche           rojoe

Future word hidden at 
time t with a mask

Query word 
(index t)

self-attention 
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El   conduce   el   coche   rojoeIl   conduit   la   voiture   rouge

<latexit sha1_base64="bbf7pzggQ3msE8AevKbDjzqpcZ0="></latexit>

h̄ = MHA(q,K, V ) 2 Rd
, q 2 Rd

,K, V 2 RLin⇥d

=

⇣
kHh=1 HAh(q,K, V )

⌘
W

O
, W

O 2 Rd⇥d

with q = h
Dec
t 2 Rd

, K = V = H
Enc 2 RLin⇥d

Cross-attention layer

Compute attention between pairs of words coming 
from the encoded input sequence and the query from 
the output sequence.

Update equation for a single query :
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Cross-attention 
layer

<latexit sha1_base64="uvMpwwFsgwMlyroDUYAWUTs2r7U=">AAACI3icbVDLSsNAFJ34rPUVdekmWAQXJSRFqrgquHHhooJ9QBPDZDpth04ezNyoJeRf3PgrblwoxY0L/8Vpm0VtPXDhzDn3MvceP+ZMgmV9ayura+sbm4Wt4vbO7t6+fnDYlFEiCG2QiEei7WNJOQtpAxhw2o4FxYHPacsfXk/81iMVkkXhPYxi6ga4H7IeIxiU5OlXTvr04AB9BhGkUQKZl9pZ2TTN8qJ8682/Myfz9JJlWlMYy8TOSQnlqHv62OlGJAloCIRjKTu2FYObYgGMcJoVnUTSGJMh7tOOoiEOqHTT6Y2ZcaqUrtGLhKoQjKk6P5HiQMpR4KvOAMNALnoT8T+vk0Dv0k1ZGCdAQzL7qJdwAyJjEpjRZYIS4CNFMBFM7WqQARaYgIq1qEKwF09eJs2KaVfN6t15qVbJ4yigY3SCzpCNLlAN3aA6aiCCXtAb+kCf2qv2ro21r1nripbPHKE/0H5+AXfKpqA=</latexit>

{wout
1 , ..., wout

Lout
}

<latexit sha1_base64="8GOzta95oXZt9+TPIfwwxLmgkT0=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqewWqR4LIvRYwX5Auy3ZNG1Dk+ySzKpl6f/w4kERr/4Xb/4b03UP2vpg4PHeDDPzgkhwA6775eTW1jc2t/LbhZ3dvf2D4uFRy4SxpqxJQxHqTkAME1yxJnAQrBNpRmQgWDuYXi/89j3ThofqDmYR8yUZKz7ilICV+vV+D9gjaJncKDofFEtu2U2BV4mXkRLK0BgUP3vDkMaSKaCCGNP13Aj8hGjgVLB5oRcbFhE6JWPWtVQRyYyfpFfP8ZlVhngUalsKcKr+nkiINGYmA9spCUzMsrcQ//O6MYyu/ISrKAZmv0oXjWKBIcSLCPCQa0ZBzCwhVHN7K6YTogkFG1TBhuAtv7xKWpWyVy1Xby9KtUoWRx6doFN0jjx0iWqojhqoiSjS6Am9oFfnwXl23pz3n9ack80coz9wPr4B2H2StQ==</latexit>

H
Enc

<latexit sha1_base64="q5OIBnA6gALtjeQaPpHSGaMlyuM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR4DXgQvCZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Hbut59QaR7LBzNJ0I/oUPKQM2qs1LjvF0tu2V2ArBMvIyXIUO8Xv3qDmKURSsME1brruYnxp1QZzgTOCr1UY0LZmA6xa6mkEWp/ujh0Ri6sMiBhrGxJQxbq74kpjbSeRIHtjKgZ6VVvLv7ndVMT3vhTLpPUoGTLRWEqiInJ/Gsy4AqZERNLKFPc3krYiCrKjM2mYEPwVl9eJ61K2auWq42rUq2SxZGHMziHS/DgGmpwB3VoAgOEZ3iFN+fReXHenY9la87JZk7hD5zPH6DHjMo=</latexit>

K
<latexit sha1_base64="GvLTpFFzhz78pIMh+o3KRRTCOew=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyterVJrXpfr1TyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBsXOM1Q==</latexit>

V
<latexit sha1_base64="D1TsfBghZicH9uN7ytEpfcsnF6k=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY8kXjxCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1440+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtCplr1quNq5KtUoWRx7O4BwuwYNrqMEd1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/ANpfjPA=</latexit>q

<latexit sha1_base64="nRR1AohSkDPPL+q454LEZAzG5UM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKtB4LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzSxBP6JjyUPOqLFSdxBQlU3mw3LFrbpLkE3i5aQCOVrD8tdgFLM0QmmYoFr3PTcxfkaV4UzgvDRINSaUTekY+5ZKGqH2s+W5c3JllREJY2VLGrJUf09kNNJ6FgW2M6Jmote9hfif109NeOtnXCapQclWi8JUEBOTxe9kxBUyI2aWUKa4vZWwCVWUGZtQyYbgrb+8STq1qlev1h9uKs1aHkcRLuASrsGDBjThHlrQBgZTeIZXeHMS58V5dz5WrQUnnzmHP3A+fwCKao+s</latexit>

h̄

Output 
probability

for next word

Input sequence
encoded by self-attention

HEnc 

Output word 
encoded by self-attention

htDec

q = Query word 
(index t)Cross-attention 

<latexit sha1_base64="sT6VxP8vzeDylUdgCjvwxSFwMg4=">AAACIHicbVDLSsNAFJ34rPUVdekmWAQXJSRFWpcFNy5cVLAPaGqYTCft0MmDmRu1hHyKG3/FjQtFdKdf47TNorYeGDhzzr3MnOPFnEmwrG9tZXVtfWOzsFXc3tnd29cPDlsySgShTRLxSHQ8LClnIW0CA047saA48Dhte6PLid++p0KyKLyFcUx7AR6EzGcEg5JcveakD3cO0EcQQcrCzE3trGyaZnlBvXbnrpmTuXrJMq0pjGVi56SEcjRc/cvpRyQJaAiEYym7thVDL8UCGOE0KzqJpDEmIzygXUVDHFDZS6cBM+NUKX3Dj4Q6IRhTdX4jxYGU48BTkwGGoVz0JuJ/XjcB/6KnIsUJ0JDMHvITbkBkTNoy+kxQAnysCCaCqb8aZIgFJqA6LaoS7MXIy6RVMe2qWb05L9UreR0FdIxO0BmyUQ3V0RVqoCYi6Am9oDf0rj1rr9qH9jkbXdHynSP0B9rPL3JYpP8=</latexit>

{win
1 , ..., win

Lin
}
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<latexit sha1_base64="+EJf+DIjbInRoqMQA7g0jZtTGqA="></latexit>

H̄ = MHA(Q,K, V ) 2 RLout⇥d
, Q 2 RLout⇥d

,K, V 2 RLin⇥d

=

⇣
kHh=1 HAh(Q,K, V )

⌘
W

O
, W

O 2 Rd⇥d

with Q = H
Dec 2 RLout⇥d

, K = V = H
Enc 2 RLin⇥d Cross-attention 

layer

<latexit sha1_base64="uvMpwwFsgwMlyroDUYAWUTs2r7U=">AAACI3icbVDLSsNAFJ34rPUVdekmWAQXJSRFqrgquHHhooJ9QBPDZDpth04ezNyoJeRf3PgrblwoxY0L/8Vpm0VtPXDhzDn3MvceP+ZMgmV9ayura+sbm4Wt4vbO7t6+fnDYlFEiCG2QiEei7WNJOQtpAxhw2o4FxYHPacsfXk/81iMVkkXhPYxi6ga4H7IeIxiU5OlXTvr04AB9BhGkUQKZl9pZ2TTN8qJ8682/Myfz9JJlWlMYy8TOSQnlqHv62OlGJAloCIRjKTu2FYObYgGMcJoVnUTSGJMh7tOOoiEOqHTT6Y2ZcaqUrtGLhKoQjKk6P5HiQMpR4KvOAMNALnoT8T+vk0Dv0k1ZGCdAQzL7qJdwAyJjEpjRZYIS4CNFMBFM7WqQARaYgIq1qEKwF09eJs2KaVfN6t15qVbJ4yigY3SCzpCNLlAN3aA6aiCCXtAb+kCf2qv2ro21r1nripbPHKE/0H5+AXfKpqA=</latexit>

{wout
1 , ..., wout

Lout
}

<latexit sha1_base64="8GOzta95oXZt9+TPIfwwxLmgkT0=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqewWqR4LIvRYwX5Auy3ZNG1Dk+ySzKpl6f/w4kERr/4Xb/4b03UP2vpg4PHeDDPzgkhwA6775eTW1jc2t/LbhZ3dvf2D4uFRy4SxpqxJQxHqTkAME1yxJnAQrBNpRmQgWDuYXi/89j3ThofqDmYR8yUZKz7ilICV+vV+D9gjaJncKDofFEtu2U2BV4mXkRLK0BgUP3vDkMaSKaCCGNP13Aj8hGjgVLB5oRcbFhE6JWPWtVQRyYyfpFfP8ZlVhngUalsKcKr+nkiINGYmA9spCUzMsrcQ//O6MYyu/ISrKAZmv0oXjWKBIcSLCPCQa0ZBzCwhVHN7K6YTogkFG1TBhuAtv7xKWpWyVy1Xby9KtUoWRx6doFN0jjx0iWqojhqoiSjS6Am9oFfnwXl23pz3n9ack80coz9wPr4B2H2StQ==</latexit>

H
Enc

<latexit sha1_base64="q5OIBnA6gALtjeQaPpHSGaMlyuM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR4DXgQvCZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Hbut59QaR7LBzNJ0I/oUPKQM2qs1LjvF0tu2V2ArBMvIyXIUO8Xv3qDmKURSsME1brruYnxp1QZzgTOCr1UY0LZmA6xa6mkEWp/ujh0Ri6sMiBhrGxJQxbq74kpjbSeRIHtjKgZ6VVvLv7ndVMT3vhTLpPUoGTLRWEqiInJ/Gsy4AqZERNLKFPc3krYiCrKjM2mYEPwVl9eJ61K2auWq42rUq2SxZGHMziHS/DgGmpwB3VoAgOEZ3iFN+fReXHenY9la87JZk7hD5zPH6DHjMo=</latexit>

K
<latexit sha1_base64="GvLTpFFzhz78pIMh+o3KRRTCOew=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyterVJrXpfr1TyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBsXOM1Q==</latexit>

V

Cross-attention layer

To speed up training, we compute multiple queries at 
the same time, i.e. in parallel.

Update equation for all queries : 

Xavier Bresson 49

<latexit sha1_base64="VUdMmubjygyiniuap5gvW4Dws8w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyterVJrXpfr1TyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBqd+M0A==</latexit>

Q

<latexit sha1_base64="YeCWy3htdUb4U5kZH70cPzvXPek=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI8FLz1WsB/QhjLZbtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epoqxNYxGrXoCaCS5Z23AjWC9RDKNAsG4wvV/43SemNI/lo5klzI9wLHnIKRordQcBqqw5H5YrbtVdgmwSLycVyNEalr8Go5imEZOGCtS677mJ8TNUhlPB5qVBqlmCdIpj1rdUYsS0ny3PnZMrq4xIGCtb0pCl+nsiw0jrWRTYzgjNRK97C/E/r5+a8M7PuExSwyRdLQpTQUxMFr+TEVeMGjGzBKni9lZCJ6iQGptQyYbgrb+8STq1qlev1h9uKo1aHkcRLuASrsGDW2hAE1rQBgpTeIZXeHMS58V5dz5WrQUnnzmHP3A+fwBZyo+M</latexit>

H̄

<latexit sha1_base64="qh9MG+z7H9Zjv2zQa5Lwo0ZIujQ=">AAAB9XicbVBNS8NAEN34WetX1aOXYBE8laRI9VjQQ48V7Ae0adlsJ+3S3STsTtQS+j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8PxZco+N8W2vrG5tb27md/O7e/sFh4ei4qaNEMWiwSESq7VMNgofQQI4C2rECKn0BLX98M/NbD6A0j8J7nMTgSToMecAZRSP1ar0uwhMqmd4Cm/YLRafkzGGvEjcjRZKh3i98dQcRSySEyATVuuM6MXopVciZgGm+m2iIKRvTIXQMDakE7aXzq6f2uVEGdhApUyHac/X3REql1hPpm05JcaSXvZn4n9dJMLj2Uh7GCULIFouCRNgY2bMI7AFXwFBMDKFMcXOrzUZUUYYmqLwJwV1+eZU0yyW3UqrcXRar5SyOHDklZ+SCuOSKVEmN1EmDMKLIM3klb9aj9WK9Wx+L1jUrmzkhf2B9/gDJQJKr</latexit>

H
Dec

Output 
probability

for next word

<latexit sha1_base64="sT6VxP8vzeDylUdgCjvwxSFwMg4=">AAACIHicbVDLSsNAFJ34rPUVdekmWAQXJSRFWpcFNy5cVLAPaGqYTCft0MmDmRu1hHyKG3/FjQtFdKdf47TNorYeGDhzzr3MnOPFnEmwrG9tZXVtfWOzsFXc3tnd29cPDlsySgShTRLxSHQ8LClnIW0CA047saA48Dhte6PLid++p0KyKLyFcUx7AR6EzGcEg5JcveakD3cO0EcQQcrCzE3trGyaZnlBvXbnrpmTuXrJMq0pjGVi56SEcjRc/cvpRyQJaAiEYym7thVDL8UCGOE0KzqJpDEmIzygXUVDHFDZS6cBM+NUKX3Dj4Q6IRhTdX4jxYGU48BTkwGGoVz0JuJ/XjcB/6KnIsUJ0JDMHvITbkBkTNoy+kxQAnysCCaCqb8aZIgFJqA6LaoS7MXIy6RVMe2qWb05L9UreR0FdIxO0BmyUQ3V0RVqoCYi6Am9oDf0rj1rr9qH9jkbXdHynSP0B9rPL3JYpP8=</latexit>

{win
1 , ..., win

Lin
}
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Interpretation

Cross-attention highlights the matching/alignment between a 
word in the output sequence and its corresponding word or words 
in the input sequence.

Unlike the self-attention mechanism in the decoder layer, the 
cross-attention layer does not require a mask.

In fact, applying a mask would be counter-productive, as the 
query maximizes the prediction of the next word                             
in the output sequence by attending to all                                
tokens in the input sequence.

Xavier Bresson 50

0.02 0.02 0.010.150.80

coche

el

El

rojoe
<latexit sha1_base64="/567GNfqs6hI1+r9uu/P1P0myJ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU5INS2a24C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjrZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1YpXq9Sa1+V6NY+jAOdwAVfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8Azj+M6A==</latexit>

i

conduce

He drives the red car

red

the

He

car

drives

d1 d2 … dF-1 dF
<latexit sha1_base64="fxg9Ck0HDp4Pl8JR1zhp96MhZQc=">AAAB63icbVBNS8NAEJ34WeNX1aOXxSJ4kJKIVI8FLx4r2A9oQ9lsNu3S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcqZNp737aytb2xubVd23N29/YPD6tFxRyeZIrRNEp6oXog15UzStmGG016qKBYhp91wclf43SeqNEvko5mmNBB4JFnMCDaFFLmuO6zWvLo3B1olfklqUKI1rH4NooRkgkpDONa673upCXKsDCOcztxBpmmKyQSPaN9SiQXVQT6/dYbOrRKhOFG2pEFz9fdEjoXWUxHaToHNWC97hfif189MfBvkTKaZoZIsFsUZRyZBxeMoYooSw6eWYKKYvRWRMVaYGBtPEYK//PIq6VzV/Ua98XBda16WcVTgFM7gAny4gSbcQwvaQGAMz/AKb45wXpx352PRuuaUMyfwB87nD2JgjRk=</latexit>

d

0.80*He + 0.02*drives + 0.15*the + 0.02*red + 0.01*car

<latexit sha1_base64="PVTetmURzOFmft/3lt/J3XHBYHs=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuSPQY8OIxAfOAZAmzk95kktnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6fNHWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwvp/7rSdUmsfy0UwS9CM6kDzkjBor1Ue9YsktuwuQdeJlpAQZar3iV7cfszRCaZigWnc8NzH+lCrDmcBZoZtqTCgb0wF2LJU0Qu1PF4fOyIVV+iSMlS1pyEL9PTGlkdaTKLCdETVDverNxf+8TmrCO3/KZZIalGy5KEwFMTGZf036XCEzYmIJZYrbWwkbUkWZsdkUbAje6svrpHld9irlSv2mVL3K4sjDGZzDJXhwC1V4gBo0gAHCM7zCmzNyXpx352PZmnOymVP4A+fzB831jOM=</latexit>

j

<latexit sha1_base64="PVTetmURzOFmft/3lt/J3XHBYHs=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuSPQY8OIxAfOAZAmzk95kktnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6fNHWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwvp/7rSdUmsfy0UwS9CM6kDzkjBor1Ue9YsktuwuQdeJlpAQZar3iV7cfszRCaZigWnc8NzH+lCrDmcBZoZtqTCgb0wF2LJU0Qu1PF4fOyIVV+iSMlS1pyEL9PTGlkdaTKLCdETVDverNxf+8TmrCO3/KZZIalGy5KEwFMTGZf036XCEzYmIJZYrbWwkbUkWZsdkUbAje6svrpHld9irlSv2mVL3K4sjDGZzDJXhwC1V4gBo0gAHCM7zCmzNyXpx352PZmnOymVP4A+fzB831jOM=</latexit>

j

0.75 0.20 0.010.020.02

0.05 0.85 0.040.050.01

0.03 0.03 0.900.200.02

0.05 0.04 0.010.700.20

0.02*He + 0.75*drives + 0.02*the + 0.20*red + 0.01*car

0.20*He + 0.05*drives + 0.170*the + 0.04*red + 0.01*car

0.02*He + 0.03*drives + 0.20*the + 0.03*red + 0.90*car

0.01*He + 0.05*drives + 0.05*the + 0.85*red + 0.04*car

The new vector representation of “coche” is given by a 
weighted linear combination of the vector representations 

of “He”, “drives”,… “car”, where the weights are the 
attention probabilities between the pair of words.

Here, we have “coche” ≈ “car” as the two words match the 
same meaning in EN and ES.

Cross-attention 
score matrix
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Interpretation

The cross-attention score matrix provides the matching between words (or tokens) between 
two sequences (input and output sequences) :
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<latexit sha1_base64="Y4u/829KcW2f9S0MpxGmMj3tZyg="></latexit>

Softmaxrow
⇣
QK

T

p
d

⌘
2 RLin⇥Lout

where

Q = HinW
Q 2 RLin⇥d

K = HoutW
K 2 RLout⇥d

Input 
sequence

Output sequence

Cross-attention score matrix
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Full decoder layer

Output of the decoder :
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<latexit sha1_base64="Z4sqDvvX8l9vEOnKGQXMvUZZWBk="></latexit>

for ` = 0, ..., L
Dec � 1

H̄
`+1

= H
`
+Mask-MHA(LN(H

`
),LN(H

`
),LN(H

`
)) 2 RLout⇥d

Ĥ
`+1

= H̄
`+1

+MHA(LN(H̄
`+1

),LN(H
Enc

),LN(H
Enc

)) 2 RLout⇥d(
H

`+1
= Ĥ

`+1
+MLP(LN(Ĥ

`+1
)) 2 RLout⇥d(

with H
`=0

= LL({wout
1 , ..., w

out
Lout

}) + PE 2 RLout⇥d(
Decoder output H

`=LDec

2 RLout⇥d(
Probability output P = Softmax(LL(H

LDec

)) 2 RLout⇥V

Self-attention

Cross-attention

<latexit sha1_base64="uvMpwwFsgwMlyroDUYAWUTs2r7U=">AAACI3icbVDLSsNAFJ34rPUVdekmWAQXJSRFqrgquHHhooJ9QBPDZDpth04ezNyoJeRf3PgrblwoxY0L/8Vpm0VtPXDhzDn3MvceP+ZMgmV9ayura+sbm4Wt4vbO7t6+fnDYlFEiCG2QiEei7WNJOQtpAxhw2o4FxYHPacsfXk/81iMVkkXhPYxi6ga4H7IeIxiU5OlXTvr04AB9BhGkUQKZl9pZ2TTN8qJ8682/Myfz9JJlWlMYy8TOSQnlqHv62OlGJAloCIRjKTu2FYObYgGMcJoVnUTSGJMh7tOOoiEOqHTT6Y2ZcaqUrtGLhKoQjKk6P5HiQMpR4KvOAMNALnoT8T+vk0Dv0k1ZGCdAQzL7qJdwAyJjEpjRZYIS4CNFMBFM7WqQARaYgIq1qEKwF09eJs2KaVfN6t15qVbJ4yigY3SCzpCNLlAN3aA6aiCCXtAb+kCf2qv2ro21r1nripbPHKE/0H5+AXfKpqA=</latexit>

{wout
1 , ..., wout

Lout
}

<latexit sha1_base64="8GOzta95oXZt9+TPIfwwxLmgkT0=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqewWqR4LIvRYwX5Auy3ZNG1Dk+ySzKpl6f/w4kERr/4Xb/4b03UP2vpg4PHeDDPzgkhwA6775eTW1jc2t/LbhZ3dvf2D4uFRy4SxpqxJQxHqTkAME1yxJnAQrBNpRmQgWDuYXi/89j3ThofqDmYR8yUZKz7ilICV+vV+D9gjaJncKDofFEtu2U2BV4mXkRLK0BgUP3vDkMaSKaCCGNP13Aj8hGjgVLB5oRcbFhE6JWPWtVQRyYyfpFfP8ZlVhngUalsKcKr+nkiINGYmA9spCUzMsrcQ//O6MYyu/ISrKAZmv0oXjWKBIcSLCPCQa0ZBzCwhVHN7K6YTogkFG1TBhuAtv7xKWpWyVy1Xby9KtUoWRx6doFN0jjx0iWqojhqoiSjS6Am9oFfnwXl23pz3n9ack80coz9wPr4B2H2StQ==</latexit>

H
Enc

<latexit sha1_base64="K7e7Rs69HIzqtN/P9nG7LfE4T00=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY8kXjhilEcCK5kdZmHC7OxmpteEED7BiweN8eoXefNvHGAPClbSSaWqO91dQSKFQdf9dnIbm1vbO/ndwt7+weFR8fikZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38799hPXRsTqAScJ9yM6VCIUjKKV7uuPbr9YcsvuAmSdeBkpQYZGv/jVG8QsjbhCJqkxXc9N0J9SjYJJPiv0UsMTysZ0yLuWKhpx408Xp87IhVUGJIy1LYVkof6emNLImEkU2M6I4sisenPxP6+bYnjjT4VKUuSKLReFqSQYk/nfZCA0ZygnllCmhb2VsBHVlKFNp2BD8FZfXietStmrlqt3V6VaJYsjD2dwDpfgwTXUoA4NaAKDITzDK7w50nlx3p2PZWvOyWZO4Q+czx++Oo1p</latexit>

H
0

<latexit sha1_base64="ysMmlLvaZ4LofApEmkNE5USK6H4=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIzHxRHaJQY8kXjhiIo8EVjI79MLI7MxmZtaEEP7BiweN8er/ePNvHGAPClbSSaWqO91dYcKZNp737eQ2Nre2d/K7hb39g8Oj4vFJS8tUUWxSyaXqhEQjZwKbhhmOnUQhiUOO7XB8O/fbT6g0k+LeTBIMYjIULGKUGCu16g895LxfLHllbwF3nfgZKUGGRr/41RtImsYoDOVE667vJSaYEmUY5Tgr9FKNCaFjMsSupYLEqIPp4tqZe2GVgRtJZUsYd6H+npiSWOtJHNrOmJiRXvXm4n9eNzXRTTBlIkkNCrpcFKXcNdKdv+4OmEJq+MQSQhWzt7p0RBShxgZUsCH4qy+vk1al7FfL1burUq2SxZGHMziHS/DhGmpQhwY0gcIjPMMrvDnSeXHenY9la87JZk7hD5zPH1SFjvA=</latexit>

H
`

<latexit sha1_base64="mkzZH0ynNsjaH5izGxZ/ejtAzbo=">AAAB/HicbVDLSgNBEJyNrxhfqzl6WQxCvITdINFjwEsOIhHMA7IxzE46yZDZBzO9Yljir3jxoIhXP8Sbf+Mk2YMmFjQUVd10d3mR4Apt+9vIrK1vbG5lt3M7u3v7B+bhUVOFsWTQYKEIZdujCgQPoIEcBbQjCdT3BLS88dXMbz2AVDwM7nASQdenw4APOKOopZ6ZdxEeUfrJ9c20WLt3QYiznlmwS/Yc1ipxUlIgKeo988vthyz2IUAmqFIdx46wm1CJnAmY5txYQUTZmA6ho2lAfVDdZH781DrVSt8ahFJXgNZc/T2RUF+pie/pTp/iSC17M/E/rxPj4LKb8CCKEQK2WDSIhYWhNUvC6nMJDMVEE8ok17dabEQlZajzyukQnOWXV0mzXHIqpcrteaFaTuPIkmNyQorEIRekSmqkThqEkQl5Jq/kzXgyXox342PRmjHSmTz5A+PzB1UKlIY=</latexit>

LN(H`)

<latexit sha1_base64="ILtqT4137CxtFtJrhX6FLAgEBjU=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBZBEEpSpHoseOmxgq2FJpbNdtMu3WzC7qRQQv6JFw+KePWfePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6u0sbm1vVPereztHxwe2ccnXR2nirIOjUWsegHRTHDJOsBBsF6iGIkCwR6Dyd3cf5wypXksH2CWMD8iI8lDTgkYaWDb3phA1sqfMo8JceXmA7vq1JwF8DpxC1JFBdoD+8sbxjSNmAQqiNZ910nAz4gCTgXLK16qWULohIxY31BJIqb9bHF5ji+MMsRhrExJwAv190RGIq1nUWA6IwJjverNxf+8fgrhrZ9xmaTAJF0uClOBIcbzGPCQK0ZBzAwhVHFzK6ZjoggFE1bFhOCuvrxOuvWa26g17q+rzXoRRxmdoXN0iVx0g5qohdqogyiaomf0it6szHqx3q2PZWvJKmZO0R9Ynz9QOZNq</latexit>

Ĥ
`+1

<latexit sha1_base64="f710BQpexVpuk5buPMohYM8b0PI=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBZBEEpSpHoseOmxgq2FJpbNdtIu3WzC7qZQQv6JFw+KePWfePPfuG1z0NYHA4/3ZpiZFyScKe0431ZpY3Nre6e8W9nbPzg8so9PuipOJYUOjXksewFRwJmAjmaaQy+RQKKAw2MwuZv7j1OQisXiQc8S8CMyEixklGgjDWzbC4jMWvlT5gHnV24+sKtOzVkArxO3IFVUoD2wv7xhTNMIhKacKNV3nUT7GZGaUQ55xUsVJIROyAj6hgoSgfKzxeU5vjDKEIexNCU0Xqi/JzISKTWLAtMZET1Wq95c/M/rpzq89TMmklSDoMtFYcqxjvE8BjxkEqjmM0MIlczciumYSEK1CatiQnBXX14n3XrNbdQa99fVZr2Io4zO0Dm6RC66QU3UQm3UQRRN0TN6RW9WZr1Y79bHsrVkFTOn6A+szx9DrZNi</latexit>

H̄
`+1

<latexit sha1_base64="xZKdwo3g3YWoOjhafVmgugmsWhA=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBAEIewGiR4DXnKMYB6YrGF20kmGzM4uM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dQSy4Nq777aytb2xubed28rt7+weHhaPjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGtzO/9YRK80jem0mMfkiHkg84o8ZKD7XHtItCXHrTXqHoltw5yCrxMlKEDPVe4avbj1gSojRMUK07nhsbP6XKcCZwmu8mGmPKxnSIHUslDVH76fziKTm3Sp8MImVLGjJXf0+kNNR6Ega2M6RmpJe9mfif10nM4MZPuYwTg5ItFg0SQUxEZu+TPlfIjJhYQpni9lbCRlRRZmxIeRuCt/zyKmmWS16lVLm7KlbLWRw5OIUzuAAPrqEKNahDAxhIeIZXeHO08+K8Ox+L1jUnmzmBP3A+fwD2/pBs</latexit>

H
`+1

<latexit sha1_base64="Q5ceRvIHD9see5QDE+xTXjsaPxg=">AAAB+3icbVDLTgJBEJz1ifha8ehlIzHxRHaJQY8keuDgARN5JLCQ2aGBCbOPzPQayGZ/xYsHjfHqj3jzbxxgDwpW0kmlqjvdXV4kuELb/jY2Nre2d3Zze/n9g8OjY/Ok0FRhLBk0WChC2faoAsEDaCBHAe1IAvU9AS1vcjv3W08gFQ+DR5xF4Pp0FPAhZxS11DcLtV5y3+siTFH6yR2wNO2bRbtkL2CtEycjRZKh3je/uoOQxT4EyARVquPYEboJlciZgDTfjRVElE3oCDqaBtQH5SaL21PrQisDaxhKXQFaC/X3REJ9pWa+pzt9imO16s3F/7xOjMMbN+FBFCMEbLloGAsLQ2sehDXgEhiKmSaUSa5vtdiYSspQx5XXITirL6+TZrnkVEqVh6titZzFkSNn5JxcEodckyqpkTppEEam5Jm8kjcjNV6Md+Nj2bphZDOn5A+Mzx9m2ZSm</latexit>

H
LDec

Decoder

Output 
probability

for next word

<latexit sha1_base64="sT6VxP8vzeDylUdgCjvwxSFwMg4=">AAACIHicbVDLSsNAFJ34rPUVdekmWAQXJSRFWpcFNy5cVLAPaGqYTCft0MmDmRu1hHyKG3/FjQtFdKdf47TNorYeGDhzzr3MnOPFnEmwrG9tZXVtfWOzsFXc3tnd29cPDlsySgShTRLxSHQ8LClnIW0CA047saA48Dhte6PLid++p0KyKLyFcUx7AR6EzGcEg5JcveakD3cO0EcQQcrCzE3trGyaZnlBvXbnrpmTuXrJMq0pjGVi56SEcjRc/cvpRyQJaAiEYym7thVDL8UCGOE0KzqJpDEmIzygXUVDHFDZS6cBM+NUKX3Dj4Q6IRhTdX4jxYGU48BTkwGGoVz0JuJ/XjcB/6KnIsUJ0JDMHvITbkBkTNoy+kxQAnysCCaCqb8aZIgFJqA6LaoS7MXIy6RVMe2qWb05L9UreR0FdIxO0BmyUQ3V0RVqoCYi6Am9oDf0rj1rr9qH9jkbXdHynSP0B9rPL3JYpP8=</latexit>

{win
1 , ..., win

Lin
}
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Output 
probability

for next word

Generation

At inference, the input sequence is first encoded HEnc.  

Then, the output sequence is generated auto-regressively, 
 i.e. one word at a time (no mask is used).
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<latexit sha1_base64="Bw0QKSQrVcaZesMhkFnqLbCd9MM="></latexit>

Generate the next word wt+1 as follows:.

Compute output of Transformer model:

for ` = 0, ..., L
Dec � 1

q̄
`+1

= q
`
+MHA(LN(q

`
),LN(K

`
),LN(V

`
)) 2 Rd

q̂
`+1

= q̄
`
+MHA(LN(q̄)

`
,LN(H

Enc
),LN(H

Enc
)) 2 Rd

q
`+1

= q̂
`+1

+MLP(LN(q̂
`+1

)) 2 Rd

with q
`=0

= LL(w
out
t ) + PEt 2 Rd

K
`=0

= V
`=0

= LL({wout
1 , ..., w

out
t }) + PE 2 Rt⇥d

Get output probability pt = Softmax(LL(q
`=LDec

)) 2 RV

Sample next word probability wt+1 ⇠ pt.

<latexit sha1_base64="i6Pj2RobMrgXU69eeoXppNxJuSQ=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRZBEMpukeqx4MVjBfsB7bJk07QNTbJLMlspS/+JFw+KePWfePPfmLZ70NYHA4/3ZpiZFyWCG/C8b6ewsbm1vVPcLe3tHxweuccnLROnmrImjUWsOxExTHDFmsBBsE6iGZGRYO1ofDf32xOmDY/VI0wTFkgyVHzAKQErha77FGZw5c9wz3CJkxBCt+xVvAXwOvFzUkY5GqH71evHNJVMARXEmK7vJRBkRAOngs1KvdSwhNAxGbKupYpIZoJscfkMX1iljwextqUAL9TfExmRxkxlZDslgZFZ9ebif143hcFtkHGVpMAUXS4apAJDjOcx4D7XjIKYWkKo5vZWTEdEEwo2rJINwV99eZ20qhW/Vqk9XJfr1TyOIjpD5+gS+egG1dE9aqAmomiCntErenMy58V5dz6WrQUnnzlFf+B8/gC9cpMM</latexit>wt+1 ⇠ pt

<latexit sha1_base64="8GOzta95oXZt9+TPIfwwxLmgkT0=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqewWqR4LIvRYwX5Auy3ZNG1Dk+ySzKpl6f/w4kERr/4Xb/4b03UP2vpg4PHeDDPzgkhwA6775eTW1jc2t/LbhZ3dvf2D4uFRy4SxpqxJQxHqTkAME1yxJnAQrBNpRmQgWDuYXi/89j3ThofqDmYR8yUZKz7ilICV+vV+D9gjaJncKDofFEtu2U2BV4mXkRLK0BgUP3vDkMaSKaCCGNP13Aj8hGjgVLB5oRcbFhE6JWPWtVQRyYyfpFfP8ZlVhngUalsKcKr+nkiINGYmA9spCUzMsrcQ//O6MYyu/ISrKAZmv0oXjWKBIcSLCPCQa0ZBzCwhVHN7K6YTogkFG1TBhuAtv7xKWpWyVy1Xby9KtUoWRx6doFN0jjx0iWqojhqoiSjS6Am9oFfnwXl23pz3n9ack80coz9wPr4B2H2StQ==</latexit>

H
Enc

<latexit sha1_base64="pam/GY6AqIQFL55eQZr4XWOdbPY=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY8kXjxiIo8EkMwOvTAyu7POzJqQDf/gxYPGePV/vPk3DrAHBSvppFLVne4uPxZcG9f9dnJr6xubW/ntws7u3v5B8fCoqWWiGDaYFFK1fapR8AgbhhuB7VghDX2BLX98PfNbT6g0l9GdmcTYC+kw4gFn1Fip+XjfRSH6xZJbducgq8TLSAky1PvFr+5AsiTEyDBBte54bmx6KVWGM4HTQjfRGFM2pkPsWBrREHUvnV87JWdWGZBAKluRIXP190RKQ60noW87Q2pGetmbif95ncQEV72UR3FiMGKLRUEiiJFk9joZcIXMiIkllClubyVsRBVlxgZUsCF4yy+vkmal7FXL1duLUq2SxZGHEziFc/DgEmpwA3VoAIMHeIZXeHOk8+K8Ox+L1pyTzRzDHzifP5N2jxk=</latexit>

q`

<latexit sha1_base64="/JH3w71QsRgyuS0g4aX3fBoVGY4=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSIIQkmKVI8FLx4r2A9oYtlsN+3SzSbubgol5J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zba2tb2xubZd2yrt7+weH9tFxW8WpJLRFYh7LboAV5UzQlmaa024iKY4CTjvB+HbmdyZUKhaLBz1NqB/hoWAhI1gbqW/bXoBl9pQ/Zh7l/NLN+3bFqTpzoFXiFqQCBZp9+8sbxCSNqNCEY6V6rpNoP8NSM8JpXvZSRRNMxnhIe4YKHFHlZ/PLc3RulAEKY2lKaDRXf09kOFJqGgWmM8J6pJa9mfif10t1eONnTCSppoIsFoUpRzpGsxjQgElKNJ8agolk5lZERlhiok1YZROCu/zyKmnXqm69Wr+/qjRqRRwlOIUzuAAXrqEBd9CEFhCYwDO8wpuVWS/Wu/WxaF2zipkT+APr8weDa5OL</latexit>

q̄`+1

<latexit sha1_base64="y+lOxtA4VKy9T0yG8wFD9pFO2FE=">AAAB+XicbVBNS8NAEN34WetX1KOXxSIIQkmKVI8FLx4r2A9oYtlsN+3SzSbuTgol5J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5QSK4Bsf5ttbWNza3tks75d29/YND++i4reNUUdaisYhVNyCaCS5ZCzgI1k0UI1EgWCcY3878zoQpzWP5ANOE+REZSh5ySsBIfdv2RgSyp/wx85gQl27etytO1ZkDrxK3IBVUoNm3v7xBTNOISaCCaN1znQT8jCjgVLC87KWaJYSOyZD1DJUkYtrP5pfn+NwoAxzGypQEPFd/T2Qk0noaBaYzIjDSy95M/M/rpRDe+BmXSQpM0sWiMBUYYjyLAQ+4YhTE1BBCFTe3YjoiilAwYZVNCO7yy6ukXau69Wr9/qrSqBVxlNApOkMXyEXXqIHuUBO1EEUT9Ixe0ZuVWS/Wu/WxaF2zipkT9AfW5w+P95OT</latexit>

q̂`+1

<latexit sha1_base64="9fVdnvrffyKxrSNU3Lc6k3mkK08=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBAEIewGiR4DXjxGMA9M1jA76SRDZmfXmVkhLPkLLx4U8erfePNvnCR70MSChqKqm+6uIBZcG9f9dlZW19Y3NnNb+e2d3b39wsFhQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj66nffEKleSTvzDhGP6QDyfucUWOl+8eHtINCnHuTbqHoltwZyDLxMlKEDLVu4avTi1gSojRMUK3bnhsbP6XKcCZwku8kGmPKRnSAbUslDVH76eziCTm1So/0I2VLGjJTf0+kNNR6HAa2M6RmqBe9qfif105M/8pPuYwTg5LNF/UTQUxEpu+THlfIjBhbQpni9lbChlRRZmxIeRuCt/jyMmmUS16lVLm9KFbLWRw5OIYTOAMPLqEKN1CDOjCQ8Ayv8OZo58V5dz7mrStONnMEf+B8/gA2opCV</latexit>

q`+1

<latexit sha1_base64="REsfz7kgiQVr6+wI+prHARZDjOI=">AAACFnicbVDLSsNAFJ34rPUVdekmWAQXNSRFqsuCG5cV7AOaGCbTSTt08mDmRi0hX+HGX3HjQhG34s6/cdpmoa0HLhzOuZd77/ETziRY1re2tLyyurZe2ihvbm3v7Op7+20Zp4LQFol5LLo+lpSziLaAAafdRFAc+px2/NHlxO/cUSFZHN3AOKFuiAcRCxjBoCRPP3Wy+1sH6AOIMItTyL3MzqumaVbnZcid3NMrlmlNYSwSuyAVVKDp6V9OPyZpSCMgHEvZs60E3AwLYITTvOykkiaYjPCA9hSNcEilm03fyo1jpfSNIBaqIjCm6u+JDIdSjkNfdYYYhnLem4j/eb0Uggs3Y1GSAo3IbFGQcgNiY5KR0WeCEuBjRTARTN1qkCEWmIBKsqxCsOdfXiTtmmnXzfr1WaVRK+IooUN0hE6Qjc5RA12hJmohgh7RM3pFb9qT9qK9ax+z1iWtmDlAf6B9/gAl76CX</latexit>

{wout
1 , ..., wout

t }
<latexit sha1_base64="LiifMXygSz3B23kC5cu7DvVvVWo=">AAACGXicbVC7TsMwFHV4lvIKMLJEVEgMVZRUqDBWYmFgKBJ9SE2JHNdprToP2TdAFeU3WPgVFgYQYoSJv8FpM0DLkSwfnXOv7HO8mDMJlvWtLS2vrK6tlzbKm1vbO7v63n5bRokgtEUiHomuhyXlLKQtYMBpNxYUBx6nHW98kfudOyoki8IbmMS0H+BhyHxGMCjJ1S0nvb91gD6ACFIWZm5qZ1XTNKtz6pWb35mTuXrFMq0pjEViF6SCCjRd/dMZRCQJaAiEYyl7thVDP8UCGOE0KzuJpDEmYzykPUVDHFDZT6fJMuNYKQPDj4Q6IRhT9fdGigMpJ4GnJgMMIznv5eJ/Xi8B/7yvIsUJ0JDMHvITbkBk5DUZAyYoAT5RBBPB1F8NMsICE1BlllUJ9nzkRdKumXbdrF+fVhq1oo4SOkRH6ATZ6Aw10CVqohYi6BE9o1f0pj1pL9q79jEbXdKKnQP0B9rXD1IJobk=</latexit>

{win
1 , ..., win

Lin
}

<latexit sha1_base64="EiQ1l43mlL7dOx0POLadn9MC8Q8=">AAAB+3icbVDLTgJBEJz1ifha8ehlIzHxRHaJQY8kevDgARN5JLCQ2aGBCbMPZ3oNZLO/4sWDxnj1R7z5Nw6wBwUr6aRS1Z3uLi8SXKFtfxtr6xubW9u5nfzu3v7BoXlUaKgwlgzqLBShbHlUgeAB1JGjgFYkgfqegKY3vp75zSeQiofBA04jcH06DPiAM4pa6pmFx25y1+0gTFD6yQ2wNO2ZRbtkz2GtEicjRZKh1jO/Ov2QxT4EyARVqu3YEboJlciZgDTfiRVElI3pENqaBtQH5Sbz21PrTCt9axBKXQFac/X3REJ9paa+pzt9iiO17M3E/7x2jIMrN+FBFCMEbLFoEAsLQ2sWhNXnEhiKqSaUSa5vtdiISspQx5XXITjLL6+SRrnkVEqV+4titZzFkSMn5JScE4dckiq5JTVSJ4xMyDN5JW9GarwY78bHonXNyGaOyR8Ynz+ntpTP</latexit>

qL
Dec

No mask
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Understanding attention layers 

There are two types of attention layers.

Self-attention layer 

Used to represent a word in (learned) context.

Cross-attention layer

Used to query with (learned) matching mechanism.

Xavier Bresson 54
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Understanding self-attention

Illustration of self-attention :

Language model during training

Language model at inference

Xavier Bresson 55

Word 
embedding layer

Self-attention 
layer

I live in Paris. My citizenship is MASK. I eat cheese.
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Sandy broke the world record.
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<latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> �

Classification 
layer

During training, the network learns to give 
attention to the words (the context) that 
make sense to predict the masked word. 

At inference, the network computes the 
word representation depending on the 

context.

These two representations of 
the word “broke” are different.



56

Understanding cross-attention

Illustration of cross-attention :

Machine translation

Xavier Bresson 56

Input(EN): He drives the car Output(FR): Il conduit la voiture

<latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> �

<latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> �

<latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> �<latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> �

Matching the same 
word in two languages. 
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Reception field

Multiple layers increase the reception field.

Xavier Bresson 57

<latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> � <latexit sha1_base64="wnZRiOy9uRjGNvcrK/B4kdblvVc=">AAACIHicbVBNS8NAEN34bfyqevQSLYKnkohYj4IXjxVsKyShbDaTdnGzCbsToYT+FC/+FS8eFNGb/hq3bQ7aOssOj/dmZndelAuu0XW/rIXFpeWV1bV1e2Nza3untrvX0VmhGLRZJjJ1F1ENgktoI0cBd7kCmkYCutH91VjvPoDSPJO3OMwhTGlf8oQziobq1ZqBgAR9O4igz2VJlaLDUSnEyA4OzQnG2Q5AxpVkB4r3Bxj2anW34U7CmQdeBeqkilav9hnEGStSkMgE1dr33BxDMxU5E2DmFhpyyu5pH3wDJU1Bh+VkwZFzbJjYSTJlrkRnwv7uKGmq9TCNTGVKcaBntTH5n+YXmFyEJZd5gSDZ9KGkEA5mztgtJ+YKGIqhAZQpbv7qsAFVlKHx1DYmeLMrz4POacM7b3g3Z/XLk8qONXJAjsgJ8UiTXJJr0iJtwsgjeSav5M16sl6sd+tjWrpgVT375E9Y3z/p3aK8</latexit> �
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The size of the original reception field/context of attention 
increases at each layer. For each word, the context size in the 
previous layer is variable (but small due to sparse softmax). 

This word depends on the context 
of 3 words in Layer 1 and the 
context of 8 words in Layer 0.

Layer 0

Layer 2

Layer 1
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Hierarchical representation

Multiple layers capture hierarchical 
representation.

A simple illustration

Given the distribution of data (Layer 0).

Suppose that the attention context is 
defined by the closest data points.

At each layer, the self-attention 
mechanism smooths out the distribution 
with the context.

Successive layers provide a multi-
scale/hierarchical representation of the 
data.
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Layer 2

Layer 1

Layer 0
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Lab 02

PyTorch implementation of Seq2Seq Transformers
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Transformers in 2017

Machine Translation 

WMT-2014 dataset

BLEU score
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EN-DE EN-FR
GNMT 24.6 39.9
ConvSeq2Seq 25.2 40.5
Transformer 28.4 41.8

LSTM + Attention 
Google Brain’s neural machine 
translation system in 2016

CNN
Facebook Research’s 
Convolutional sequence to 
sequence learning

Transformer is 3x faster to train than LSTM and CNN.
Transformer has 24 layers vs LSTM w/ 3 layers and            
CNN w/ 40 layers.
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Transfer learning with language models

A major theme in NLP since 2019 is sequential transfer learning.

Pre-trained language models on large-scale corpus (for capturing language prior) and

Post-trained to new tasks s.a. document classification, Q&A, named-entity recognition, 
etc by fine-tuning some layers on top of the pre-trained network.

Best performance for NLP tasks.
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Sequential Transfer 
Learning 

Corpus:
blablablabl
ablablablab
lablablabla
blablablabl
ablablablab

Language 
Models:
Word2Vec
Glove
ELMO
BERT
GPT

Tasks:
QA
Sentence 
labeling

Pre-training

Adaptation/
Transfer

Large dataset Small dataset

Post-training
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Language modeling

Language modeling is a self-supervised task.

It is unsupervised in the sense that there is no need for human labeled data.

Additionally, large-scale unlabeled datasets are available for training.

Train with billions or trillions of words from public datasets s.a. Wikipedia, Reddit, etc.
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English Wikipedia alone has 
3.9 billion words (2021)

Words Posted to Reddit: 
72 billion (2015)
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BERT
Bi-directional Encoder Representation for Transformers (Devlin-et-al Google Brain 2019)
Use positional encoding, class index and sentence index.
Trained with two levels of hierarchical context :

Local dependencies with word prediction.
Global dependencies with sequence prediction.
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Training with hidden words
Train by predicting words

Randomly replace x% of words by token MASK.
Randomly replace y% of words by random 
words, s.a. “car”.
Randomly replace z% of word index by same 
words, here “cat”.
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Training with sentence prediction
Train by predicting the next sentence

Use CLS token : CLS = IsNext / NotNext
Positive example/consecutive pair of sentences :

[CLS] the cat sleeps [SEP] it wakes up
Negative example/random pair of sentences :

[CLS] the cat sleeps [SEP] John drives fast
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Training 

BERT base 
12 Transformers layers
768 hidden features
12 Attention heads
110M parameters

BERT large 
340M parameters

Special tokenization of words with only 30K tokens.
Dataset of 3B words 
Training took 256 TPU days (Oct 2018) 
Fine-tune on sentence classification, named-entity recognition (word classification), Q&A, etc.
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GPT-2

Improving Language Understanding by Generative 
Pre-Training (GPT) (Radford-et-al OpenAI 2018)

Pre-trained on 8M webpages, WebText 40GB.
SOTA on 7 NLP tasks without fine-tuning,           
simply by zero-shot learning !
1.5B parameters 
2048 GPUs
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GPT-3

Introduced in Brown-et-al OpenAI 2020

Pre-trained on multiple datasets.

175B parameters 

“The supercomputer developed for OpenAI is a single 
system with more than 285,000 CPU cores, 10,000 GPUs 
and 400 gigabits per second of network connectivity for 
each GPU server” 

US$12 Million to train
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GPT-4

Introduced in Achiam-et-al OpenI 2023

Pre-trained on dataset ?

? parameters 

Training time ?
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Conclusion

Human attention mechanism allows to focus biological resources on a small set of important 
things (visual, sound, cognitive signals) to make decisions.

ANNs are a generic/universal architecture to process any unstructured datasets, a.k.a. sets.

Attention is “eating” deep learning.

Transformers for Computer Vision with Visual Transformers (Dosovitskiy-et-al Google Brain 
2021).

Transformers for Graphs with Graph Transformers.

Issue with long sequences because complexity is (L2d).
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Reducing complexity

Long sequence issue with O(L2d), n being sequence length and d hidden dimension.

Sparse transformers s.a. BigBird (Zaheer-et-al Google Brain 2021).
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Original 
Transformers

Structured 
Transformers
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Interpretability

What does BERT look at? (Clark-et-al, 2019) An Analysis of Transformer’s attention heads.
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Open-source

Training large-scale models is costly in terms of time, money, CO2 : 
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Available pre-trained/post-trained models :

PyTorch (Llama), TensorFlow (Gemma)

Hugging Face, https://huggingface.co 

https://huggingface.co/
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Questions?
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