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Video Classification

• Given a video, we want to classify it into one of the action categories.

Cartwheeling Braiding Hair Opening a Fridge



Modern Language Models
• Self-attention enables capturing long-range dependencies among words.
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<latexit sha1_base64="RT1aGP4vg13+XmG2HwxY3/BKMvQ=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoRnBTxT6gjWEymbRDJ5MwMxFKyO+48VfcKCjq1h9x0gbR1gMDZ865l3vv8RNGpbLtD6OytLyyulZdNzc2t7Z3rN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT98UXhd++JkDTmt2qSEDdCQ05DipHSkmc16z04oBwOIqRGvp/d5HeZ/ikaEQmD3Ox6Vwt+8ON749yzanbDngIuEqckNVCi5VkvgyDGaUS4wgxJ2XfsRLkZEopiRnJzkEqSIDxGQ9LXlCM9yc2ml+awrpUAhrHQjys4VX93ZCiSchL5urJYWM57hfif109VeOZmlCepIhzPBoUpgyqGRWwwoIJgxSaaICyo3hXiERIIKx2uqUNw5k9eJJ3jhmM3nOuTWvO8jKMKDsAhOAIOOAVNcAlaoA0weABP4BW8GY/Gs/FufM5KK0bZsw/+wPj6BqqNpk0=</latexit><latexit sha1_base64="RT1aGP4vg13+XmG2HwxY3/BKMvQ=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoRnBTxT6gjWEymbRDJ5MwMxFKyO+48VfcKCjq1h9x0gbR1gMDZ865l3vv8RNGpbLtD6OytLyyulZdNzc2t7Z3rN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT98UXhd++JkDTmt2qSEDdCQ05DipHSkmc16z04oBwOIqRGvp/d5HeZ/ikaEQmD3Ox6Vwt+8ON749yzanbDngIuEqckNVCi5VkvgyDGaUS4wgxJ2XfsRLkZEopiRnJzkEqSIDxGQ9LXlCM9yc2ml+awrpUAhrHQjys4VX93ZCiSchL5urJYWM57hfif109VeOZmlCepIhzPBoUpgyqGRWwwoIJgxSaaICyo3hXiERIIKx2uqUNw5k9eJJ3jhmM3nOuTWvO8jKMKDsAhOAIOOAVNcAlaoA0weABP4BW8GY/Gs/FufM5KK0bZsw/+wPj6BqqNpk0=</latexit><latexit sha1_base64="RT1aGP4vg13+XmG2HwxY3/BKMvQ=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoRnBTxT6gjWEymbRDJ5MwMxFKyO+48VfcKCjq1h9x0gbR1gMDZ865l3vv8RNGpbLtD6OytLyyulZdNzc2t7Z3rN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT98UXhd++JkDTmt2qSEDdCQ05DipHSkmc16z04oBwOIqRGvp/d5HeZ/ikaEQmD3Ox6Vwt+8ON749yzanbDngIuEqckNVCi5VkvgyDGaUS4wgxJ2XfsRLkZEopiRnJzkEqSIDxGQ9LXlCM9yc2ml+awrpUAhrHQjys4VX93ZCiSchL5urJYWM57hfif109VeOZmlCepIhzPBoUpgyqGRWwwoIJgxSaaICyo3hXiERIIKx2uqUNw5k9eJJ3jhmM3nOuTWvO8jKMKDsAhOAIOOAVNcAlaoA0weABP4BW8GY/Gs/FufM5KK0bZsw/+wPj6BqqNpk0=</latexit><latexit sha1_base64="RT1aGP4vg13+XmG2HwxY3/BKMvQ=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoRnBTxT6gjWEymbRDJ5MwMxFKyO+48VfcKCjq1h9x0gbR1gMDZ865l3vv8RNGpbLtD6OytLyyulZdNzc2t7Z3rN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT98UXhd++JkDTmt2qSEDdCQ05DipHSkmc16z04oBwOIqRGvp/d5HeZ/ikaEQmD3Ox6Vwt+8ON749yzanbDngIuEqckNVCi5VkvgyDGaUS4wgxJ2XfsRLkZEopiRnJzkEqSIDxGQ9LXlCM9yc2ml+awrpUAhrHQjys4VX93ZCiSchL5urJYWM57hfif109VeOZmlCepIhzPBoUpgyqGRWwwoIJgxSaaICyo3hXiERIIKx2uqUNw5k9eJJ3jhmM3nOuTWvO8jKMKDsAhOAIOOAVNcAlaoA0weABP4BW8GY/Gs/FufM5KK0bZsw/+wPj6BqqNpk0=</latexit>

WV 2 Rd⇥dv
<latexit sha1_base64="ctLcpMmwfW8EqlLbUAXOD9AvE9Q=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoxmUV+4Cmhslk0g6dTMLMpFBCfseNv+JGQVG3/oiTNoi2Hhg4c8693HuPnzAqlW1/GJWV1bX1jeqmubW9s7tn7R90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPrwq/OyFC0pjfqWlCBhEachpSjJSWPKtZ70GXcuhGSI18P7vN7zP9UzQiEga52fU6S37w43uT3LNqdsOeAS4TpyQ1UKLlWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yGaX5rCulQCGsdCPKzhTf3dkKJJyGvm6slhYLnqF+J/XT1V4McgoT1JFOJ4PClMGVQyL2GBABcGKTTVBWFC9K8QjJBBWOlxTh+AsnrxMOqcNx244N2e15mUZRxUcgWNwAhxwDprgGrRAG2DwAJ7AK3gzHo1n4934nJdWjLLnEPyB8fUNzTqmYw==</latexit><latexit sha1_base64="ctLcpMmwfW8EqlLbUAXOD9AvE9Q=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoxmUV+4Cmhslk0g6dTMLMpFBCfseNv+JGQVG3/oiTNoi2Hhg4c8693HuPnzAqlW1/GJWV1bX1jeqmubW9s7tn7R90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPrwq/OyFC0pjfqWlCBhEachpSjJSWPKtZ70GXcuhGSI18P7vN7zP9UzQiEga52fU6S37w43uT3LNqdsOeAS4TpyQ1UKLlWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yGaX5rCulQCGsdCPKzhTf3dkKJJyGvm6slhYLnqF+J/XT1V4McgoT1JFOJ4PClMGVQyL2GBABcGKTTVBWFC9K8QjJBBWOlxTh+AsnrxMOqcNx244N2e15mUZRxUcgWNwAhxwDprgGrRAG2DwAJ7AK3gzHo1n4934nJdWjLLnEPyB8fUNzTqmYw==</latexit><latexit sha1_base64="ctLcpMmwfW8EqlLbUAXOD9AvE9Q=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoxmUV+4Cmhslk0g6dTMLMpFBCfseNv+JGQVG3/oiTNoi2Hhg4c8693HuPnzAqlW1/GJWV1bX1jeqmubW9s7tn7R90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPrwq/OyFC0pjfqWlCBhEachpSjJSWPKtZ70GXcuhGSI18P7vN7zP9UzQiEga52fU6S37w43uT3LNqdsOeAS4TpyQ1UKLlWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yGaX5rCulQCGsdCPKzhTf3dkKJJyGvm6slhYLnqF+J/XT1V4McgoT1JFOJ4PClMGVQyL2GBABcGKTTVBWFC9K8QjJBBWOlxTh+AsnrxMOqcNx244N2e15mUZRxUcgWNwAhxwDprgGrRAG2DwAJ7AK3gzHo1n4934nJdWjLLnEPyB8fUNzTqmYw==</latexit><latexit sha1_base64="ctLcpMmwfW8EqlLbUAXOD9AvE9Q=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoxmUV+4Cmhslk0g6dTMLMpFBCfseNv+JGQVG3/oiTNoi2Hhg4c8693HuPnzAqlW1/GJWV1bX1jeqmubW9s7tn7R90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPrwq/OyFC0pjfqWlCBhEachpSjJSWPKtZ70GXcuhGSI18P7vN7zP9UzQiEga52fU6S37w43uT3LNqdsOeAS4TpyQ1UKLlWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yGaX5rCulQCGsdCPKzhTf3dkKJJyGvm6slhYLnqF+J/XT1V4McgoT1JFOJ4PClMGVQyL2GBABcGKTTVBWFC9K8QjJBBWOlxTh+AsnrxMOqcNx244N2e15mUZRxUcgWNwAhxwDprgGrRAG2DwAJ7AK3gzHo1n4934nJdWjLLnEPyB8fUNzTqmYw==</latexit>

Self-Attention Block

X(`) 2 Rn⇥d
<latexit sha1_base64="W4GOISf0yRtWEXX3e/VDSYYUqDA="></latexit><latexit sha1_base64="W4GOISf0yRtWEXX3e/VDSYYUqDA="></latexit><latexit sha1_base64="W4GOISf0yRtWEXX3e/VDSYYUqDA="></latexit><latexit sha1_base64="W4GOISf0yRtWEXX3e/VDSYYUqDA="></latexit>

X(`+1) = softmax

 
QKT

p
dq

!
V

<latexit sha1_base64="iaOvD7HGmxjrlziMcVnCCknGcBM="></latexit><latexit sha1_base64="iaOvD7HGmxjrlziMcVnCCknGcBM="></latexit><latexit sha1_base64="iaOvD7HGmxjrlziMcVnCCknGcBM="></latexit><latexit sha1_base64="iaOvD7HGmxjrlziMcVnCCknGcBM="></latexit>

Q = X(`)WQ
<latexit sha1_base64="SeaO82IKmJvKP7qIUxUDgmUM824="></latexit><latexit sha1_base64="SeaO82IKmJvKP7qIUxUDgmUM824="></latexit><latexit sha1_base64="SeaO82IKmJvKP7qIUxUDgmUM824="></latexit><latexit sha1_base64="SeaO82IKmJvKP7qIUxUDgmUM824="></latexit>

K = X(`)WK
<latexit sha1_base64="/MvBgC5d/PlNSXIXqyJCuqPR/bo="></latexit><latexit sha1_base64="/MvBgC5d/PlNSXIXqyJCuqPR/bo="></latexit><latexit sha1_base64="/MvBgC5d/PlNSXIXqyJCuqPR/bo="></latexit><latexit sha1_base64="/MvBgC5d/PlNSXIXqyJCuqPR/bo="></latexit>

V = X(`)WV
<latexit sha1_base64="1jr/J+ak/QJs8kDfqCOgvVkma0s="></latexit><latexit sha1_base64="1jr/J+ak/QJs8kDfqCOgvVkma0s="></latexit><latexit sha1_base64="1jr/J+ak/QJs8kDfqCOgvVkma0s="></latexit><latexit sha1_base64="1jr/J+ak/QJs8kDfqCOgvVkma0s="></latexit>

[CLS] Bob is a student [SEP]

Self-Attention Block

Self-Attention Block

Bob est étudiant

• Self-attention enables capturing long-range dependencies among words.



Modern Language Models

"Attention is All You Need", Vaswani et al., NIPS, 2017

WQ 2 Rd⇥dq
<latexit sha1_base64="Cs8fOknj/giUthkAhSmkyggyKIE=">AAACKXicbVDLSsNAFJ34rPEVdelmsBRclUQEXRbduGzFPqCpYTKZtEMnkzgzEUrI77jxV9woKOrWH3HSBtHWAwNnzrmXe+/xE0alsu0PY2l5ZXVtvbJhbm5t7+xae/sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6frjy8Lv3hMhacxv1CQhgwgNOQ0pRkpLntWo9aBLOXQjpEa+n13nt5n+KRoRCYPc7HqtBT/48b273LOqdt2eAi4SpyRVUKLpWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yKaX5rCmlQCGsdCPKzhVf3dkKJJyEvm6slhYznuF+J/XT1V4PsgoT1JFOJ4NClMGVQyL2GBABcGKTTRBWFC9K8QjJBBWOlxTh+DMn7xIOid1x647rdNq46KMowIOwRE4Bg44Aw1wBZqgDTB4AE/gFbwZj8az8W58zkqXjLLnAPyB8fUNvXemWQ==</latexit><latexit sha1_base64="Cs8fOknj/giUthkAhSmkyggyKIE=">AAACKXicbVDLSsNAFJ34rPEVdelmsBRclUQEXRbduGzFPqCpYTKZtEMnkzgzEUrI77jxV9woKOrWH3HSBtHWAwNnzrmXe+/xE0alsu0PY2l5ZXVtvbJhbm5t7+xae/sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6frjy8Lv3hMhacxv1CQhgwgNOQ0pRkpLntWo9aBLOXQjpEa+n13nt5n+KRoRCYPc7HqtBT/48b273LOqdt2eAi4SpyRVUKLpWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yKaX5rCmlQCGsdCPKzhVf3dkKJJyEvm6slhYznuF+J/XT1V4PsgoT1JFOJ4NClMGVQyL2GBABcGKTTRBWFC9K8QjJBBWOlxTh+DMn7xIOid1x647rdNq46KMowIOwRE4Bg44Aw1wBZqgDTB4AE/gFbwZj8az8W58zkqXjLLnAPyB8fUNvXemWQ==</latexit><latexit sha1_base64="Cs8fOknj/giUthkAhSmkyggyKIE=">AAACKXicbVDLSsNAFJ34rPEVdelmsBRclUQEXRbduGzFPqCpYTKZtEMnkzgzEUrI77jxV9woKOrWH3HSBtHWAwNnzrmXe+/xE0alsu0PY2l5ZXVtvbJhbm5t7+xae/sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6frjy8Lv3hMhacxv1CQhgwgNOQ0pRkpLntWo9aBLOXQjpEa+n13nt5n+KRoRCYPc7HqtBT/48b273LOqdt2eAi4SpyRVUKLpWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yKaX5rCmlQCGsdCPKzhVf3dkKJJyEvm6slhYznuF+J/XT1V4PsgoT1JFOJ4NClMGVQyL2GBABcGKTTRBWFC9K8QjJBBWOlxTh+DMn7xIOid1x647rdNq46KMowIOwRE4Bg44Aw1wBZqgDTB4AE/gFbwZj8az8W58zkqXjLLnAPyB8fUNvXemWQ==</latexit><latexit sha1_base64="Cs8fOknj/giUthkAhSmkyggyKIE=">AAACKXicbVDLSsNAFJ34rPEVdelmsBRclUQEXRbduGzFPqCpYTKZtEMnkzgzEUrI77jxV9woKOrWH3HSBtHWAwNnzrmXe+/xE0alsu0PY2l5ZXVtvbJhbm5t7+xae/sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6frjy8Lv3hMhacxv1CQhgwgNOQ0pRkpLntWo9aBLOXQjpEa+n13nt5n+KRoRCYPc7HqtBT/48b273LOqdt2eAi4SpyRVUKLpWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yKaX5rCmlQCGsdCPKzhVf3dkKJJyEvm6slhYznuF+J/XT1V4PsgoT1JFOJ4NClMGVQyL2GBABcGKTTRBWFC9K8QjJBBWOlxTh+DMn7xIOid1x647rdNq46KMowIOwRE4Bg44Aw1wBZqgDTB4AE/gFbwZj8az8W58zkqXjLLnAPyB8fUNvXemWQ==</latexit>

WK 2 Rd⇥dk
<latexit sha1_base64="RT1aGP4vg13+XmG2HwxY3/BKMvQ=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoRnBTxT6gjWEymbRDJ5MwMxFKyO+48VfcKCjq1h9x0gbR1gMDZ865l3vv8RNGpbLtD6OytLyyulZdNzc2t7Z3rN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT98UXhd++JkDTmt2qSEDdCQ05DipHSkmc16z04oBwOIqRGvp/d5HeZ/ikaEQmD3Ox6Vwt+8ON749yzanbDngIuEqckNVCi5VkvgyDGaUS4wgxJ2XfsRLkZEopiRnJzkEqSIDxGQ9LXlCM9yc2ml+awrpUAhrHQjys4VX93ZCiSchL5urJYWM57hfif109VeOZmlCepIhzPBoUpgyqGRWwwoIJgxSaaICyo3hXiERIIKx2uqUNw5k9eJJ3jhmM3nOuTWvO8jKMKDsAhOAIOOAVNcAlaoA0weABP4BW8GY/Gs/FufM5KK0bZsw/+wPj6BqqNpk0=</latexit><latexit sha1_base64="RT1aGP4vg13+XmG2HwxY3/BKMvQ=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoRnBTxT6gjWEymbRDJ5MwMxFKyO+48VfcKCjq1h9x0gbR1gMDZ865l3vv8RNGpbLtD6OytLyyulZdNzc2t7Z3rN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT98UXhd++JkDTmt2qSEDdCQ05DipHSkmc16z04oBwOIqRGvp/d5HeZ/ikaEQmD3Ox6Vwt+8ON749yzanbDngIuEqckNVCi5VkvgyDGaUS4wgxJ2XfsRLkZEopiRnJzkEqSIDxGQ9LXlCM9yc2ml+awrpUAhrHQjys4VX93ZCiSchL5urJYWM57hfif109VeOZmlCepIhzPBoUpgyqGRWwwoIJgxSaaICyo3hXiERIIKx2uqUNw5k9eJJ3jhmM3nOuTWvO8jKMKDsAhOAIOOAVNcAlaoA0weABP4BW8GY/Gs/FufM5KK0bZsw/+wPj6BqqNpk0=</latexit><latexit sha1_base64="RT1aGP4vg13+XmG2HwxY3/BKMvQ=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoRnBTxT6gjWEymbRDJ5MwMxFKyO+48VfcKCjq1h9x0gbR1gMDZ865l3vv8RNGpbLtD6OytLyyulZdNzc2t7Z3rN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT98UXhd++JkDTmt2qSEDdCQ05DipHSkmc16z04oBwOIqRGvp/d5HeZ/ikaEQmD3Ox6Vwt+8ON749yzanbDngIuEqckNVCi5VkvgyDGaUS4wgxJ2XfsRLkZEopiRnJzkEqSIDxGQ9LXlCM9yc2ml+awrpUAhrHQjys4VX93ZCiSchL5urJYWM57hfif109VeOZmlCepIhzPBoUpgyqGRWwwoIJgxSaaICyo3hXiERIIKx2uqUNw5k9eJJ3jhmM3nOuTWvO8jKMKDsAhOAIOOAVNcAlaoA0weABP4BW8GY/Gs/FufM5KK0bZsw/+wPj6BqqNpk0=</latexit><latexit sha1_base64="RT1aGP4vg13+XmG2HwxY3/BKMvQ=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoRnBTxT6gjWEymbRDJ5MwMxFKyO+48VfcKCjq1h9x0gbR1gMDZ865l3vv8RNGpbLtD6OytLyyulZdNzc2t7Z3rN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT98UXhd++JkDTmt2qSEDdCQ05DipHSkmc16z04oBwOIqRGvp/d5HeZ/ikaEQmD3Ox6Vwt+8ON749yzanbDngIuEqckNVCi5VkvgyDGaUS4wgxJ2XfsRLkZEopiRnJzkEqSIDxGQ9LXlCM9yc2ml+awrpUAhrHQjys4VX93ZCiSchL5urJYWM57hfif109VeOZmlCepIhzPBoUpgyqGRWwwoIJgxSaaICyo3hXiERIIKx2uqUNw5k9eJJ3jhmM3nOuTWvO8jKMKDsAhOAIOOAVNcAlaoA0weABP4BW8GY/Gs/FufM5KK0bZsw/+wPj6BqqNpk0=</latexit>

WV 2 Rd⇥dv
<latexit sha1_base64="ctLcpMmwfW8EqlLbUAXOD9AvE9Q=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoxmUV+4Cmhslk0g6dTMLMpFBCfseNv+JGQVG3/oiTNoi2Hhg4c8693HuPnzAqlW1/GJWV1bX1jeqmubW9s7tn7R90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPrwq/OyFC0pjfqWlCBhEachpSjJSWPKtZ70GXcuhGSI18P7vN7zP9UzQiEga52fU6S37w43uT3LNqdsOeAS4TpyQ1UKLlWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yGaX5rCulQCGsdCPKzhTf3dkKJJyGvm6slhYLnqF+J/XT1V4McgoT1JFOJ4PClMGVQyL2GBABcGKTTVBWFC9K8QjJBBWOlxTh+AsnrxMOqcNx244N2e15mUZRxUcgWNwAhxwDprgGrRAG2DwAJ7AK3gzHo1n4934nJdWjLLnEPyB8fUNzTqmYw==</latexit><latexit sha1_base64="ctLcpMmwfW8EqlLbUAXOD9AvE9Q=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoxmUV+4Cmhslk0g6dTMLMpFBCfseNv+JGQVG3/oiTNoi2Hhg4c8693HuPnzAqlW1/GJWV1bX1jeqmubW9s7tn7R90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPrwq/OyFC0pjfqWlCBhEachpSjJSWPKtZ70GXcuhGSI18P7vN7zP9UzQiEga52fU6S37w43uT3LNqdsOeAS4TpyQ1UKLlWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yGaX5rCulQCGsdCPKzhTf3dkKJJyGvm6slhYLnqF+J/XT1V4McgoT1JFOJ4PClMGVQyL2GBABcGKTTVBWFC9K8QjJBBWOlxTh+AsnrxMOqcNx244N2e15mUZRxUcgWNwAhxwDprgGrRAG2DwAJ7AK3gzHo1n4934nJdWjLLnEPyB8fUNzTqmYw==</latexit><latexit sha1_base64="ctLcpMmwfW8EqlLbUAXOD9AvE9Q=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoxmUV+4Cmhslk0g6dTMLMpFBCfseNv+JGQVG3/oiTNoi2Hhg4c8693HuPnzAqlW1/GJWV1bX1jeqmubW9s7tn7R90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPrwq/OyFC0pjfqWlCBhEachpSjJSWPKtZ70GXcuhGSI18P7vN7zP9UzQiEga52fU6S37w43uT3LNqdsOeAS4TpyQ1UKLlWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yGaX5rCulQCGsdCPKzhTf3dkKJJyGvm6slhYLnqF+J/XT1V4McgoT1JFOJ4PClMGVQyL2GBABcGKTTVBWFC9K8QjJBBWOlxTh+AsnrxMOqcNx244N2e15mUZRxUcgWNwAhxwDprgGrRAG2DwAJ7AK3gzHo1n4934nJdWjLLnEPyB8fUNzTqmYw==</latexit><latexit sha1_base64="ctLcpMmwfW8EqlLbUAXOD9AvE9Q=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoxmUV+4Cmhslk0g6dTMLMpFBCfseNv+JGQVG3/oiTNoi2Hhg4c8693HuPnzAqlW1/GJWV1bX1jeqmubW9s7tn7R90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPrwq/OyFC0pjfqWlCBhEachpSjJSWPKtZ70GXcuhGSI18P7vN7zP9UzQiEga52fU6S37w43uT3LNqdsOeAS4TpyQ1UKLlWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yGaX5rCulQCGsdCPKzhTf3dkKJJyGvm6slhYLnqF+J/XT1V4McgoT1JFOJ4PClMGVQyL2GBABcGKTTVBWFC9K8QjJBBWOlxTh+AsnrxMOqcNx244N2e15mUZRxUcgWNwAhxwDprgGrRAG2DwAJ7AK3gzHo1n4934nJdWjLLnEPyB8fUNzTqmYw==</latexit>

Self-Attention Block

X(`) 2 Rn⇥d
<latexit sha1_base64="W4GOISf0yRtWEXX3e/VDSYYUqDA="></latexit><latexit sha1_base64="W4GOISf0yRtWEXX3e/VDSYYUqDA="></latexit><latexit sha1_base64="W4GOISf0yRtWEXX3e/VDSYYUqDA="></latexit><latexit sha1_base64="W4GOISf0yRtWEXX3e/VDSYYUqDA="></latexit>

X(`+1) = softmax
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<latexit sha1_base64="iaOvD7HGmxjrlziMcVnCCknGcBM="></latexit><latexit sha1_base64="iaOvD7HGmxjrlziMcVnCCknGcBM="></latexit><latexit sha1_base64="iaOvD7HGmxjrlziMcVnCCknGcBM="></latexit><latexit sha1_base64="iaOvD7HGmxjrlziMcVnCCknGcBM="></latexit>

Q = X(`)WQ
<latexit sha1_base64="SeaO82IKmJvKP7qIUxUDgmUM824="></latexit><latexit sha1_base64="SeaO82IKmJvKP7qIUxUDgmUM824="></latexit><latexit sha1_base64="SeaO82IKmJvKP7qIUxUDgmUM824="></latexit><latexit sha1_base64="SeaO82IKmJvKP7qIUxUDgmUM824="></latexit>

K = X(`)WK
<latexit sha1_base64="/MvBgC5d/PlNSXIXqyJCuqPR/bo="></latexit><latexit sha1_base64="/MvBgC5d/PlNSXIXqyJCuqPR/bo="></latexit><latexit sha1_base64="/MvBgC5d/PlNSXIXqyJCuqPR/bo="></latexit><latexit sha1_base64="/MvBgC5d/PlNSXIXqyJCuqPR/bo="></latexit>

V = X(`)WV
<latexit sha1_base64="1jr/J+ak/QJs8kDfqCOgvVkma0s="></latexit><latexit sha1_base64="1jr/J+ak/QJs8kDfqCOgvVkma0s="></latexit><latexit sha1_base64="1jr/J+ak/QJs8kDfqCOgvVkma0s="></latexit><latexit sha1_base64="1jr/J+ak/QJs8kDfqCOgvVkma0s="></latexit>

[CLS] Bob is a student [SEP]

Self-Attention Block

Self-Attention Block

Bob est étudiant

• Self-attention enables capturing long-range dependencies among words.
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WQ 2 Rd⇥dq
<latexit sha1_base64="Cs8fOknj/giUthkAhSmkyggyKIE=">AAACKXicbVDLSsNAFJ34rPEVdelmsBRclUQEXRbduGzFPqCpYTKZtEMnkzgzEUrI77jxV9woKOrWH3HSBtHWAwNnzrmXe+/xE0alsu0PY2l5ZXVtvbJhbm5t7+xae/sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6frjy8Lv3hMhacxv1CQhgwgNOQ0pRkpLntWo9aBLOXQjpEa+n13nt5n+KRoRCYPc7HqtBT/48b273LOqdt2eAi4SpyRVUKLpWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yKaX5rCmlQCGsdCPKzhVf3dkKJJyEvm6slhYznuF+J/XT1V4PsgoT1JFOJ4NClMGVQyL2GBABcGKTTRBWFC9K8QjJBBWOlxTh+DMn7xIOid1x647rdNq46KMowIOwRE4Bg44Aw1wBZqgDTB4AE/gFbwZj8az8W58zkqXjLLnAPyB8fUNvXemWQ==</latexit><latexit sha1_base64="Cs8fOknj/giUthkAhSmkyggyKIE=">AAACKXicbVDLSsNAFJ34rPEVdelmsBRclUQEXRbduGzFPqCpYTKZtEMnkzgzEUrI77jxV9woKOrWH3HSBtHWAwNnzrmXe+/xE0alsu0PY2l5ZXVtvbJhbm5t7+xae/sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6frjy8Lv3hMhacxv1CQhgwgNOQ0pRkpLntWo9aBLOXQjpEa+n13nt5n+KRoRCYPc7HqtBT/48b273LOqdt2eAi4SpyRVUKLpWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yKaX5rCmlQCGsdCPKzhVf3dkKJJyEvm6slhYznuF+J/XT1V4PsgoT1JFOJ4NClMGVQyL2GBABcGKTTRBWFC9K8QjJBBWOlxTh+DMn7xIOid1x647rdNq46KMowIOwRE4Bg44Aw1wBZqgDTB4AE/gFbwZj8az8W58zkqXjLLnAPyB8fUNvXemWQ==</latexit><latexit sha1_base64="Cs8fOknj/giUthkAhSmkyggyKIE=">AAACKXicbVDLSsNAFJ34rPEVdelmsBRclUQEXRbduGzFPqCpYTKZtEMnkzgzEUrI77jxV9woKOrWH3HSBtHWAwNnzrmXe+/xE0alsu0PY2l5ZXVtvbJhbm5t7+xae/sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6frjy8Lv3hMhacxv1CQhgwgNOQ0pRkpLntWo9aBLOXQjpEa+n13nt5n+KRoRCYPc7HqtBT/48b273LOqdt2eAi4SpyRVUKLpWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yKaX5rCmlQCGsdCPKzhVf3dkKJJyEvm6slhYznuF+J/XT1V4PsgoT1JFOJ4NClMGVQyL2GBABcGKTTRBWFC9K8QjJBBWOlxTh+DMn7xIOid1x647rdNq46KMowIOwRE4Bg44Aw1wBZqgDTB4AE/gFbwZj8az8W58zkqXjLLnAPyB8fUNvXemWQ==</latexit><latexit sha1_base64="Cs8fOknj/giUthkAhSmkyggyKIE=">AAACKXicbVDLSsNAFJ34rPEVdelmsBRclUQEXRbduGzFPqCpYTKZtEMnkzgzEUrI77jxV9woKOrWH3HSBtHWAwNnzrmXe+/xE0alsu0PY2l5ZXVtvbJhbm5t7+xae/sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6frjy8Lv3hMhacxv1CQhgwgNOQ0pRkpLntWo9aBLOXQjpEa+n13nt5n+KRoRCYPc7HqtBT/48b273LOqdt2eAi4SpyRVUKLpWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yKaX5rCmlQCGsdCPKzhVf3dkKJJyEvm6slhYznuF+J/XT1V4PsgoT1JFOJ4NClMGVQyL2GBABcGKTTRBWFC9K8QjJBBWOlxTh+DMn7xIOid1x647rdNq46KMowIOwRE4Bg44Aw1wBZqgDTB4AE/gFbwZj8az8W58zkqXjLLnAPyB8fUNvXemWQ==</latexit>

WK 2 Rd⇥dk
<latexit sha1_base64="RT1aGP4vg13+XmG2HwxY3/BKMvQ=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoRnBTxT6gjWEymbRDJ5MwMxFKyO+48VfcKCjq1h9x0gbR1gMDZ865l3vv8RNGpbLtD6OytLyyulZdNzc2t7Z3rN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT98UXhd++JkDTmt2qSEDdCQ05DipHSkmc16z04oBwOIqRGvp/d5HeZ/ikaEQmD3Ox6Vwt+8ON749yzanbDngIuEqckNVCi5VkvgyDGaUS4wgxJ2XfsRLkZEopiRnJzkEqSIDxGQ9LXlCM9yc2ml+awrpUAhrHQjys4VX93ZCiSchL5urJYWM57hfif109VeOZmlCepIhzPBoUpgyqGRWwwoIJgxSaaICyo3hXiERIIKx2uqUNw5k9eJJ3jhmM3nOuTWvO8jKMKDsAhOAIOOAVNcAlaoA0weABP4BW8GY/Gs/FufM5KK0bZsw/+wPj6BqqNpk0=</latexit><latexit sha1_base64="RT1aGP4vg13+XmG2HwxY3/BKMvQ=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoRnBTxT6gjWEymbRDJ5MwMxFKyO+48VfcKCjq1h9x0gbR1gMDZ865l3vv8RNGpbLtD6OytLyyulZdNzc2t7Z3rN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT98UXhd++JkDTmt2qSEDdCQ05DipHSkmc16z04oBwOIqRGvp/d5HeZ/ikaEQmD3Ox6Vwt+8ON749yzanbDngIuEqckNVCi5VkvgyDGaUS4wgxJ2XfsRLkZEopiRnJzkEqSIDxGQ9LXlCM9yc2ml+awrpUAhrHQjys4VX93ZCiSchL5urJYWM57hfif109VeOZmlCepIhzPBoUpgyqGRWwwoIJgxSaaICyo3hXiERIIKx2uqUNw5k9eJJ3jhmM3nOuTWvO8jKMKDsAhOAIOOAVNcAlaoA0weABP4BW8GY/Gs/FufM5KK0bZsw/+wPj6BqqNpk0=</latexit><latexit sha1_base64="RT1aGP4vg13+XmG2HwxY3/BKMvQ=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoRnBTxT6gjWEymbRDJ5MwMxFKyO+48VfcKCjq1h9x0gbR1gMDZ865l3vv8RNGpbLtD6OytLyyulZdNzc2t7Z3rN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT98UXhd++JkDTmt2qSEDdCQ05DipHSkmc16z04oBwOIqRGvp/d5HeZ/ikaEQmD3Ox6Vwt+8ON749yzanbDngIuEqckNVCi5VkvgyDGaUS4wgxJ2XfsRLkZEopiRnJzkEqSIDxGQ9LXlCM9yc2ml+awrpUAhrHQjys4VX93ZCiSchL5urJYWM57hfif109VeOZmlCepIhzPBoUpgyqGRWwwoIJgxSaaICyo3hXiERIIKx2uqUNw5k9eJJ3jhmM3nOuTWvO8jKMKDsAhOAIOOAVNcAlaoA0weABP4BW8GY/Gs/FufM5KK0bZsw/+wPj6BqqNpk0=</latexit><latexit sha1_base64="RT1aGP4vg13+XmG2HwxY3/BKMvQ=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoRnBTxT6gjWEymbRDJ5MwMxFKyO+48VfcKCjq1h9x0gbR1gMDZ865l3vv8RNGpbLtD6OytLyyulZdNzc2t7Z3rN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT98UXhd++JkDTmt2qSEDdCQ05DipHSkmc16z04oBwOIqRGvp/d5HeZ/ikaEQmD3Ox6Vwt+8ON749yzanbDngIuEqckNVCi5VkvgyDGaUS4wgxJ2XfsRLkZEopiRnJzkEqSIDxGQ9LXlCM9yc2ml+awrpUAhrHQjys4VX93ZCiSchL5urJYWM57hfif109VeOZmlCepIhzPBoUpgyqGRWwwoIJgxSaaICyo3hXiERIIKx2uqUNw5k9eJJ3jhmM3nOuTWvO8jKMKDsAhOAIOOAVNcAlaoA0weABP4BW8GY/Gs/FufM5KK0bZsw/+wPj6BqqNpk0=</latexit>

WV 2 Rd⇥dv
<latexit sha1_base64="ctLcpMmwfW8EqlLbUAXOD9AvE9Q=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoxmUV+4Cmhslk0g6dTMLMpFBCfseNv+JGQVG3/oiTNoi2Hhg4c8693HuPnzAqlW1/GJWV1bX1jeqmubW9s7tn7R90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPrwq/OyFC0pjfqWlCBhEachpSjJSWPKtZ70GXcuhGSI18P7vN7zP9UzQiEga52fU6S37w43uT3LNqdsOeAS4TpyQ1UKLlWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yGaX5rCulQCGsdCPKzhTf3dkKJJyGvm6slhYLnqF+J/XT1V4McgoT1JFOJ4PClMGVQyL2GBABcGKTTVBWFC9K8QjJBBWOlxTh+AsnrxMOqcNx244N2e15mUZRxUcgWNwAhxwDprgGrRAG2DwAJ7AK3gzHo1n4934nJdWjLLnEPyB8fUNzTqmYw==</latexit><latexit sha1_base64="ctLcpMmwfW8EqlLbUAXOD9AvE9Q=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoxmUV+4Cmhslk0g6dTMLMpFBCfseNv+JGQVG3/oiTNoi2Hhg4c8693HuPnzAqlW1/GJWV1bX1jeqmubW9s7tn7R90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPrwq/OyFC0pjfqWlCBhEachpSjJSWPKtZ70GXcuhGSI18P7vN7zP9UzQiEga52fU6S37w43uT3LNqdsOeAS4TpyQ1UKLlWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yGaX5rCulQCGsdCPKzhTf3dkKJJyGvm6slhYLnqF+J/XT1V4McgoT1JFOJ4PClMGVQyL2GBABcGKTTVBWFC9K8QjJBBWOlxTh+AsnrxMOqcNx244N2e15mUZRxUcgWNwAhxwDprgGrRAG2DwAJ7AK3gzHo1n4934nJdWjLLnEPyB8fUNzTqmYw==</latexit><latexit sha1_base64="ctLcpMmwfW8EqlLbUAXOD9AvE9Q=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoxmUV+4Cmhslk0g6dTMLMpFBCfseNv+JGQVG3/oiTNoi2Hhg4c8693HuPnzAqlW1/GJWV1bX1jeqmubW9s7tn7R90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPrwq/OyFC0pjfqWlCBhEachpSjJSWPKtZ70GXcuhGSI18P7vN7zP9UzQiEga52fU6S37w43uT3LNqdsOeAS4TpyQ1UKLlWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yGaX5rCulQCGsdCPKzhTf3dkKJJyGvm6slhYLnqF+J/XT1V4McgoT1JFOJ4PClMGVQyL2GBABcGKTTVBWFC9K8QjJBBWOlxTh+AsnrxMOqcNx244N2e15mUZRxUcgWNwAhxwDprgGrRAG2DwAJ7AK3gzHo1n4934nJdWjLLnEPyB8fUNzTqmYw==</latexit><latexit sha1_base64="ctLcpMmwfW8EqlLbUAXOD9AvE9Q=">AAACKXicbVDLSsNAFJ3UV42vqEs3g6XgqiQi6LLoxmUV+4Cmhslk0g6dTMLMpFBCfseNv+JGQVG3/oiTNoi2Hhg4c8693HuPnzAqlW1/GJWV1bX1jeqmubW9s7tn7R90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPrwq/OyFC0pjfqWlCBhEachpSjJSWPKtZ70GXcuhGSI18P7vN7zP9UzQiEga52fU6S37w43uT3LNqdsOeAS4TpyQ1UKLlWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yGaX5rCulQCGsdCPKzhTf3dkKJJyGvm6slhYLnqF+J/XT1V4McgoT1JFOJ4PClMGVQyL2GBABcGKTTVBWFC9K8QjJBBWOlxTh+AsnrxMOqcNx244N2e15mUZRxUcgWNwAhxwDprgGrRAG2DwAJ7AK3gzHo1n4934nJdWjLLnEPyB8fUNzTqmYw==</latexit>

Self-Attention Block

X(`) 2 Rn⇥d
<latexit sha1_base64="W4GOISf0yRtWEXX3e/VDSYYUqDA="></latexit><latexit sha1_base64="W4GOISf0yRtWEXX3e/VDSYYUqDA="></latexit><latexit sha1_base64="W4GOISf0yRtWEXX3e/VDSYYUqDA="></latexit><latexit sha1_base64="W4GOISf0yRtWEXX3e/VDSYYUqDA="></latexit>

X(`+1) = softmax
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<latexit sha1_base64="iaOvD7HGmxjrlziMcVnCCknGcBM="></latexit><latexit sha1_base64="iaOvD7HGmxjrlziMcVnCCknGcBM="></latexit><latexit sha1_base64="iaOvD7HGmxjrlziMcVnCCknGcBM="></latexit><latexit sha1_base64="iaOvD7HGmxjrlziMcVnCCknGcBM="></latexit>

Q = X(`)WQ
<latexit sha1_base64="SeaO82IKmJvKP7qIUxUDgmUM824="></latexit><latexit sha1_base64="SeaO82IKmJvKP7qIUxUDgmUM824="></latexit><latexit sha1_base64="SeaO82IKmJvKP7qIUxUDgmUM824="></latexit><latexit sha1_base64="SeaO82IKmJvKP7qIUxUDgmUM824="></latexit>

K = X(`)WK
<latexit sha1_base64="/MvBgC5d/PlNSXIXqyJCuqPR/bo="></latexit><latexit sha1_base64="/MvBgC5d/PlNSXIXqyJCuqPR/bo="></latexit><latexit sha1_base64="/MvBgC5d/PlNSXIXqyJCuqPR/bo="></latexit><latexit sha1_base64="/MvBgC5d/PlNSXIXqyJCuqPR/bo="></latexit>

V = X(`)WV
<latexit sha1_base64="1jr/J+ak/QJs8kDfqCOgvVkma0s="></latexit><latexit sha1_base64="1jr/J+ak/QJs8kDfqCOgvVkma0s="></latexit><latexit sha1_base64="1jr/J+ak/QJs8kDfqCOgvVkma0s="></latexit><latexit sha1_base64="1jr/J+ak/QJs8kDfqCOgvVkma0s="></latexit>

[CLS] Bob is a student [SEP]

Self-Attention Block

Self-Attention Block

Bob est étudiant

• Self-attention enables capturing long-range dependencies among words.
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"Attention is All You Need", Vaswani et al., NIPS, 2017

WQ 2 Rd⇥dq
<latexit sha1_base64="Cs8fOknj/giUthkAhSmkyggyKIE=">AAACKXicbVDLSsNAFJ34rPEVdelmsBRclUQEXRbduGzFPqCpYTKZtEMnkzgzEUrI77jxV9woKOrWH3HSBtHWAwNnzrmXe+/xE0alsu0PY2l5ZXVtvbJhbm5t7+xae/sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6frjy8Lv3hMhacxv1CQhgwgNOQ0pRkpLntWo9aBLOXQjpEa+n13nt5n+KRoRCYPc7HqtBT/48b273LOqdt2eAi4SpyRVUKLpWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yKaX5rCmlQCGsdCPKzhVf3dkKJJyEvm6slhYznuF+J/XT1V4PsgoT1JFOJ4NClMGVQyL2GBABcGKTTRBWFC9K8QjJBBWOlxTh+DMn7xIOid1x647rdNq46KMowIOwRE4Bg44Aw1wBZqgDTB4AE/gFbwZj8az8W58zkqXjLLnAPyB8fUNvXemWQ==</latexit><latexit sha1_base64="Cs8fOknj/giUthkAhSmkyggyKIE=">AAACKXicbVDLSsNAFJ34rPEVdelmsBRclUQEXRbduGzFPqCpYTKZtEMnkzgzEUrI77jxV9woKOrWH3HSBtHWAwNnzrmXe+/xE0alsu0PY2l5ZXVtvbJhbm5t7+xae/sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6frjy8Lv3hMhacxv1CQhgwgNOQ0pRkpLntWo9aBLOXQjpEa+n13nt5n+KRoRCYPc7HqtBT/48b273LOqdt2eAi4SpyRVUKLpWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yKaX5rCmlQCGsdCPKzhVf3dkKJJyEvm6slhYznuF+J/XT1V4PsgoT1JFOJ4NClMGVQyL2GBABcGKTTRBWFC9K8QjJBBWOlxTh+DMn7xIOid1x647rdNq46KMowIOwRE4Bg44Aw1wBZqgDTB4AE/gFbwZj8az8W58zkqXjLLnAPyB8fUNvXemWQ==</latexit><latexit sha1_base64="Cs8fOknj/giUthkAhSmkyggyKIE=">AAACKXicbVDLSsNAFJ34rPEVdelmsBRclUQEXRbduGzFPqCpYTKZtEMnkzgzEUrI77jxV9woKOrWH3HSBtHWAwNnzrmXe+/xE0alsu0PY2l5ZXVtvbJhbm5t7+xae/sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6frjy8Lv3hMhacxv1CQhgwgNOQ0pRkpLntWo9aBLOXQjpEa+n13nt5n+KRoRCYPc7HqtBT/48b273LOqdt2eAi4SpyRVUKLpWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yKaX5rCmlQCGsdCPKzhVf3dkKJJyEvm6slhYznuF+J/XT1V4PsgoT1JFOJ4NClMGVQyL2GBABcGKTTRBWFC9K8QjJBBWOlxTh+DMn7xIOid1x647rdNq46KMowIOwRE4Bg44Aw1wBZqgDTB4AE/gFbwZj8az8W58zkqXjLLnAPyB8fUNvXemWQ==</latexit><latexit sha1_base64="Cs8fOknj/giUthkAhSmkyggyKIE=">AAACKXicbVDLSsNAFJ34rPEVdelmsBRclUQEXRbduGzFPqCpYTKZtEMnkzgzEUrI77jxV9woKOrWH3HSBtHWAwNnzrmXe+/xE0alsu0PY2l5ZXVtvbJhbm5t7+xae/sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6frjy8Lv3hMhacxv1CQhgwgNOQ0pRkpLntWo9aBLOXQjpEa+n13nt5n+KRoRCYPc7HqtBT/48b273LOqdt2eAi4SpyRVUKLpWS9uEOM0IlxhhqTsO3aiBhkSimJGctNNJUkQHqMh6WvKkZ40yKaX5rCmlQCGsdCPKzhVf3dkKJJyEvm6slhYznuF+J/XT1V4PsgoT1JFOJ4NClMGVQyL2GBABcGKTTRBWFC9K8QjJBBWOlxTh+DMn7xIOid1x647rdNq46KMowIOwRE4Bg44Aw1wBZqgDTB4AE/gFbwZj8az8W58zkqXjLLnAPyB8fUNvXemWQ==</latexit>

WK 2 Rd⇥dk
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• Self-attention enables capturing long-range dependencies among words.



Modern Language Models

"Attention is All You Need", Vaswani et al., NIPS 2017

Self-Attention Block

Self-Attention Block

Putting pizza into an oven

[CLS] Bob is a student [SEP]

Bob est étudiant

Self-Attention Block

Self-Attention Block

a) Language Model b) Video Model

• Self-attention enables capturing long-range dependencies among words.



State-of-the-Art in Video Classification

     SlowFast Networks 
[Feichtenhofer et al. 2019]

Expanded 3D Networks 
  [Feichtenhofer 2020]

Correlation Networks 
  [Wang et al. 2020]

Inflated 3D Networks   
[Carreira et al. 2018]

Channel Separated Networks  
         [Tran et al. 2019]

R(2+1)D Networks    
 [Tran et al. 2018]



3D Convolutions vs Self-Attention

Strong inductive bias. 

Captures short-range patterns. 

Difficult to scale.

3D Convolutions: Self-Attention:

Fewer inductive biases. 

Can capture both short-range and long-
range dependencies. 

Easier to scale model capacity. 



Video Decomposition
• We decompose the video into a sequence of frame-level patches.

frame t-5 frame t frame t+5 

Transformer Encoder

"An Image is Worth 16x16 Words: Transformers for Image Recognition at Scale", Dosovitskiy et al., ICLR 2021



Video Decomposition
• We decompose the video into a sequence of frame-level patches.

frame t-5 frame t frame t+5 

Transformer Encoder

"An Image is Worth 16x16 Words: Transformers for Image Recognition at Scale", Dosovitskiy et al., ICLR 2021

Computing 
similarity for all 
pairs of patches 
is costly. 



1. What is the right space-time self-attention pattern?



Space-Time Self-Attention

• We investigate several space-time self-attention schemes.
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Space Attention (S)    Joint Space-Time 
      Attention (ST)

Divided Space-Time  
    Attention (T+S)

  Sparse Local Global  
      Attention (L+G)

  Axial Attention  
      (T+W+H)



Spatial Self-Attention



Joint Space-Time Self-Attention



Divided Space-Time Self-Attention



Analysis of Self-Attention Schemes

• Each space-time self-attention scheme is evaluated on Kinetics-400, and 
Something-Something-V2 datasets.



Analysis of Self-Attention Schemes

• Each space-time self-attention scheme is evaluated on Kinetics-400, and 
Something-Something-V2 datasets.



Analysis of Self-Attention Schemes
• As we increase the spatial resolution, or the video length, our proposed 

divided space-time attention leads to dramatic computational savings.
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2. Is space-time attention better than 3D convolutions?



Comparison to 3D CNNs

• We investigate the distinguishing properties of TimeSformer compared to 
3D CNNs.
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Comparison to 3D CNNs

• We investigate the distinguishing properties of TimeSformer compared to 
3D CNNs.



3. What is space-time attention particularly useful for?



Increasing the Video Length
• The scalability of our model allows it to operate on longer videos compared to 

most 3D CNNs.
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Long-Term Video Modeling
• We evaluate our model's ability for long-term video modeling.

"Learning a Text-Video Embedding by Watching Hundred Million Narrated Video Clips", Miech et al., ICCV 2019

Key Details:

• 1059 long-term action categories (making breakfast, 
cleaning a house, etc). 

• On average, each video is ~7min long. 

• 85K training & 35K testing videos. 

• Performance is evaluated using a standard top-1 
accuracy metric.
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Compared to modern 3D CNNs, TimeSformer has a larger learning 
capacity, and a comparable or even lower inference cost. 

Our method does not require a very long optimization schedule, and thus, 
it can be trained efficiently on video data. 

TimeSformer can handle much longer videos, which makes it highly 
suitable for long-term video modeling. 

Due to a large number of parameters, TimeSformer requires image-level 
pretraining. 

Improvements are needed for learning more effective features on 
temporally heavy datasets (e.g. SSv2). 
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Discussion Questions

• Is space-time attention all you need for video understanding? 

• Can TimeSformer recognize actions that involve fast-moving objects?


