
Lecture 22: Embodied vision
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Today
• Formalisms for intelligent agents (environment, state, action, policy)


• Imitation learning


• Reinforcement learning


• Policy gradient algorithm


• Q-learning


• This is just a very high-level overview


• See Sutton & Barto [http://incompleteideas.net/book/RLbook2018.pdf] for more.

2 Source: Isola, Torralba, Freeman

http://incompleteideas.net/book/RLbook2018.pdf


[Silver et al., 2016] [Jaderberg et al. 2018]

3 Source: Isola, Torralba, Freeman



The whole purpose of visual perception, in humans, is to 
make good motor decisions.
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“We move in order to see and we see in order to move” — J. J. Gibson 

Source: Isola, Torralba, Freeman
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5 Source: Isola, Torralba, Freeman
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f : st, at ! st+1
<latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit><latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit><latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit><latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit>

⇡ : st ! at
<latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit><latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit><latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit><latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit>

st
<latexit sha1_base64="zTawWeAUsKJErgyR5nEearnrru4="></latexit><latexit sha1_base64="zTawWeAUsKJErgyR5nEearnrru4="></latexit><latexit sha1_base64="zTawWeAUsKJErgyR5nEearnrru4="></latexit><latexit sha1_base64="buhPxBScELNHlBUDlCi8aAijLEE="></latexit><latexit sha1_base64="c/8Kce8EH53vqtjYk1uLdTlFvUE="></latexit><latexit sha1_base64="c/8Kce8EH53vqtjYk1uLdTlFvUE="></latexit><latexit sha1_base64="vur0A8kwp/NrqSQwXU041xTAGJM="></latexit><latexit sha1_base64="zTawWeAUsKJErgyR5nEearnrru4="></latexit><latexit sha1_base64="zTawWeAUsKJErgyR5nEearnrru4="></latexit><latexit sha1_base64="zTawWeAUsKJErgyR5nEearnrru4="></latexit><latexit sha1_base64="zTawWeAUsKJErgyR5nEearnrru4="></latexit><latexit sha1_base64="zTawWeAUsKJErgyR5nEearnrru4="></latexit><latexit sha1_base64="zTawWeAUsKJErgyR5nEearnrru4="></latexit>

at
<latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit><latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit><latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit><latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit>

6 Source: Isola, Torralba, Freeman



state: pixels!

How to represent a state? How to represent policy?

0

1

⇡
<latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit>

policy: action classifier

7 Source: Isola, Torralba, Freeman



!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>

Learner
<latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit>

!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>

Training data
<latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLTj5zDn5A+fzB45lkfA=</latexit><latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLTj5zDn5A+fzB45lkfA=</latexit><latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLTj5zDn5A+fzB45lkfA=</latexit><latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLTj5zDn5A+fzB45lkfA=</latexit>

Can we use supervised learning?


{x1, y1}
{x2, y2}
{x3, y3}

<latexit sha1_base64="ZCDmC6LOUXYJj7IycvrmiDx6pks="></latexit><latexit sha1_base64="ZCDmC6LOUXYJj7IycvrmiDx6pks="></latexit><latexit sha1_base64="ZCDmC6LOUXYJj7IycvrmiDx6pks="></latexit><latexit sha1_base64="ZCDmC6LOUXYJj7IycvrmiDx6pks="></latexit>

· · ·<latexit sha1_base64="RfCl7LRjDTF2wV2QrwMv2geHxdE=">AAACQHicfZDLSgMxFIYzXmu969LNYBVEpMyIoEtRF27ECrYKnSJn0tMazSRDckYsQ9/BrT6Ob+EbuBO3rkxrBW94IPDxnz/JOX+cSmEpCJ68oeGR0bHxwkRxcmp6ZnZufqFmdWY4VrmW2pzHYFEKhVUSJPE8NQhJLPEsvt7v9c9u0Fih1Sl1Umwk0FaiJTiQk2oRb2qyF3OloBz0y/8N4QBKbFCVi3lvJWpqniWoiEuwth4GKTVyMCS4xG4xyiymwK+hjXWHChK0jbw/btdfdUrTb2njjiK/r369kUNibSeJnTMBurQ/ez3xr149o9ZOIxcqzQgV//iolUmftN/b3W8Kg5xkxwFwI9ysPr8EA5xcQsVidIBuGYNH7uHjFA2QNut5BKadwG3XLdeONnr0n1GoT6Mjl2v4M8XfUNssh0E5PNkq7e4NEi6wJbbM1ljIttkuO2QVVmWcXbE7ds8evEfv2XvxXj+sQ97gziL7Vt7bOwxmr/I=</latexit><latexit sha1_base64="RfCl7LRjDTF2wV2QrwMv2geHxdE=">AAACQHicfZDLSgMxFIYzXmu969LNYBVEpMyIoEtRF27ECrYKnSJn0tMazSRDckYsQ9/BrT6Ob+EbuBO3rkxrBW94IPDxnz/JOX+cSmEpCJ68oeGR0bHxwkRxcmp6ZnZufqFmdWY4VrmW2pzHYFEKhVUSJPE8NQhJLPEsvt7v9c9u0Fih1Sl1Umwk0FaiJTiQk2oRb2qyF3OloBz0y/8N4QBKbFCVi3lvJWpqniWoiEuwth4GKTVyMCS4xG4xyiymwK+hjXWHChK0jbw/btdfdUrTb2njjiK/r369kUNibSeJnTMBurQ/ez3xr149o9ZOIxcqzQgV//iolUmftN/b3W8Kg5xkxwFwI9ysPr8EA5xcQsVidIBuGYNH7uHjFA2QNut5BKadwG3XLdeONnr0n1GoT6Mjl2v4M8XfUNssh0E5PNkq7e4NEi6wJbbM1ljIttkuO2QVVmWcXbE7ds8evEfv2XvxXj+sQ97gziL7Vt7bOwxmr/I=</latexit><latexit sha1_base64="RfCl7LRjDTF2wV2QrwMv2geHxdE=">AAACQHicfZDLSgMxFIYzXmu969LNYBVEpMyIoEtRF27ECrYKnSJn0tMazSRDckYsQ9/BrT6Ob+EbuBO3rkxrBW94IPDxnz/JOX+cSmEpCJ68oeGR0bHxwkRxcmp6ZnZufqFmdWY4VrmW2pzHYFEKhVUSJPE8NQhJLPEsvt7v9c9u0Fih1Sl1Umwk0FaiJTiQk2oRb2qyF3OloBz0y/8N4QBKbFCVi3lvJWpqniWoiEuwth4GKTVyMCS4xG4xyiymwK+hjXWHChK0jbw/btdfdUrTb2njjiK/r369kUNibSeJnTMBurQ/ez3xr149o9ZOIxcqzQgV//iolUmftN/b3W8Kg5xkxwFwI9ysPr8EA5xcQsVidIBuGYNH7uHjFA2QNut5BKadwG3XLdeONnr0n1GoT6Mjl2v4M8XfUNssh0E5PNkq7e4NEi6wJbbM1ljIttkuO2QVVmWcXbE7ds8evEfv2XvxXj+sQ97gziL7Vt7bOwxmr/I=</latexit><latexit sha1_base64="RfCl7LRjDTF2wV2QrwMv2geHxdE=">AAACQHicfZDLSgMxFIYzXmu969LNYBVEpMyIoEtRF27ECrYKnSJn0tMazSRDckYsQ9/BrT6Ob+EbuBO3rkxrBW94IPDxnz/JOX+cSmEpCJ68oeGR0bHxwkRxcmp6ZnZufqFmdWY4VrmW2pzHYFEKhVUSJPE8NQhJLPEsvt7v9c9u0Fih1Sl1Umwk0FaiJTiQk2oRb2qyF3OloBz0y/8N4QBKbFCVi3lvJWpqniWoiEuwth4GKTVyMCS4xG4xyiymwK+hjXWHChK0jbw/btdfdUrTb2njjiK/r369kUNibSeJnTMBurQ/ez3xr149o9ZOIxcqzQgV//iolUmftN/b3W8Kg5xkxwFwI9ysPr8EA5xcQsVidIBuGYNH7uHjFA2QNut5BKadwG3XLdeONnr0n1GoT6Mjl2v4M8XfUNssh0E5PNkq7e4NEi6wJbbM1ljIttkuO2QVVmWcXbE7ds8evEfv2XvxXj+sQ97gziL7Vt7bOwxmr/I=</latexit>

f : X ! Y
<latexit sha1_base64="HYPSq+DctLdg9hrnUlynFDqraoE="></latexit><latexit sha1_base64="HYPSq+DctLdg9hrnUlynFDqraoE="></latexit><latexit sha1_base64="HYPSq+DctLdg9hrnUlynFDqraoE="></latexit><latexit sha1_base64="HYPSq+DctLdg9hrnUlynFDqraoE="></latexit>

f⇤ = argmin
f2F

NX

i=1

L(f(xi), yi)
<latexit sha1_base64="qvUHe2JWeDGVs1Wn+0QPnhvoPYg="></latexit><latexit sha1_base64="qvUHe2JWeDGVs1Wn+0QPnhvoPYg="></latexit><latexit sha1_base64="qvUHe2JWeDGVs1Wn+0QPnhvoPYg="></latexit><latexit sha1_base64="qvUHe2JWeDGVs1Wn+0QPnhvoPYg="></latexit>

8 Source: Isola, Torralba, Freeman



Imitation learning

(supervised learning, applied to learn policies)

!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>

Learner
<latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit>

Training data
<latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLTj5zDn5A+fzB45lkfA=</latexit><latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLTj5zDn5A+fzB45lkfA=</latexit><latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLTj5zDn5A+fzB45lkfA=</latexit><latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLTj5zDn5A+fzB45lkfA=</latexit>

· · ·<latexit sha1_base64="RfCl7LRjDTF2wV2QrwMv2geHxdE=">AAACQHicfZDLSgMxFIYzXmu969LNYBVEpMyIoEtRF27ECrYKnSJn0tMazSRDckYsQ9/BrT6Ob+EbuBO3rkxrBW94IPDxnz/JOX+cSmEpCJ68oeGR0bHxwkRxcmp6ZnZufqFmdWY4VrmW2pzHYFEKhVUSJPE8NQhJLPEsvt7v9c9u0Fih1Sl1Umwk0FaiJTiQk2oRb2qyF3OloBz0y/8N4QBKbFCVi3lvJWpqniWoiEuwth4GKTVyMCS4xG4xyiymwK+hjXWHChK0jbw/btdfdUrTb2njjiK/r369kUNibSeJnTMBurQ/ez3xr149o9ZOIxcqzQgV//iolUmftN/b3W8Kg5xkxwFwI9ysPr8EA5xcQsVidIBuGYNH7uHjFA2QNut5BKadwG3XLdeONnr0n1GoT6Mjl2v4M8XfUNssh0E5PNkq7e4NEi6wJbbM1ljIttkuO2QVVmWcXbE7ds8evEfv2XvxXj+sQ97gziL7Vt7bOwxmr/I=</latexit><latexit sha1_base64="RfCl7LRjDTF2wV2QrwMv2geHxdE=">AAACQHicfZDLSgMxFIYzXmu969LNYBVEpMyIoEtRF27ECrYKnSJn0tMazSRDckYsQ9/BrT6Ob+EbuBO3rkxrBW94IPDxnz/JOX+cSmEpCJ68oeGR0bHxwkRxcmp6ZnZufqFmdWY4VrmW2pzHYFEKhVUSJPE8NQhJLPEsvt7v9c9u0Fih1Sl1Umwk0FaiJTiQk2oRb2qyF3OloBz0y/8N4QBKbFCVi3lvJWpqniWoiEuwth4GKTVyMCS4xG4xyiymwK+hjXWHChK0jbw/btdfdUrTb2njjiK/r369kUNibSeJnTMBurQ/ez3xr149o9ZOIxcqzQgV//iolUmftN/b3W8Kg5xkxwFwI9ysPr8EA5xcQsVidIBuGYNH7uHjFA2QNut5BKadwG3XLdeONnr0n1GoT6Mjl2v4M8XfUNssh0E5PNkq7e4NEi6wJbbM1ljIttkuO2QVVmWcXbE7ds8evEfv2XvxXj+sQ97gziL7Vt7bOwxmr/I=</latexit><latexit sha1_base64="RfCl7LRjDTF2wV2QrwMv2geHxdE=">AAACQHicfZDLSgMxFIYzXmu969LNYBVEpMyIoEtRF27ECrYKnSJn0tMazSRDckYsQ9/BrT6Ob+EbuBO3rkxrBW94IPDxnz/JOX+cSmEpCJ68oeGR0bHxwkRxcmp6ZnZufqFmdWY4VrmW2pzHYFEKhVUSJPE8NQhJLPEsvt7v9c9u0Fih1Sl1Umwk0FaiJTiQk2oRb2qyF3OloBz0y/8N4QBKbFCVi3lvJWpqniWoiEuwth4GKTVyMCS4xG4xyiymwK+hjXWHChK0jbw/btdfdUrTb2njjiK/r369kUNibSeJnTMBurQ/ez3xr149o9ZOIxcqzQgV//iolUmftN/b3W8Kg5xkxwFwI9ysPr8EA5xcQsVidIBuGYNH7uHjFA2QNut5BKadwG3XLdeONnr0n1GoT6Mjl2v4M8XfUNssh0E5PNkq7e4NEi6wJbbM1ljIttkuO2QVVmWcXbE7ds8evEfv2XvxXj+sQ97gziL7Vt7bOwxmr/I=</latexit><latexit sha1_base64="RfCl7LRjDTF2wV2QrwMv2geHxdE=">AAACQHicfZDLSgMxFIYzXmu969LNYBVEpMyIoEtRF27ECrYKnSJn0tMazSRDckYsQ9/BrT6Ob+EbuBO3rkxrBW94IPDxnz/JOX+cSmEpCJ68oeGR0bHxwkRxcmp6ZnZufqFmdWY4VrmW2pzHYFEKhVUSJPE8NQhJLPEsvt7v9c9u0Fih1Sl1Umwk0FaiJTiQk2oRb2qyF3OloBz0y/8N4QBKbFCVi3lvJWpqniWoiEuwth4GKTVyMCS4xG4xyiymwK+hjXWHChK0jbw/btdfdUrTb2njjiK/r369kUNibSeJnTMBurQ/ez3xr149o9ZOIxcqzQgV//iolUmftN/b3W8Kg5xkxwFwI9ysPr8EA5xcQsVidIBuGYNH7uHjFA2QNut5BKadwG3XLdeONnr0n1GoT6Mjl2v4M8XfUNssh0E5PNkq7e4NEi6wJbbM1ljIttkuO2QVVmWcXbE7ds8evEfv2XvxXj+sQ97gziL7Vt7bOwxmr/I=</latexit>

!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>

{s1, a1}
<latexit sha1_base64="KBi5SRdejDOUvm1Av8L+qyOCAo4="></latexit><latexit sha1_base64="KBi5SRdejDOUvm1Av8L+qyOCAo4="></latexit><latexit sha1_base64="KBi5SRdejDOUvm1Av8L+qyOCAo4="></latexit><latexit sha1_base64="KBi5SRdejDOUvm1Av8L+qyOCAo4="></latexit>

{s2, a2}
<latexit sha1_base64="Lmc6b/hvLjeu6N7sUMmHN4TTXa4="></latexit><latexit sha1_base64="Lmc6b/hvLjeu6N7sUMmHN4TTXa4="></latexit><latexit sha1_base64="Lmc6b/hvLjeu6N7sUMmHN4TTXa4="></latexit><latexit sha1_base64="Lmc6b/hvLjeu6N7sUMmHN4TTXa4="></latexit>

{s3, a3}
<latexit sha1_base64="1u9BbiJ6MA3lGa3fom/EeydYUls="></latexit><latexit sha1_base64="1u9BbiJ6MA3lGa3fom/EeydYUls="></latexit><latexit sha1_base64="1u9BbiJ6MA3lGa3fom/EeydYUls="></latexit><latexit sha1_base64="1u9BbiJ6MA3lGa3fom/EeydYUls="></latexit>

⇡⇤ = argmin
⇡2⇧

NX

i=1

L(⇡(si), ai)
<latexit sha1_base64="uY08dSO2hnnMbaLW4dFChRUKgk8="></latexit><latexit sha1_base64="uY08dSO2hnnMbaLW4dFChRUKgk8="></latexit><latexit sha1_base64="uY08dSO2hnnMbaLW4dFChRUKgk8="></latexit><latexit sha1_base64="uY08dSO2hnnMbaLW4dFChRUKgk8="></latexit>

⇡ : s ! a
<latexit sha1_base64="pOgh/H/X3zk6nBQ6gV4lx/zQmoY="></latexit><latexit sha1_base64="pOgh/H/X3zk6nBQ6gV4lx/zQmoY="></latexit><latexit sha1_base64="pOgh/H/X3zk6nBQ6gV4lx/zQmoY="></latexit><latexit sha1_base64="pOgh/H/X3zk6nBQ6gV4lx/zQmoY="></latexit>

9 Source: Isola, Torralba, Freeman

(from an expert)
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d3 ♝b4+

♘f3 ♞c6

0-0 ♝xc3

!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>

Learner
<latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit>

Hypothesis space
<latexit sha1_base64="eatzax9Lxw9aIubBm3H5Hpcs6SA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4Kkkveix66bGC/YA2lM122i7dbMLupBBC/4kXD4p49Z9489+4bXPQ1gcDj/dmdmdemEhh0PO+na3tnd29/dJB+fDo+OTUPTtvmzjVHFo8lrHuhsyAFApaKFBCN9HAolBCJ5w+LPzODLQRsXrCLIEgYmMlRoIztNLAdRtZEuMEjDDUJIzDwK14VW8Jukn8glRIgebA/eoPY55GoJBLZkzP9xIMcqZRcAnzcj81YB+esjH0LFUsAhPky83n9NoqQzqKtS2FdKn+nshZZEwWhbYzYjgx695C/M/rpTi6C3KhkhRB8dVHo1RSjOkiBjoUGjjKzBLGtbC7Uj5hmnG0YZVtCP76yZukXav6XtV/rFXq90UcJXJJrsgN8cktqZMGaZIW4WRGnskreXNy58V5dz5WrVtOMXNB/sD5/AGmPJOl</latexit><latexit sha1_base64="eatzax9Lxw9aIubBm3H5Hpcs6SA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4Kkkveix66bGC/YA2lM122i7dbMLupBBC/4kXD4p49Z9489+4bXPQ1gcDj/dmdmdemEhh0PO+na3tnd29/dJB+fDo+OTUPTtvmzjVHFo8lrHuhsyAFApaKFBCN9HAolBCJ5w+LPzODLQRsXrCLIEgYmMlRoIztNLAdRtZEuMEjDDUJIzDwK14VW8Jukn8glRIgebA/eoPY55GoJBLZkzP9xIMcqZRcAnzcj81YB+esjH0LFUsAhPky83n9NoqQzqKtS2FdKn+nshZZEwWhbYzYjgx695C/M/rpTi6C3KhkhRB8dVHo1RSjOkiBjoUGjjKzBLGtbC7Uj5hmnG0YZVtCP76yZukXav6XtV/rFXq90UcJXJJrsgN8cktqZMGaZIW4WRGnskreXNy58V5dz5WrVtOMXNB/sD5/AGmPJOl</latexit><latexit sha1_base64="eatzax9Lxw9aIubBm3H5Hpcs6SA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4Kkkveix66bGC/YA2lM122i7dbMLupBBC/4kXD4p49Z9489+4bXPQ1gcDj/dmdmdemEhh0PO+na3tnd29/dJB+fDo+OTUPTtvmzjVHFo8lrHuhsyAFApaKFBCN9HAolBCJ5w+LPzODLQRsXrCLIEgYmMlRoIztNLAdRtZEuMEjDDUJIzDwK14VW8Jukn8glRIgebA/eoPY55GoJBLZkzP9xIMcqZRcAnzcj81YB+esjH0LFUsAhPky83n9NoqQzqKtS2FdKn+nshZZEwWhbYzYjgx695C/M/rpTi6C3KhkhRB8dVHo1RSjOkiBjoUGjjKzBLGtbC7Uj5hmnG0YZVtCP76yZukXav6XtV/rFXq90UcJXJJrsgN8cktqZMGaZIW4WRGnskreXNy58V5dz5WrVtOMXNB/sD5/AGmPJOl</latexit><latexit sha1_base64="eatzax9Lxw9aIubBm3H5Hpcs6SA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4Kkkveix66bGC/YA2lM122i7dbMLupBBC/4kXD4p49Z9489+4bXPQ1gcDj/dmdmdemEhh0PO+na3tnd29/dJB+fDo+OTUPTtvmzjVHFo8lrHuhsyAFApaKFBCN9HAolBCJ5w+LPzODLQRsXrCLIEgYmMlRoIztNLAdRtZEuMEjDDUJIzDwK14VW8Jukn8glRIgebA/eoPY55GoJBLZkzP9xIMcqZRcAnzcj81YB+esjH0LFUsAhPky83n9NoqQzqKtS2FdKn+nshZZEwWhbYzYjgx695C/M/rpTi6C3KhkhRB8dVHo1RSjOkiBjoUGjjKzBLGtbC7Uj5hmnG0YZVtCP76yZukXav6XtV/rFXq90UcJXJJrsgN8cktqZMGaZIW4WRGnskreXNy58V5dz5WrVtOMXNB/sD5/AGmPJOl</latexit>

Convolutional neural net

Optimizer
<latexit sha1_base64="/Q7rN/qnvHoGSnTYH75VuNiu5BA=">AAAB8XicbVA9SwNBEJ2LX/H8ilraHAbBKtyl0TJoY2cE84HJEfY2e8mS3b1jd06IIf/CxkIRW/+Nnf/GTXKFJj4YeLw3w8y8KBXcoO9/O4W19Y3NreK2u7O7t39QOjxqmiTTlDVoIhLdjohhgivWQI6CtVPNiIwEa0Wj65nfemTa8ETd4zhloSQDxWNOCVrpwb1NkUv+xHSvVPYr/hzeKglyUoYc9V7pq9tPaCaZQiqIMZ3ATzGcEI2cCjZ1u5lhKaEjMmAdSxWRzIST+cVT78wqfS9OtC2F3lz9PTEh0pixjGynJDg0y95M/M/rZBhfhhOu0gyZootFcSY8TLzZ+16fa0ZRjC0hVHN7q0eHRBOKNiTXhhAsv7xKmtVK4FeCu2q5dpXHUYQTOIVzCOACanADdWgABQXP8ApvjnFenHfnY9FacPKZY/gD5/MHThGQqQ==</latexit><latexit sha1_base64="/Q7rN/qnvHoGSnTYH75VuNiu5BA=">AAAB8XicbVA9SwNBEJ2LX/H8ilraHAbBKtyl0TJoY2cE84HJEfY2e8mS3b1jd06IIf/CxkIRW/+Nnf/GTXKFJj4YeLw3w8y8KBXcoO9/O4W19Y3NreK2u7O7t39QOjxqmiTTlDVoIhLdjohhgivWQI6CtVPNiIwEa0Wj65nfemTa8ETd4zhloSQDxWNOCVrpwb1NkUv+xHSvVPYr/hzeKglyUoYc9V7pq9tPaCaZQiqIMZ3ATzGcEI2cCjZ1u5lhKaEjMmAdSxWRzIST+cVT78wqfS9OtC2F3lz9PTEh0pixjGynJDg0y95M/M/rZBhfhhOu0gyZootFcSY8TLzZ+16fa0ZRjC0hVHN7q0eHRBOKNiTXhhAsv7xKmtVK4FeCu2q5dpXHUYQTOIVzCOACanADdWgABQXP8ApvjnFenHfnY9FacPKZY/gD5/MHThGQqQ==</latexit><latexit sha1_base64="/Q7rN/qnvHoGSnTYH75VuNiu5BA=">AAAB8XicbVA9SwNBEJ2LX/H8ilraHAbBKtyl0TJoY2cE84HJEfY2e8mS3b1jd06IIf/CxkIRW/+Nnf/GTXKFJj4YeLw3w8y8KBXcoO9/O4W19Y3NreK2u7O7t39QOjxqmiTTlDVoIhLdjohhgivWQI6CtVPNiIwEa0Wj65nfemTa8ETd4zhloSQDxWNOCVrpwb1NkUv+xHSvVPYr/hzeKglyUoYc9V7pq9tPaCaZQiqIMZ3ATzGcEI2cCjZ1u5lhKaEjMmAdSxWRzIST+cVT78wqfS9OtC2F3lz9PTEh0pixjGynJDg0y95M/M/rZBhfhhOu0gyZootFcSY8TLzZ+16fa0ZRjC0hVHN7q0eHRBOKNiTXhhAsv7xKmtVK4FeCu2q5dpXHUYQTOIVzCOACanADdWgABQXP8ApvjnFenHfnY9FacPKZY/gD5/MHThGQqQ==</latexit><latexit sha1_base64="/Q7rN/qnvHoGSnTYH75VuNiu5BA=">AAAB8XicbVA9SwNBEJ2LX/H8ilraHAbBKtyl0TJoY2cE84HJEfY2e8mS3b1jd06IIf/CxkIRW/+Nnf/GTXKFJj4YeLw3w8y8KBXcoO9/O4W19Y3NreK2u7O7t39QOjxqmiTTlDVoIhLdjohhgivWQI6CtVPNiIwEa0Wj65nfemTa8ETd4zhloSQDxWNOCVrpwb1NkUv+xHSvVPYr/hzeKglyUoYc9V7pq9tPaCaZQiqIMZ3ATzGcEI2cCjZ1u5lhKaEjMmAdSxWRzIST+cVT78wqfS9OtC2F3lz9PTEh0pixjGynJDg0y95M/M/rZBhfhhOu0gyZootFcSY8TLzZ+16fa0ZRjC0hVHN7q0eHRBOKNiTXhhAsv7xKmtVK4FeCu2q5dpXHUYQTOIVzCOACanADdWgABQXP8ApvjnFenHfnY9FacPKZY/gD5/MHThGQqQ==</latexit>

Stochastic gradient descent

!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit> ⇡

<latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit>

Imitation learning

s

<latexit sha1_base64="HZaHNdXgJAm9dVX1ZU1FJBvWQ7k="></latexit><latexit sha1_base64="HZaHNdXgJAm9dVX1ZU1FJBvWQ7k="></latexit><latexit sha1_base64="HZaHNdXgJAm9dVX1ZU1FJBvWQ7k="></latexit><latexit sha1_base64="HZaHNdXgJAm9dVX1ZU1FJBvWQ7k="></latexit> a
<latexit sha1_base64="LM2IFaOCLgSCI8OLbYHwaZcL0AY="></latexit><latexit sha1_base64="LM2IFaOCLgSCI8OLbYHwaZcL0AY="></latexit><latexit sha1_base64="LM2IFaOCLgSCI8OLbYHwaZcL0AY="></latexit><latexit sha1_base64="LM2IFaOCLgSCI8OLbYHwaZcL0AY="></latexit>

Objective
<latexit sha1_base64="c57iGHLvti0MXC7t5ZUgMsMgad8=">AAAB8XicbVA9TwJBFHyHX4hfqKXNRmJiRe5otCTa2ImJgBEuZG95Byt7e5fdPRJy4V/YWGiMrf/Gzn/jAlcoOMkmk5n3sm8mSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrF6CKhGwSU2DTcCHxKFNAoEtoPR9cxvj1FpHst7M0nQj+hA8pAzaqz0WLoNnpAZPsZeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuemxg/o8pwJnBa6qYaE8pGdIAdSyWNUPvZ/OIpObNKn4Sxsk8aMld/b2Q00noSBXYyomaol72Z+J/XSU146WdcJqlByRYfhakgJiaz+KTPlc0rJpZQpri9lbAhVZQZW1LJluAtR14lrVrVc6veXa1Sv8rrKMIJnMI5eHABdbiBBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kDEKeQgQ==</latexit><latexit sha1_base64="c57iGHLvti0MXC7t5ZUgMsMgad8=">AAAB8XicbVA9TwJBFHyHX4hfqKXNRmJiRe5otCTa2ImJgBEuZG95Byt7e5fdPRJy4V/YWGiMrf/Gzn/jAlcoOMkmk5n3sm8mSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrF6CKhGwSU2DTcCHxKFNAoEtoPR9cxvj1FpHst7M0nQj+hA8pAzaqz0WLoNnpAZPsZeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuemxg/o8pwJnBa6qYaE8pGdIAdSyWNUPvZ/OIpObNKn4Sxsk8aMld/b2Q00noSBXYyomaol72Z+J/XSU146WdcJqlByRYfhakgJiaz+KTPlc0rJpZQpri9lbAhVZQZW1LJluAtR14lrVrVc6veXa1Sv8rrKMIJnMI5eHABdbiBBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kDEKeQgQ==</latexit><latexit sha1_base64="c57iGHLvti0MXC7t5ZUgMsMgad8=">AAAB8XicbVA9TwJBFHyHX4hfqKXNRmJiRe5otCTa2ImJgBEuZG95Byt7e5fdPRJy4V/YWGiMrf/Gzn/jAlcoOMkmk5n3sm8mSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrF6CKhGwSU2DTcCHxKFNAoEtoPR9cxvj1FpHst7M0nQj+hA8pAzaqz0WLoNnpAZPsZeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuemxg/o8pwJnBa6qYaE8pGdIAdSyWNUPvZ/OIpObNKn4Sxsk8aMld/b2Q00noSBXYyomaol72Z+J/XSU146WdcJqlByRYfhakgJiaz+KTPlc0rJpZQpri9lbAhVZQZW1LJluAtR14lrVrVc6veXa1Sv8rrKMIJnMI5eHABdbiBBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kDEKeQgQ==</latexit><latexit sha1_base64="c57iGHLvti0MXC7t5ZUgMsMgad8=">AAAB8XicbVA9TwJBFHyHX4hfqKXNRmJiRe5otCTa2ImJgBEuZG95Byt7e5fdPRJy4V/YWGiMrf/Gzn/jAlcoOMkmk5n3sm8mSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrF6CKhGwSU2DTcCHxKFNAoEtoPR9cxvj1FpHst7M0nQj+hA8pAzaqz0WLoNnpAZPsZeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuemxg/o8pwJnBa6qYaE8pGdIAdSyWNUPvZ/OIpObNKn4Sxsk8aMld/b2Q00noSBXYyomaol72Z+J/XSU146WdcJqlByRYfhakgJiaz+KTPlc0rJpZQpri9lbAhVZQZW1LJluAtR14lrVrVc6veXa1Sv8rrKMIJnMI5eHABdbiBBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kDEKeQgQ==</latexit>

L(a,⇡(s)) = LCE(a,⇡(s))
<latexit sha1_base64="elMXr0lOZLiDqecUwnMjd9j6LqA=">AAACLnicbVDLSsNAFJ3UV62vqEs3g0VoQUqiBd0IxSK4cFHBPqAJYTKdtkNnkjAzEUroj/gVfoJb/QDBhbhw42c4abOorQcuHM65l3vv8SNGpbKsDyO3srq2vpHfLGxt7+zumfsHLRnGApMmDlkoOj6ShNGANBVVjHQiQRD3GWn7o3rqtx+JkDQMHtQ4Ii5Hg4D2KUZKS55ZdThSQ4xYcjcpoVPoRLQky2V4BecML6nfzLueWbQq1hRwmdgZKYIMDc/8dnohjjkJFGZIyq5tRcpNkFAUMzIpOLEkEcIjNCBdTQPEiXST6XcTeKKVHuyHQleg4FSdn0gQl3LMfd2ZniwXvVT81/N9vrBa9S/dhAZRrEiAZ5v7MYMqhGl2sEcFwYqNNUFYUH08xEMkEFY64YJOxV7MYJm0zir2ecW6rxZr11k+eXAEjkEJ2OAC1MAtaIAmwOAJvIBX8GY8G+/Gp/E1a80Z2cwh+APj5xcMOKcB</latexit>

⇡(s) = softmax(g✓(s))
<latexit sha1_base64="JQdskkOmPWFs4i0XgCoRyPyNqpE="></latexit><latexit sha1_base64="JQdskkOmPWFs4i0XgCoRyPyNqpE="></latexit><latexit sha1_base64="JQdskkOmPWFs4i0XgCoRyPyNqpE="></latexit><latexit sha1_base64="JQdskkOmPWFs4i0XgCoRyPyNqpE="></latexit>

10 Source: Isola, Torralba, Freeman



From images to actions


+ auxiliary measurements, e.g. speed.

+ a goal capturing expert’s intentions, 

e.g. “Turn right at the next intersection.”

[See Codevilla et al., “End-to-end driving via conditional imitation learning”, 2018]11



Imitation learning


12



Imitation learning


13



Exploiting other knowledge


[See Zhou et al., “Does computer vision matter for action?”, 2019]

• Can use mid-level representations like 
depth, motion.


• Or do transfer learning from pretrained net

14



Reinforcement learning

What’s a good policy? (what’s the learning objective?)

!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>

Learner
<latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit>

!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>

Policy

· · ·<latexit sha1_base64="RfCl7LRjDTF2wV2QrwMv2geHxdE=">AAACQHicfZDLSgMxFIYzXmu969LNYBVEpMyIoEtRF27ECrYKnSJn0tMazSRDckYsQ9/BrT6Ob+EbuBO3rkxrBW94IPDxnz/JOX+cSmEpCJ68oeGR0bHxwkRxcmp6ZnZufqFmdWY4VrmW2pzHYFEKhVUSJPE8NQhJLPEsvt7v9c9u0Fih1Sl1Umwk0FaiJTiQk2oRb2qyF3OloBz0y/8N4QBKbFCVi3lvJWpqniWoiEuwth4GKTVyMCS4xG4xyiymwK+hjXWHChK0jbw/btdfdUrTb2njjiK/r369kUNibSeJnTMBurQ/ez3xr149o9ZOIxcqzQgV//iolUmftN/b3W8Kg5xkxwFwI9ysPr8EA5xcQsVidIBuGYNH7uHjFA2QNut5BKadwG3XLdeONnr0n1GoT6Mjl2v4M8XfUNssh0E5PNkq7e4NEi6wJbbM1ljIttkuO2QVVmWcXbE7ds8evEfv2XvxXj+sQ97gziL7Vt7bOwxmr/I=</latexit><latexit sha1_base64="RfCl7LRjDTF2wV2QrwMv2geHxdE=">AAACQHicfZDLSgMxFIYzXmu969LNYBVEpMyIoEtRF27ECrYKnSJn0tMazSRDckYsQ9/BrT6Ob+EbuBO3rkxrBW94IPDxnz/JOX+cSmEpCJ68oeGR0bHxwkRxcmp6ZnZufqFmdWY4VrmW2pzHYFEKhVUSJPE8NQhJLPEsvt7v9c9u0Fih1Sl1Umwk0FaiJTiQk2oRb2qyF3OloBz0y/8N4QBKbFCVi3lvJWpqniWoiEuwth4GKTVyMCS4xG4xyiymwK+hjXWHChK0jbw/btdfdUrTb2njjiK/r369kUNibSeJnTMBurQ/ez3xr149o9ZOIxcqzQgV//iolUmftN/b3W8Kg5xkxwFwI9ysPr8EA5xcQsVidIBuGYNH7uHjFA2QNut5BKadwG3XLdeONnr0n1GoT6Mjl2v4M8XfUNssh0E5PNkq7e4NEi6wJbbM1ljIttkuO2QVVmWcXbE7ds8evEfv2XvxXj+sQ97gziL7Vt7bOwxmr/I=</latexit><latexit sha1_base64="RfCl7LRjDTF2wV2QrwMv2geHxdE=">AAACQHicfZDLSgMxFIYzXmu969LNYBVEpMyIoEtRF27ECrYKnSJn0tMazSRDckYsQ9/BrT6Ob+EbuBO3rkxrBW94IPDxnz/JOX+cSmEpCJ68oeGR0bHxwkRxcmp6ZnZufqFmdWY4VrmW2pzHYFEKhVUSJPE8NQhJLPEsvt7v9c9u0Fih1Sl1Umwk0FaiJTiQk2oRb2qyF3OloBz0y/8N4QBKbFCVi3lvJWpqniWoiEuwth4GKTVyMCS4xG4xyiymwK+hjXWHChK0jbw/btdfdUrTb2njjiK/r369kUNibSeJnTMBurQ/ez3xr149o9ZOIxcqzQgV//iolUmftN/b3W8Kg5xkxwFwI9ysPr8EA5xcQsVidIBuGYNH7uHjFA2QNut5BKadwG3XLdeONnr0n1GoT6Mjl2v4M8XfUNssh0E5PNkq7e4NEi6wJbbM1ljIttkuO2QVVmWcXbE7ds8evEfv2XvxXj+sQ97gziL7Vt7bOwxmr/I=</latexit><latexit sha1_base64="RfCl7LRjDTF2wV2QrwMv2geHxdE=">AAACQHicfZDLSgMxFIYzXmu969LNYBVEpMyIoEtRF27ECrYKnSJn0tMazSRDckYsQ9/BrT6Ob+EbuBO3rkxrBW94IPDxnz/JOX+cSmEpCJ68oeGR0bHxwkRxcmp6ZnZufqFmdWY4VrmW2pzHYFEKhVUSJPE8NQhJLPEsvt7v9c9u0Fih1Sl1Umwk0FaiJTiQk2oRb2qyF3OloBz0y/8N4QBKbFCVi3lvJWpqniWoiEuwth4GKTVyMCS4xG4xyiymwK+hjXWHChK0jbw/btdfdUrTb2njjiK/r369kUNibSeJnTMBurQ/ez3xr149o9ZOIxcqzQgV//iolUmftN/b3W8Kg5xkxwFwI9ysPr8EA5xcQsVidIBuGYNH7uHjFA2QNut5BKadwG3XLdeONnr0n1GoT6Mjl2v4M8XfUNssh0E5PNkq7e4NEi6wJbbM1ljIttkuO2QVVmWcXbE7ds8evEfv2XvxXj+sQ97gziL7Vt7bOwxmr/I=</latexit>

Data
<latexit sha1_base64="JBVYqSF/rw/LYNw7geXAXdbqckU=">AAACP3icfZDPSsNAEMY3/jf+q3r0EiyCiJSkFz0W9eBFVLBWaIpMttN2cbMJuxOxhL6CV30dH8Mn8CZevbmpFdSKAws/vvl2d+aLUikM+f6zMzE5NT0zOzfvLiwuLa+UVtcuTZJpjnWeyERfRWBQCoV1EiTxKtUIcSSxEd0cFv3GLWojEnVB/RRbMXSV6AgOVEhHQHBdKvsVf1jeOAQjKLNRnV2vOlthO+FZjIq4BGOagZ9SKwdNgkscuGFmMAV+A11sWlQQo2nlw2EH3pZV2l4n0fYo8obq9xs5xMb048g6Y6Ce+d0rxL96zYw6+61cqDQjVPzzo04mPUq8YnOvLTRykn0LwLWws3q8Bxo42XxcNzxCu4zGE/vwaYoaKNE7eQi6G8PdwC7XDXcL+s8o1JfRkmuDDX7HOA6X1UrgV4Lzarl2MIp4jm2wTbbNArbHauyYnbE646zH7tkDe3SenBfn1Xn7tE44ozvr7Ec57x+LjK7t</latexit><latexit sha1_base64="JBVYqSF/rw/LYNw7geXAXdbqckU=">AAACP3icfZDPSsNAEMY3/jf+q3r0EiyCiJSkFz0W9eBFVLBWaIpMttN2cbMJuxOxhL6CV30dH8Mn8CZevbmpFdSKAws/vvl2d+aLUikM+f6zMzE5NT0zOzfvLiwuLa+UVtcuTZJpjnWeyERfRWBQCoV1EiTxKtUIcSSxEd0cFv3GLWojEnVB/RRbMXSV6AgOVEhHQHBdKvsVf1jeOAQjKLNRnV2vOlthO+FZjIq4BGOagZ9SKwdNgkscuGFmMAV+A11sWlQQo2nlw2EH3pZV2l4n0fYo8obq9xs5xMb048g6Y6Ce+d0rxL96zYw6+61cqDQjVPzzo04mPUq8YnOvLTRykn0LwLWws3q8Bxo42XxcNzxCu4zGE/vwaYoaKNE7eQi6G8PdwC7XDXcL+s8o1JfRkmuDDX7HOA6X1UrgV4Lzarl2MIp4jm2wTbbNArbHauyYnbE646zH7tkDe3SenBfn1Xn7tE44ozvr7Ec57x+LjK7t</latexit><latexit sha1_base64="JBVYqSF/rw/LYNw7geXAXdbqckU=">AAACP3icfZDPSsNAEMY3/jf+q3r0EiyCiJSkFz0W9eBFVLBWaIpMttN2cbMJuxOxhL6CV30dH8Mn8CZevbmpFdSKAws/vvl2d+aLUikM+f6zMzE5NT0zOzfvLiwuLa+UVtcuTZJpjnWeyERfRWBQCoV1EiTxKtUIcSSxEd0cFv3GLWojEnVB/RRbMXSV6AgOVEhHQHBdKvsVf1jeOAQjKLNRnV2vOlthO+FZjIq4BGOagZ9SKwdNgkscuGFmMAV+A11sWlQQo2nlw2EH3pZV2l4n0fYo8obq9xs5xMb048g6Y6Ce+d0rxL96zYw6+61cqDQjVPzzo04mPUq8YnOvLTRykn0LwLWws3q8Bxo42XxcNzxCu4zGE/vwaYoaKNE7eQi6G8PdwC7XDXcL+s8o1JfRkmuDDX7HOA6X1UrgV4Lzarl2MIp4jm2wTbbNArbHauyYnbE646zH7tkDe3SenBfn1Xn7tE44ozvr7Ec57x+LjK7t</latexit><latexit sha1_base64="JBVYqSF/rw/LYNw7geXAXdbqckU=">AAACP3icfZDPSsNAEMY3/jf+q3r0EiyCiJSkFz0W9eBFVLBWaIpMttN2cbMJuxOxhL6CV30dH8Mn8CZevbmpFdSKAws/vvl2d+aLUikM+f6zMzE5NT0zOzfvLiwuLa+UVtcuTZJpjnWeyERfRWBQCoV1EiTxKtUIcSSxEd0cFv3GLWojEnVB/RRbMXSV6AgOVEhHQHBdKvsVf1jeOAQjKLNRnV2vOlthO+FZjIq4BGOagZ9SKwdNgkscuGFmMAV+A11sWlQQo2nlw2EH3pZV2l4n0fYo8obq9xs5xMb048g6Y6Ce+d0rxL96zYw6+61cqDQjVPzzo04mPUq8YnOvLTRykn0LwLWws3q8Bxo42XxcNzxCu4zGE/vwaYoaKNE7eQi6G8PdwC7XDXcL+s8o1JfRkmuDDX7HOA6X1UrgV4Lzarl2MIp4jm2wTbbNArbHauyYnbE646zH7tkDe3SenBfn1Xn7tE44ozvr7Ec57x+LjK7t</latexit>

{⌧1, R1}
<latexit sha1_base64="vHKnyo0OswAfGjwMk/5KNvtueOU=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkoigi6LblxWsQ9oQphMJ+3QySTMQ6ihX+LGhSJu/RR3/o3Tx0JbD1w4nHMv994T55wp7Xnfzsrq2vrGZmmrvL2zu1dx9w9aKjOS0CbJeCY7MVaUM0GbmmlOO7mkOI05bcfDm4nffqRSsUw86FFOwxT3BUsYwdpKkVsJikBjE/ln6D7yg3HkVr2aNwVaJv6cVGGORuR+Bb2MmJQKTThWqut7uQ4LLDUjnI7LgVE0x2SI+7RrqcApVWExPXyMTqzSQ0kmbQmNpurviQKnSo3S2HamWA/UojcR//O6RidXYcFEbjQVZLYoMRzpDE1SQD0mKdF8ZAkmktlbERlgiYm2WZVtCP7iy8ukdV7zvZp/d1GtX8/jKMERHMMp+HAJdbiFBjSBgIFneIU358l5cd6dj1nrijOfOYQ/cD5/AIW2klU=</latexit><latexit sha1_base64="vHKnyo0OswAfGjwMk/5KNvtueOU=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkoigi6LblxWsQ9oQphMJ+3QySTMQ6ihX+LGhSJu/RR3/o3Tx0JbD1w4nHMv994T55wp7Xnfzsrq2vrGZmmrvL2zu1dx9w9aKjOS0CbJeCY7MVaUM0GbmmlOO7mkOI05bcfDm4nffqRSsUw86FFOwxT3BUsYwdpKkVsJikBjE/ln6D7yg3HkVr2aNwVaJv6cVGGORuR+Bb2MmJQKTThWqut7uQ4LLDUjnI7LgVE0x2SI+7RrqcApVWExPXyMTqzSQ0kmbQmNpurviQKnSo3S2HamWA/UojcR//O6RidXYcFEbjQVZLYoMRzpDE1SQD0mKdF8ZAkmktlbERlgiYm2WZVtCP7iy8ukdV7zvZp/d1GtX8/jKMERHMMp+HAJdbiFBjSBgIFneIU358l5cd6dj1nrijOfOYQ/cD5/AIW2klU=</latexit><latexit sha1_base64="vHKnyo0OswAfGjwMk/5KNvtueOU=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkoigi6LblxWsQ9oQphMJ+3QySTMQ6ihX+LGhSJu/RR3/o3Tx0JbD1w4nHMv994T55wp7Xnfzsrq2vrGZmmrvL2zu1dx9w9aKjOS0CbJeCY7MVaUM0GbmmlOO7mkOI05bcfDm4nffqRSsUw86FFOwxT3BUsYwdpKkVsJikBjE/ln6D7yg3HkVr2aNwVaJv6cVGGORuR+Bb2MmJQKTThWqut7uQ4LLDUjnI7LgVE0x2SI+7RrqcApVWExPXyMTqzSQ0kmbQmNpurviQKnSo3S2HamWA/UojcR//O6RidXYcFEbjQVZLYoMRzpDE1SQD0mKdF8ZAkmktlbERlgiYm2WZVtCP7iy8ukdV7zvZp/d1GtX8/jKMERHMMp+HAJdbiFBjSBgIFneIU358l5cd6dj1nrijOfOYQ/cD5/AIW2klU=</latexit><latexit sha1_base64="vHKnyo0OswAfGjwMk/5KNvtueOU=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkoigi6LblxWsQ9oQphMJ+3QySTMQ6ihX+LGhSJu/RR3/o3Tx0JbD1w4nHMv994T55wp7Xnfzsrq2vrGZmmrvL2zu1dx9w9aKjOS0CbJeCY7MVaUM0GbmmlOO7mkOI05bcfDm4nffqRSsUw86FFOwxT3BUsYwdpKkVsJikBjE/ln6D7yg3HkVr2aNwVaJv6cVGGORuR+Bb2MmJQKTThWqut7uQ4LLDUjnI7LgVE0x2SI+7RrqcApVWExPXyMTqzSQ0kmbQmNpurviQKnSo3S2HamWA/UojcR//O6RidXYcFEbjQVZLYoMRzpDE1SQD0mKdF8ZAkmktlbERlgiYm2WZVtCP7iy8ukdV7zvZp/d1GtX8/jKMERHMMp+HAJdbiFBjSBgIFneIU358l5cd6dj1nrijOfOYQ/cD5/AIW2klU=</latexit>

{⌧2, R2}
<latexit sha1_base64="Jo0vDlLlibYkYoIxJJazCTXBl+E=">AAAB+HicbVDJSgNBEK2JW4xLRj16aQyCBwkzQdBj0IvHKGaBzDD0dHqSJj0LvQhxyJd48aCIVz/Fm39jJ5mDJj4oeLxXRVW9MONMKsf5tkpr6xubW+Xtys7u3n7VPjjsyFQLQtsk5anohVhSzhLaVkxx2ssExXHIaTcc38z87iMVkqXJg5pk1I/xMGERI1gZKbCrXu4prIPGOboPGt40sGtO3ZkDrRK3IDUo0ArsL2+QEh3TRBGOpey7Tqb8HAvFCKfTiqclzTAZ4yHtG5rgmEo/nx8+RadGGaAoFaYShebq74kcx1JO4tB0xliN5LI3E//z+lpFV37OkkwrmpDFokhzpFI0SwENmKBE8YkhmAhmbkVkhAUmymRVMSG4yy+vkk6j7jp19+6i1rwu4ijDMZzAGbhwCU24hRa0gYCGZ3iFN+vJerHerY9Fa8kqZo7gD6zPH4jHklc=</latexit><latexit sha1_base64="Jo0vDlLlibYkYoIxJJazCTXBl+E=">AAAB+HicbVDJSgNBEK2JW4xLRj16aQyCBwkzQdBj0IvHKGaBzDD0dHqSJj0LvQhxyJd48aCIVz/Fm39jJ5mDJj4oeLxXRVW9MONMKsf5tkpr6xubW+Xtys7u3n7VPjjsyFQLQtsk5anohVhSzhLaVkxx2ssExXHIaTcc38z87iMVkqXJg5pk1I/xMGERI1gZKbCrXu4prIPGOboPGt40sGtO3ZkDrRK3IDUo0ArsL2+QEh3TRBGOpey7Tqb8HAvFCKfTiqclzTAZ4yHtG5rgmEo/nx8+RadGGaAoFaYShebq74kcx1JO4tB0xliN5LI3E//z+lpFV37OkkwrmpDFokhzpFI0SwENmKBE8YkhmAhmbkVkhAUmymRVMSG4yy+vkk6j7jp19+6i1rwu4ijDMZzAGbhwCU24hRa0gYCGZ3iFN+vJerHerY9Fa8kqZo7gD6zPH4jHklc=</latexit><latexit sha1_base64="Jo0vDlLlibYkYoIxJJazCTXBl+E=">AAAB+HicbVDJSgNBEK2JW4xLRj16aQyCBwkzQdBj0IvHKGaBzDD0dHqSJj0LvQhxyJd48aCIVz/Fm39jJ5mDJj4oeLxXRVW9MONMKsf5tkpr6xubW+Xtys7u3n7VPjjsyFQLQtsk5anohVhSzhLaVkxx2ssExXHIaTcc38z87iMVkqXJg5pk1I/xMGERI1gZKbCrXu4prIPGOboPGt40sGtO3ZkDrRK3IDUo0ArsL2+QEh3TRBGOpey7Tqb8HAvFCKfTiqclzTAZ4yHtG5rgmEo/nx8+RadGGaAoFaYShebq74kcx1JO4tB0xliN5LI3E//z+lpFV37OkkwrmpDFokhzpFI0SwENmKBE8YkhmAhmbkVkhAUmymRVMSG4yy+vkk6j7jp19+6i1rwu4ijDMZzAGbhwCU24hRa0gYCGZ3iFN+vJerHerY9Fa8kqZo7gD6zPH4jHklc=</latexit><latexit sha1_base64="Jo0vDlLlibYkYoIxJJazCTXBl+E=">AAAB+HicbVDJSgNBEK2JW4xLRj16aQyCBwkzQdBj0IvHKGaBzDD0dHqSJj0LvQhxyJd48aCIVz/Fm39jJ5mDJj4oeLxXRVW9MONMKsf5tkpr6xubW+Xtys7u3n7VPjjsyFQLQtsk5anohVhSzhLaVkxx2ssExXHIaTcc38z87iMVkqXJg5pk1I/xMGERI1gZKbCrXu4prIPGOboPGt40sGtO3ZkDrRK3IDUo0ArsL2+QEh3TRBGOpey7Tqb8HAvFCKfTiqclzTAZ4yHtG5rgmEo/nx8+RadGGaAoFaYShebq74kcx1JO4tB0xliN5LI3E//z+lpFV37OkkwrmpDFokhzpFI0SwENmKBE8YkhmAhmbkVkhAUmymRVMSG4yy+vkk6j7jp19+6i1rwu4ijDMZzAGbhwCU24hRa0gYCGZ3iFN+vJerHerY9Fa8kqZo7gD6zPH4jHklc=</latexit>

{⌧3, R3}
<latexit sha1_base64="IjkG8zF4Ehguy5pJxY3F55Y8mkI=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5TECnosevFYxX5AE8Jmu2mXbjZhdyLU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhangGhzn21pZXVvf2Cxtlbd3dvcq9v5BWyeZoqxFE5Gobkg0E1yyFnAQrJsqRuJQsE44upn6nUemNE/kA4xT5sdkIHnEKQEjBXbFyz0gWVA/w/dB3ZsEdtWpOTPgZeIWpIoKNAP7y+snNIuZBCqI1j3XScHPiQJOBZuUvUyzlNARGbCeoZLETPv57PAJPjFKH0eJMiUBz9TfEzmJtR7HoemMCQz1ojcV//N6GURXfs5lmgGTdL4oygSGBE9TwH2uGAUxNoRQxc2tmA6JIhRMVmUTgrv48jJpn9dcp+beXVQb10UcJXSEjtEpctElaqBb1EQtRFGGntErerOerBfr3fqYt65Yxcwh+gPr8weL2JJZ</latexit><latexit sha1_base64="IjkG8zF4Ehguy5pJxY3F55Y8mkI=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5TECnosevFYxX5AE8Jmu2mXbjZhdyLU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhangGhzn21pZXVvf2Cxtlbd3dvcq9v5BWyeZoqxFE5Gobkg0E1yyFnAQrJsqRuJQsE44upn6nUemNE/kA4xT5sdkIHnEKQEjBXbFyz0gWVA/w/dB3ZsEdtWpOTPgZeIWpIoKNAP7y+snNIuZBCqI1j3XScHPiQJOBZuUvUyzlNARGbCeoZLETPv57PAJPjFKH0eJMiUBz9TfEzmJtR7HoemMCQz1ojcV//N6GURXfs5lmgGTdL4oygSGBE9TwH2uGAUxNoRQxc2tmA6JIhRMVmUTgrv48jJpn9dcp+beXVQb10UcJXSEjtEpctElaqBb1EQtRFGGntErerOerBfr3fqYt65Yxcwh+gPr8weL2JJZ</latexit><latexit sha1_base64="IjkG8zF4Ehguy5pJxY3F55Y8mkI=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5TECnosevFYxX5AE8Jmu2mXbjZhdyLU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhangGhzn21pZXVvf2Cxtlbd3dvcq9v5BWyeZoqxFE5Gobkg0E1yyFnAQrJsqRuJQsE44upn6nUemNE/kA4xT5sdkIHnEKQEjBXbFyz0gWVA/w/dB3ZsEdtWpOTPgZeIWpIoKNAP7y+snNIuZBCqI1j3XScHPiQJOBZuUvUyzlNARGbCeoZLETPv57PAJPjFKH0eJMiUBz9TfEzmJtR7HoemMCQz1ojcV//N6GURXfs5lmgGTdL4oygSGBE9TwH2uGAUxNoRQxc2tmA6JIhRMVmUTgrv48jJpn9dcp+beXVQb10UcJXSEjtEpctElaqBb1EQtRFGGntErerOerBfr3fqYt65Yxcwh+gPr8weL2JJZ</latexit><latexit sha1_base64="IjkG8zF4Ehguy5pJxY3F55Y8mkI=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5TECnosevFYxX5AE8Jmu2mXbjZhdyLU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhangGhzn21pZXVvf2Cxtlbd3dvcq9v5BWyeZoqxFE5Gobkg0E1yyFnAQrJsqRuJQsE44upn6nUemNE/kA4xT5sdkIHnEKQEjBXbFyz0gWVA/w/dB3ZsEdtWpOTPgZeIWpIoKNAP7y+snNIuZBCqI1j3XScHPiQJOBZuUvUyzlNARGbCeoZLETPv57PAJPjFKH0eJMiUBz9TfEzmJtR7HoemMCQz1ojcV//N6GURXfs5lmgGTdL4oygSGBE9TwH2uGAUxNoRQxc2tmA6JIhRMVmUTgrv48jJpn9dcp+beXVQb10UcJXSEjtEpctElaqBb1EQtRFGGntErerOerBfr3fqYt65Yxcwh+gPr8weL2JJZ</latexit>

Behavior 
(“Trajectory”)

Score

(“Return”)

⇡ : s ! a
<latexit sha1_base64="4zATqqmXcscwce6Vmq+HtbRAYqs=">AAAB/XicbVDLSsNAFL3xWeMrPnZuBovgqiRuFEEsunFZwT6gCWUynbRDJ5MwM1FqKPopblwo4tZPcO/Ov3H6WGjrgQuHc+7l3nvClDOlXffbmptfWFxaLqzYq2vrG5vO1nZNJZkktEoSnshGiBXlTNCqZprTRiopjkNO62HvcujXb6lULBE3up/SIMYdwSJGsDZSy9n1U3aKFPIl63Q1ljK5Q7jlFN2SOwKaJd6EFM8/7bNHAKi0nC+/nZAspkITjpVqem6qgxxLzQinA9vPFE0x6eEObRoqcExVkI+uH6ADo7RRlEhTQqOR+nsix7FS/Tg0nTHWXTXtDcX/vGamo5MgZyLNNBVkvCjKONIJGkaB2kxSonnfEEwkM7ci0sUSE20Cs00I3vTLs6R2VPLcknftFssXMEYB9mAfDsGDYyjDFVSgCgTu4Qle4NV6sJ6tN+t93DpnTWZ24A+sjx8h+ZaE</latexit><latexit sha1_base64="iBwcOsiyCtMWj0rlSpiyszXewGQ=">AAAB/XicbVDLSgMxFM3UVx1f42PnJlgEV2XGjSKIRTcuK9gHdErJpJk2NJOEJKPUofgrgrhQxK2f4N6N+Demj4W2HrhwOOde7r0nkoxq4/vfTm5ufmFxKb/srqyurW94m1tVLVKFSQULJlQ9QpowyknFUMNIXSqCkoiRWtS7GPq1G6I0Ffza9CVpJqjDaUwxMlZqeTuhpCdQw1DRTtcgpcQtRC2v4Bf9EeAsCSakcPbhnsrHL7fc8j7DtsBpQrjBDGndCHxpmhlShmJGBm6YaiIR7qEOaVjKUUJ0MxtdP4D7VmnDWChb3MCR+nsiQ4nW/SSynQkyXT3tDcX/vEZq4uNmRrlMDeF4vChOGTQCDqOAbaoINqxvCcKK2lsh7iKFsLGBuTaEYPrlWVI9LAZ+MbjyC6VzMEYe7II9cAACcARK4BKUQQVgcAcewDN4ce6dJ+fVeRu35pzJzDb4A+f9BxOIl/g=</latexit><latexit sha1_base64="iBwcOsiyCtMWj0rlSpiyszXewGQ=">AAAB/XicbVDLSgMxFM3UVx1f42PnJlgEV2XGjSKIRTcuK9gHdErJpJk2NJOEJKPUofgrgrhQxK2f4N6N+Demj4W2HrhwOOde7r0nkoxq4/vfTm5ufmFxKb/srqyurW94m1tVLVKFSQULJlQ9QpowyknFUMNIXSqCkoiRWtS7GPq1G6I0Ffza9CVpJqjDaUwxMlZqeTuhpCdQw1DRTtcgpcQtRC2v4Bf9EeAsCSakcPbhnsrHL7fc8j7DtsBpQrjBDGndCHxpmhlShmJGBm6YaiIR7qEOaVjKUUJ0MxtdP4D7VmnDWChb3MCR+nsiQ4nW/SSynQkyXT3tDcX/vEZq4uNmRrlMDeF4vChOGTQCDqOAbaoINqxvCcKK2lsh7iKFsLGBuTaEYPrlWVI9LAZ+MbjyC6VzMEYe7II9cAACcARK4BKUQQVgcAcewDN4ce6dJ+fVeRu35pzJzDb4A+f9BxOIl/g=</latexit><latexit sha1_base64="x5onKPeF2T9686cDoAMJI3UQHg8=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPJXEi+Kp6MVjBdsKTSib7aZdutkNuxOlhuJf8eJBEa/+D2/+G7dtDtr6YODx3gwz86JUcAOe9+2UlpZXVtfK65WNza3tHXd3r2VUpilrUiWUvouIYYJL1gQOgt2lmpEkEqwdDa8mfvueacOVvIVRysKE9CWPOSVgpa57EKT8AhscaN4fANFaPWDSdatezZsCLxK/IFVUoNF1v4KeolnCJFBBjOn4XgphTjRwKti4EmSGpYQOSZ91LJUkYSbMp9eP8bFVejhW2pYEPFV/T+QkMWaURLYzITAw895E/M/rZBCfhzmXaQZM0tmiOBMYFJ5EgXtcMwpiZAmhmttbMR0QTSjYwCo2BH/+5UXSOq35Xs2/8ar1yyKOMjpER+gE+egM1dE1aqAmougRPaNX9OY8OS/Ou/Mxay05xcw++gPn8weyspS3</latexit>

⌧ = {s1, a1, s2, a2, . . .}
<latexit sha1_base64="X0pgYmu+6YdkA5N4z3EZaEkulck=">AAACDnicbVC7SgNBFL0bXzG+opY2gyEgKGE3jTZC0MYygnlANiyzk0kyZPbBzF0hLPkCGz/BX7CxUMTW2s6/cTZJoYkH5nI4517u3OPHUmi07W8rt7K6tr6R3yxsbe/s7hX3D5o6ShTjDRbJSLV9qrkUIW+gQMnbseI08CVv+aPrzG/dc6VFFN7hOObdgA5C0ReMopG8YtlFmpBL4qbac84IzYr2qhkzxZW9CLU78Yolu2JPQZaJMyel2rF7+gQAda/45fYilgQ8RCap1h3HjrGbUoWCST4puInmMWUjOuAdQ0MacN1Np+dMSNkoPdKPlHkhkqn6eyKlgdbjwDedAcWhXvQy8T+vk2D/opuKME6Qh2y2qJ9IghHJsiE9oThDOTaEMiXMXwkbUkUZmgQLJgRn8eRl0qxWHLvi3Jo0rmCGPBzBMZyAA+dQgxuoQwMYPMAzvMKb9Wi9WO/Wx6w1Z81nDuEPrM8fDmqbEQ==</latexit><latexit sha1_base64="vs7s1IoOHVPfX+VvqMVkiN+p+rQ=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2Q0JAUMJuGm2EoI1lBPOA7LLMTibJkNkHM3eFZckX2Fj4IzYWitha2+VvnE1SaOKBuRzOuZc79/ix4Aosa2oU1tY3NreK26Wd3b39A/PwqK2iRFLWopGIZNcnigkeshZwEKwbS0YCX7COP77J/c4Dk4pH4T2kMXMDMgz5gFMCWvLMqgMkwVfYyZRnn2OSF+XVc6aLI/oRKGfimRWrZs2AV4m9IJVG2Tl7njbSpmd+O/2IJgELgQqiVM+2YnAzIoFTwSYlJ1EsJnRMhqynaUgCptxsds4EV7XSx4NI6hcCnqm/JzISKJUGvu4MCIzUspeL/3m9BAaXbsbDOAEW0vmiQSIwRDjPBve5ZBREqgmhkuu/YjoiklDQCZZ0CPbyyaukXa/ZVs2+02lcozmK6ASV0Smy0QVqoFvURC1E0SN6QW/o3XgyXo0P43PeWjAWM8foD4yvHxfUnJc=</latexit><latexit sha1_base64="vs7s1IoOHVPfX+VvqMVkiN+p+rQ=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2Q0JAUMJuGm2EoI1lBPOA7LLMTibJkNkHM3eFZckX2Fj4IzYWitha2+VvnE1SaOKBuRzOuZc79/ix4Aosa2oU1tY3NreK26Wd3b39A/PwqK2iRFLWopGIZNcnigkeshZwEKwbS0YCX7COP77J/c4Dk4pH4T2kMXMDMgz5gFMCWvLMqgMkwVfYyZRnn2OSF+XVc6aLI/oRKGfimRWrZs2AV4m9IJVG2Tl7njbSpmd+O/2IJgELgQqiVM+2YnAzIoFTwSYlJ1EsJnRMhqynaUgCptxsds4EV7XSx4NI6hcCnqm/JzISKJUGvu4MCIzUspeL/3m9BAaXbsbDOAEW0vmiQSIwRDjPBve5ZBREqgmhkuu/YjoiklDQCZZ0CPbyyaukXa/ZVs2+02lcozmK6ASV0Smy0QVqoFvURC1E0SN6QW/o3XgyXo0P43PeWjAWM8foD4yvHxfUnJc=</latexit><latexit sha1_base64="WXvmFCCKhw1dzARwIMXKeuidMI0=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgQkrSjW6EohuXFewDmhAmk0k7dPJg5kYooV/gxl9x40IRt67d+TdO2iy09cBcDufcy517/FRwBZb1bVTW1jc2t6rbtZ3dvf0D8/Cop5JMUtaliUjkwCeKCR6zLnAQbJBKRiJfsL4/uSn8/gOTiifxPUxT5kZkFPOQUwJa8syGAyTDV9jJlWefY1IU5bUKposjggSUM/PMutW05sCrxC5JHZXoeOaXEyQ0i1gMVBClhraVgpsTCZwKNqs5mWIpoRMyYkNNYxIx5ebzc2a4oZUAh4nULwY8V39P5CRSahr5ujMiMFbLXiH+5w0zCC/dnMdpBiymi0VhJjAkuMgGB1wyCmKqCaGS679iOiaSUNAJ1nQI9vLJq6TXatpW076z6u3rMo4qOkGn6AzZ6AK10S3qoC6i6BE9o1f0ZjwZL8a78bForRjlzDH6A+PzB/vcmYg=</latexit>

15 Source: Isola, Torralba, Freeman



Policy

Environment

Observations Actions

Reinforcement learning

Rewards

Learn a policy that takes actions that maximize reward
16 Source: Isola, Torralba, Freeman



Imitation learning Reinforcement learning

Hand-curated training data

+ Instructive examples

+ Follows a curriculum

- Expensive

- Limited to teacher’s knowledge


No training data, have to play around 
and collect the data yourself

+ No need for labeled data

+ Can learn things no human knows 
how to do

- Less instructive

- No curriculum

- Have to explore


17 Source: Isola, Torralba, Freeman



Environment

State, Reward Actions

Policy

f : st, at ! st+1
<latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit><latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit><latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit><latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit>

⇡ : st ! at
<latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit><latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit><latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit><latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit>

at
<latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit><latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit><latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit><latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit>

Reinforcement learning

st+1, rt
<latexit sha1_base64="L/L/zDvfmrzOUaMpB9+Lr8pe+uE="></latexit><latexit sha1_base64="L/L/zDvfmrzOUaMpB9+Lr8pe+uE="></latexit><latexit sha1_base64="L/L/zDvfmrzOUaMpB9+Lr8pe+uE="></latexit><latexit sha1_base64="L/L/zDvfmrzOUaMpB9+Lr8pe+uE="></latexit>

Reinforcement learning

18 Source: Isola, Torralba, Freeman



Environment

State, Reward Actions

Policy

f : st, at ! st+1
<latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit><latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit><latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit><latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit>

⇡ : st ! at
<latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit><latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit><latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit><latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit>

at
<latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit><latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit><latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit><latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit>

Reinforcement learning

st+1, rt
<latexit sha1_base64="L/L/zDvfmrzOUaMpB9+Lr8pe+uE="></latexit><latexit sha1_base64="L/L/zDvfmrzOUaMpB9+Lr8pe+uE="></latexit><latexit sha1_base64="L/L/zDvfmrzOUaMpB9+Lr8pe+uE="></latexit><latexit sha1_base64="L/L/zDvfmrzOUaMpB9+Lr8pe+uE="></latexit>

Reinforcement learning

⌧ = (s0, a0, r0, s1, a1, r1, . . .)
<latexit sha1_base64="CK894278evGNgLGd5r7On95cyrM="></latexit><latexit sha1_base64="CK894278evGNgLGd5r7On95cyrM="></latexit><latexit sha1_base64="CK894278evGNgLGd5r7On95cyrM="></latexit><latexit sha1_base64="CK894278evGNgLGd5r7On95cyrM="></latexit>

A sample from the MPD is called a trajectory
( <latexit sha1_base64="sFfNTbPIe6s3f51A4ASgM8gsWSo="></latexit><latexit sha1_base64="sFfNTbPIe6s3f51A4ASgM8gsWSo="></latexit><latexit sha1_base64="sFfNTbPIe6s3f51A4ASgM8gsWSo="></latexit><latexit sha1_base64="sFfNTbPIe6s3f51A4ASgM8gsWSo="></latexit>

Markov decision process (MDP)

r
<latexit sha1_base64="CTWMc3QERBZoe7wjS4DVWiXmgZU="></latexit><latexit sha1_base64="CTWMc3QERBZoe7wjS4DVWiXmgZU="></latexit><latexit sha1_base64="CTWMc3QERBZoe7wjS4DVWiXmgZU="></latexit><latexit sha1_base64="CTWMc3QERBZoe7wjS4DVWiXmgZU="></latexit>

Action

State

time

a
<latexit sha1_base64="LM2IFaOCLgSCI8OLbYHwaZcL0AY="></latexit><latexit sha1_base64="LM2IFaOCLgSCI8OLbYHwaZcL0AY="></latexit><latexit sha1_base64="LM2IFaOCLgSCI8OLbYHwaZcL0AY="></latexit><latexit sha1_base64="LM2IFaOCLgSCI8OLbYHwaZcL0AY="></latexit>

s
<latexit sha1_base64="HZaHNdXgJAm9dVX1ZU1FJBvWQ7k="></latexit><latexit sha1_base64="HZaHNdXgJAm9dVX1ZU1FJBvWQ7k="></latexit><latexit sha1_base64="HZaHNdXgJAm9dVX1ZU1FJBvWQ7k="></latexit><latexit sha1_base64="HZaHNdXgJAm9dVX1ZU1FJBvWQ7k="></latexit>

Reward

19 Source: Isola, Torralba, Freeman



Reinforcement learning

⌧ = (s0, a0, r0, s1, a1, r1, . . .)
<latexit sha1_base64="CK894278evGNgLGd5r7On95cyrM="></latexit><latexit sha1_base64="CK894278evGNgLGd5r7On95cyrM="></latexit><latexit sha1_base64="CK894278evGNgLGd5r7On95cyrM="></latexit><latexit sha1_base64="CK894278evGNgLGd5r7On95cyrM="></latexit>

Trajectory

R(⌧) =
1X

t=0

�trt, � 2 (0, 1)
<latexit sha1_base64="nG+oD4OTE2hfizJutlL4MxYZK3U="></latexit><latexit sha1_base64="nG+oD4OTE2hfizJutlL4MxYZK3U="></latexit><latexit sha1_base64="nG+oD4OTE2hfizJutlL4MxYZK3U="></latexit><latexit sha1_base64="nG+oD4OTE2hfizJutlL4MxYZK3U="></latexit>

Discounted rewardsEnvironment

State, Reward Actions

Policy

f : st, at ! st+1
<latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit><latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit><latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit><latexit sha1_base64="cVzrAFO5pu1oe9e4TG9gSZHuwOg="></latexit>

⇡ : st ! at
<latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit><latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit><latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit><latexit sha1_base64="YwFbu16GhfxhFeey5kJ/ARdgZj0="></latexit>

at
<latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit><latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit><latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit><latexit sha1_base64="NQAhVtplzwkTwTT0Azg+C5IIeDM="></latexit>

Reinforcement learning

st+1, rt
<latexit sha1_base64="L/L/zDvfmrzOUaMpB9+Lr8pe+uE="></latexit><latexit sha1_base64="L/L/zDvfmrzOUaMpB9+Lr8pe+uE="></latexit><latexit sha1_base64="L/L/zDvfmrzOUaMpB9+Lr8pe+uE="></latexit><latexit sha1_base64="L/L/zDvfmrzOUaMpB9+Lr8pe+uE="></latexit>

Learn a policy that takes actions that maximize expected reward

⇡⇤ = argmax
⇡

E⌧⇠⇡[R(⌧)]
<latexit sha1_base64="BEfKVX9hcbT6UeJSXEbf1hjqi44="></latexit><latexit sha1_base64="BEfKVX9hcbT6UeJSXEbf1hjqi44="></latexit><latexit sha1_base64="BEfKVX9hcbT6UeJSXEbf1hjqi44="></latexit><latexit sha1_base64="BEfKVX9hcbT6UeJSXEbf1hjqi44="></latexit>

20 Source: Isola, Torralba, Freeman



Reinforcement learning

!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>

Learner
<latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit>

Optimizer
<latexit sha1_base64="/Q7rN/qnvHoGSnTYH75VuNiu5BA=">AAAB8XicbVA9SwNBEJ2LX/H8ilraHAbBKtyl0TJoY2cE84HJEfY2e8mS3b1jd06IIf/CxkIRW/+Nnf/GTXKFJj4YeLw3w8y8KBXcoO9/O4W19Y3NreK2u7O7t39QOjxqmiTTlDVoIhLdjohhgivWQI6CtVPNiIwEa0Wj65nfemTa8ETd4zhloSQDxWNOCVrpwb1NkUv+xHSvVPYr/hzeKglyUoYc9V7pq9tPaCaZQiqIMZ3ATzGcEI2cCjZ1u5lhKaEjMmAdSxWRzIST+cVT78wqfS9OtC2F3lz9PTEh0pixjGynJDg0y95M/M/rZBhfhhOu0gyZootFcSY8TLzZ+16fa0ZRjC0hVHN7q0eHRBOKNiTXhhAsv7xKmtVK4FeCu2q5dpXHUYQTOIVzCOACanADdWgABQXP8ApvjnFenHfnY9FacPKZY/gD5/MHThGQqQ==</latexit><latexit sha1_base64="/Q7rN/qnvHoGSnTYH75VuNiu5BA=">AAAB8XicbVA9SwNBEJ2LX/H8ilraHAbBKtyl0TJoY2cE84HJEfY2e8mS3b1jd06IIf/CxkIRW/+Nnf/GTXKFJj4YeLw3w8y8KBXcoO9/O4W19Y3NreK2u7O7t39QOjxqmiTTlDVoIhLdjohhgivWQI6CtVPNiIwEa0Wj65nfemTa8ETd4zhloSQDxWNOCVrpwb1NkUv+xHSvVPYr/hzeKglyUoYc9V7pq9tPaCaZQiqIMZ3ATzGcEI2cCjZ1u5lhKaEjMmAdSxWRzIST+cVT78wqfS9OtC2F3lz9PTEh0pixjGynJDg0y95M/M/rZBhfhhOu0gyZootFcSY8TLzZ+16fa0ZRjC0hVHN7q0eHRBOKNiTXhhAsv7xKmtVK4FeCu2q5dpXHUYQTOIVzCOACanADdWgABQXP8ApvjnFenHfnY9FacPKZY/gD5/MHThGQqQ==</latexit><latexit sha1_base64="/Q7rN/qnvHoGSnTYH75VuNiu5BA=">AAAB8XicbVA9SwNBEJ2LX/H8ilraHAbBKtyl0TJoY2cE84HJEfY2e8mS3b1jd06IIf/CxkIRW/+Nnf/GTXKFJj4YeLw3w8y8KBXcoO9/O4W19Y3NreK2u7O7t39QOjxqmiTTlDVoIhLdjohhgivWQI6CtVPNiIwEa0Wj65nfemTa8ETd4zhloSQDxWNOCVrpwb1NkUv+xHSvVPYr/hzeKglyUoYc9V7pq9tPaCaZQiqIMZ3ATzGcEI2cCjZ1u5lhKaEjMmAdSxWRzIST+cVT78wqfS9OtC2F3lz9PTEh0pixjGynJDg0y95M/M/rZBhfhhOu0gyZootFcSY8TLzZ+16fa0ZRjC0hVHN7q0eHRBOKNiTXhhAsv7xKmtVK4FeCu2q5dpXHUYQTOIVzCOACanADdWgABQXP8ApvjnFenHfnY9FacPKZY/gD5/MHThGQqQ==</latexit><latexit sha1_base64="/Q7rN/qnvHoGSnTYH75VuNiu5BA=">AAAB8XicbVA9SwNBEJ2LX/H8ilraHAbBKtyl0TJoY2cE84HJEfY2e8mS3b1jd06IIf/CxkIRW/+Nnf/GTXKFJj4YeLw3w8y8KBXcoO9/O4W19Y3NreK2u7O7t39QOjxqmiTTlDVoIhLdjohhgivWQI6CtVPNiIwEa0Wj65nfemTa8ETd4zhloSQDxWNOCVrpwb1NkUv+xHSvVPYr/hzeKglyUoYc9V7pq9tPaCaZQiqIMZ3ATzGcEI2cCjZ1u5lhKaEjMmAdSxWRzIST+cVT78wqfS9OtC2F3lz9PTEh0pixjGynJDg0y95M/M/rZBhfhhOu0gyZootFcSY8TLzZ+16fa0ZRjC0hVHN7q0eHRBOKNiTXhhAsv7xKmtVK4FeCu2q5dpXHUYQTOIVzCOACanADdWgABQXP8ApvjnFenHfnY9FacPKZY/gD5/MHThGQqQ==</latexit>

Objective
<latexit sha1_base64="c57iGHLvti0MXC7t5ZUgMsMgad8=">AAAB8XicbVA9TwJBFHyHX4hfqKXNRmJiRe5otCTa2ImJgBEuZG95Byt7e5fdPRJy4V/YWGiMrf/Gzn/jAlcoOMkmk5n3sm8mSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrF6CKhGwSU2DTcCHxKFNAoEtoPR9cxvj1FpHst7M0nQj+hA8pAzaqz0WLoNnpAZPsZeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuemxg/o8pwJnBa6qYaE8pGdIAdSyWNUPvZ/OIpObNKn4Sxsk8aMld/b2Q00noSBXYyomaol72Z+J/XSU146WdcJqlByRYfhakgJiaz+KTPlc0rJpZQpri9lbAhVZQZW1LJluAtR14lrVrVc6veXa1Sv8rrKMIJnMI5eHABdbiBBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kDEKeQgQ==</latexit><latexit sha1_base64="c57iGHLvti0MXC7t5ZUgMsMgad8=">AAAB8XicbVA9TwJBFHyHX4hfqKXNRmJiRe5otCTa2ImJgBEuZG95Byt7e5fdPRJy4V/YWGiMrf/Gzn/jAlcoOMkmk5n3sm8mSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrF6CKhGwSU2DTcCHxKFNAoEtoPR9cxvj1FpHst7M0nQj+hA8pAzaqz0WLoNnpAZPsZeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuemxg/o8pwJnBa6qYaE8pGdIAdSyWNUPvZ/OIpObNKn4Sxsk8aMld/b2Q00noSBXYyomaol72Z+J/XSU146WdcJqlByRYfhakgJiaz+KTPlc0rJpZQpri9lbAhVZQZW1LJluAtR14lrVrVc6veXa1Sv8rrKMIJnMI5eHABdbiBBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kDEKeQgQ==</latexit><latexit sha1_base64="c57iGHLvti0MXC7t5ZUgMsMgad8=">AAAB8XicbVA9TwJBFHyHX4hfqKXNRmJiRe5otCTa2ImJgBEuZG95Byt7e5fdPRJy4V/YWGiMrf/Gzn/jAlcoOMkmk5n3sm8mSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrF6CKhGwSU2DTcCHxKFNAoEtoPR9cxvj1FpHst7M0nQj+hA8pAzaqz0WLoNnpAZPsZeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuemxg/o8pwJnBa6qYaE8pGdIAdSyWNUPvZ/OIpObNKn4Sxsk8aMld/b2Q00noSBXYyomaol72Z+J/XSU146WdcJqlByRYfhakgJiaz+KTPlc0rJpZQpri9lbAhVZQZW1LJluAtR14lrVrVc6veXa1Sv8rrKMIJnMI5eHABdbiBBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kDEKeQgQ==</latexit><latexit sha1_base64="c57iGHLvti0MXC7t5ZUgMsMgad8=">AAAB8XicbVA9TwJBFHyHX4hfqKXNRmJiRe5otCTa2ImJgBEuZG95Byt7e5fdPRJy4V/YWGiMrf/Gzn/jAlcoOMkmk5n3sm8mSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrF6CKhGwSU2DTcCHxKFNAoEtoPR9cxvj1FpHst7M0nQj+hA8pAzaqz0WLoNnpAZPsZeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuemxg/o8pwJnBa6qYaE8pGdIAdSyWNUPvZ/OIpObNKn4Sxsk8aMld/b2Q00noSBXYyomaol72Z+J/XSU146WdcJqlByRYfhakgJiaz+KTPlc0rJpZQpri9lbAhVZQZW1LJluAtR14lrVrVc6veXa1Sv8rrKMIJnMI5eHABdbiBBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kDEKeQgQ==</latexit>

Hypothesis space
<latexit sha1_base64="eatzax9Lxw9aIubBm3H5Hpcs6SA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4Kkkveix66bGC/YA2lM122i7dbMLupBBC/4kXD4p49Z9489+4bXPQ1gcDj/dmdmdemEhh0PO+na3tnd29/dJB+fDo+OTUPTtvmzjVHFo8lrHuhsyAFApaKFBCN9HAolBCJ5w+LPzODLQRsXrCLIEgYmMlRoIztNLAdRtZEuMEjDDUJIzDwK14VW8Jukn8glRIgebA/eoPY55GoJBLZkzP9xIMcqZRcAnzcj81YB+esjH0LFUsAhPky83n9NoqQzqKtS2FdKn+nshZZEwWhbYzYjgx695C/M/rpTi6C3KhkhRB8dVHo1RSjOkiBjoUGjjKzBLGtbC7Uj5hmnG0YZVtCP76yZukXav6XtV/rFXq90UcJXJJrsgN8cktqZMGaZIW4WRGnskreXNy58V5dz5WrVtOMXNB/sD5/AGmPJOl</latexit><latexit sha1_base64="eatzax9Lxw9aIubBm3H5Hpcs6SA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4Kkkveix66bGC/YA2lM122i7dbMLupBBC/4kXD4p49Z9489+4bXPQ1gcDj/dmdmdemEhh0PO+na3tnd29/dJB+fDo+OTUPTtvmzjVHFo8lrHuhsyAFApaKFBCN9HAolBCJ5w+LPzODLQRsXrCLIEgYmMlRoIztNLAdRtZEuMEjDDUJIzDwK14VW8Jukn8glRIgebA/eoPY55GoJBLZkzP9xIMcqZRcAnzcj81YB+esjH0LFUsAhPky83n9NoqQzqKtS2FdKn+nshZZEwWhbYzYjgx695C/M/rpTi6C3KhkhRB8dVHo1RSjOkiBjoUGjjKzBLGtbC7Uj5hmnG0YZVtCP76yZukXav6XtV/rFXq90UcJXJJrsgN8cktqZMGaZIW4WRGnskreXNy58V5dz5WrVtOMXNB/sD5/AGmPJOl</latexit><latexit sha1_base64="eatzax9Lxw9aIubBm3H5Hpcs6SA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4Kkkveix66bGC/YA2lM122i7dbMLupBBC/4kXD4p49Z9489+4bXPQ1gcDj/dmdmdemEhh0PO+na3tnd29/dJB+fDo+OTUPTtvmzjVHFo8lrHuhsyAFApaKFBCN9HAolBCJ5w+LPzODLQRsXrCLIEgYmMlRoIztNLAdRtZEuMEjDDUJIzDwK14VW8Jukn8glRIgebA/eoPY55GoJBLZkzP9xIMcqZRcAnzcj81YB+esjH0LFUsAhPky83n9NoqQzqKtS2FdKn+nshZZEwWhbYzYjgx695C/M/rpTi6C3KhkhRB8dVHo1RSjOkiBjoUGjjKzBLGtbC7Uj5hmnG0YZVtCP76yZukXav6XtV/rFXq90UcJXJJrsgN8cktqZMGaZIW4WRGnskreXNy58V5dz5WrVtOMXNB/sD5/AGmPJOl</latexit><latexit sha1_base64="eatzax9Lxw9aIubBm3H5Hpcs6SA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4Kkkveix66bGC/YA2lM122i7dbMLupBBC/4kXD4p49Z9489+4bXPQ1gcDj/dmdmdemEhh0PO+na3tnd29/dJB+fDo+OTUPTtvmzjVHFo8lrHuhsyAFApaKFBCN9HAolBCJ5w+LPzODLQRsXrCLIEgYmMlRoIztNLAdRtZEuMEjDDUJIzDwK14VW8Jukn8glRIgebA/eoPY55GoJBLZkzP9xIMcqZRcAnzcj81YB+esjH0LFUsAhPky83n9NoqQzqKtS2FdKn+nshZZEwWhbYzYjgx695C/M/rpTi6C3KhkhRB8dVHo1RSjOkiBjoUGjjKzBLGtbC7Uj5hmnG0YZVtCP76yZukXav6XtV/rFXq90UcJXJJrsgN8cktqZMGaZIW4WRGnskreXNy58V5dz5WrVtOMXNB/sD5/AGmPJOl</latexit>

R(⌧)
<latexit sha1_base64="ohDuP/0RLbiICX7yjYQRf9xcr9w="></latexit><latexit sha1_base64="ohDuP/0RLbiICX7yjYQRf9xcr9w="></latexit><latexit sha1_base64="ohDuP/0RLbiICX7yjYQRf9xcr9w="></latexit><latexit sha1_base64="ohDuP/0RLbiICX7yjYQRf9xcr9w="></latexit>

Neural network

?

⇡
<latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit>

Data
<latexit sha1_base64="P0EGFXOjMXAW98knwKSzO/IySeQ=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0l60WNRDx4rmLbQhrLZbtqlm03YnQil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5USaFQc/7dkobm1vbO+Vdd2//4PCocnzSMmmuGQ9YKlPdiajhUigeoEDJO5nmNIkkb0fj27nffuLaiFQ94iTjYUKHSsSCUbRS4N5RpP1K1at5C5B14hekCgWa/cpXb5CyPOEKmaTGdH0vw3BKNQom+czt5YZnlI3pkHctVTThJpwujp2RC6sMSJxqWwrJQv09MaWJMZMksp0JxZFZ9ebif143x/g6nAqV5cgVWy6Kc0kwJfPPyUBozlBOLKFMC3srYSOqKUObj2tD8FdfXietes33av5Dvdq4KeIowxmcwyX4cAUNuIcmBMBAwDO8wpujnBfn3flYtpacYuYU/sD5/AERvI4u</latexit><latexit sha1_base64="P0EGFXOjMXAW98knwKSzO/IySeQ=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0l60WNRDx4rmLbQhrLZbtqlm03YnQil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5USaFQc/7dkobm1vbO+Vdd2//4PCocnzSMmmuGQ9YKlPdiajhUigeoEDJO5nmNIkkb0fj27nffuLaiFQ94iTjYUKHSsSCUbRS4N5RpP1K1at5C5B14hekCgWa/cpXb5CyPOEKmaTGdH0vw3BKNQom+czt5YZnlI3pkHctVTThJpwujp2RC6sMSJxqWwrJQv09MaWJMZMksp0JxZFZ9ebif143x/g6nAqV5cgVWy6Kc0kwJfPPyUBozlBOLKFMC3srYSOqKUObj2tD8FdfXietes33av5Dvdq4KeIowxmcwyX4cAUNuIcmBMBAwDO8wpujnBfn3flYtpacYuYU/sD5/AERvI4u</latexit><latexit sha1_base64="P0EGFXOjMXAW98knwKSzO/IySeQ=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0l60WNRDx4rmLbQhrLZbtqlm03YnQil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5USaFQc/7dkobm1vbO+Vdd2//4PCocnzSMmmuGQ9YKlPdiajhUigeoEDJO5nmNIkkb0fj27nffuLaiFQ94iTjYUKHSsSCUbRS4N5RpP1K1at5C5B14hekCgWa/cpXb5CyPOEKmaTGdH0vw3BKNQom+czt5YZnlI3pkHctVTThJpwujp2RC6sMSJxqWwrJQv09MaWJMZMksp0JxZFZ9ebif143x/g6nAqV5cgVWy6Kc0kwJfPPyUBozlBOLKFMC3srYSOqKUObj2tD8FdfXietes33av5Dvdq4KeIowxmcwyX4cAUNuIcmBMBAwDO8wpujnBfn3flYtpacYuYU/sD5/AERvI4u</latexit><latexit sha1_base64="P0EGFXOjMXAW98knwKSzO/IySeQ=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0l60WNRDx4rmLbQhrLZbtqlm03YnQil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5USaFQc/7dkobm1vbO+Vdd2//4PCocnzSMmmuGQ9YKlPdiajhUigeoEDJO5nmNIkkb0fj27nffuLaiFQ94iTjYUKHSsSCUbRS4N5RpP1K1at5C5B14hekCgWa/cpXb5CyPOEKmaTGdH0vw3BKNQom+czt5YZnlI3pkHctVTThJpwujp2RC6sMSJxqWwrJQv09MaWJMZMksp0JxZFZ9ebif143x/g6nAqV5cgVWy6Kc0kwJfPPyUBozlBOLKFMC3srYSOqKUObj2tD8FdfXietes33av5Dvdq4KeIowxmcwyX4cAUNuIcmBMBAwDO8wpujnBfn3flYtpacYuYU/sD5/AERvI4u</latexit>

Environment

!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>⌧

<latexit sha1_base64="hZ0jWotfkhx3UFdrRpXlr6u7sBQ="></latexit><latexit sha1_base64="hZ0jWotfkhx3UFdrRpXlr6u7sBQ="></latexit><latexit sha1_base64="hZ0jWotfkhx3UFdrRpXlr6u7sBQ="></latexit><latexit sha1_base64="hZ0jWotfkhx3UFdrRpXlr6u7sBQ="></latexit>

Can’t, in general, differentiate through the environment!

21 Source: Isola, Torralba, Freeman



Environment is not differentiable! — How to optimize?

Policy gradients: Run a policy for a while. See what actions led to high rewards. 
Increase their probability.

[Adapted from Andrej Karpathy: http://karpathy.github.io/2016/05/31/rl/]

0

1

⇡
<latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit>

Pong

22 Source: Isola, Torralba, Freeman



Policy gradients: Run a policy for a while. See what actions led to high rewards. 
Increase their probability.

[Adapted from Andrej Karpathy: http://karpathy.github.io/2016/05/31/rl/]
23 Source: Isola, Torralba, Freeman



Policy output

Eventual return

0
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Down

⇡
<latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit>
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+10 points

⇡(a|s)
<latexit sha1_base64="hjtErbE9+56QVXDPTd/0Aqqo8NQ=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXBT0GvXiMYB6YLGF20psMmZ1dZmaFEPMXXjwo4tW/8ebfOEn2oIkFDUVVN91dQSK4Nq777eRWVtfWN/Kbha3tnd294v5BQ8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAbDm6nffESleSzvzShBP6J9yUPOqLHSQyfhZUqeiD7tFktuxZ2BLBMvIyXIUOsWvzq9mKURSsME1brtuYnxx1QZzgROCp1UY0LZkPaxbamkEWp/PLt4Qk6s0iNhrGxJQ2bq74kxjbQeRYHtjKgZ6EVvKv7ntVMTXvljLpPUoGTzRWEqiInJ9H3S4wqZESNLKFPc3krYgCrKjA2pYEPwFl9eJo2zindece8uStXrLI48HMExlMGDS6jCLdSgDgwkPMMrvDnaeXHenY95a87JZg7hD5zPHzoYj/Y=</latexit>

= probability of choosing action a given state s

s
<latexit sha1_base64="yh8e33X1my5VI66YZ7L71WJtdK4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU0P1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvsuo2riq12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A30+M+Q==</latexit>

24 Source: Isola, Torralba, Freeman



Policy output

Eventual return

0

Up
Down

⇡
<latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit>
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Action
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0 points
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+10 points

0 points

0 points…

+10 points

s
<latexit sha1_base64="yh8e33X1my5VI66YZ7L71WJtdK4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU0P1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvsuo2riq12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A30+M+Q==</latexit>

⇡(a|s)
<latexit sha1_base64="hjtErbE9+56QVXDPTd/0Aqqo8NQ=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXBT0GvXiMYB6YLGF20psMmZ1dZmaFEPMXXjwo4tW/8ebfOEn2oIkFDUVVN91dQSK4Nq777eRWVtfWN/Kbha3tnd294v5BQ8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAbDm6nffESleSzvzShBP6J9yUPOqLHSQyfhZUqeiD7tFktuxZ2BLBMvIyXIUOsWvzq9mKURSsME1brtuYnxx1QZzgROCp1UY0LZkPaxbamkEWp/PLt4Qk6s0iNhrGxJQ2bq74kxjbQeRYHtjKgZ6EVvKv7ntVMTXvljLpPUoGTzRWEqiInJ9H3S4wqZESNLKFPc3krYgCrKjA2pYEPwFl9eJo2zindece8uStXrLI48HMExlMGDS6jCLdSgDgwkPMMrvDnaeXHenY95a87JZg7hD5zPHzoYj/Y=</latexit>

= probability of choosing action a given state s

25 Source: Isola, Torralba, Freeman



Policy gradient
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<latexit sha1_base64="5jVcAbrSxFb25mt6J6WyjXotvkM="></latexit>
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<latexit sha1_base64="nPUVy0m7W5PJtjjx91bk/OrMWPg="></latexit>

= E⌧⇠⇡✓


@

@✓
log(p(⌧ |✓))R(⌧)

�

<latexit sha1_base64="YiCLZgx465nwttT5blhotIWcaRk="></latexit>

• Do actions with high rewards more often, and low rewards less often 

• This is called the REINFORCE algorithm.


• Estimate gradients, do gradient ascent

• Want to take derivatives of expected reward w.r.t. the policy parameters.

26



1. Sample a rollout, e.g. play the game with current policy 

2. Compute reward, e.g. what was our game score? 

3. Do a gradient update:

Policy gradient

Slide adapted from R. Grosse and J. Ba

Looks like SGD on policy:

⌧ = (s0, a0, s1, a1, . . . , sT , aT )
<latexit sha1_base64="pq9L4iXtEyUYe8Wtz02freRfIjk=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoUMqMCroRim5cVugL2mHIpJk2NPMguSOUoT/hxl9x40IRt4I7/8ZMOwttPZDL4Zx7k9zjxYIrsKxvo7Cyura+UdwsbW3v7O6Z+wdtFSWSshaNRCS7HlFM8JC1gINg3VgyEniCdbzxbeZ3HphUPAqbMImZE5BhyH1OCWjJNat9IAm+xhXlWlVMsqJcO2O69AcRqExoZkLz1DXLVs2aAS8TOydllKPhml/6CpoELAQqiFI924rBSYkETgWblvqJYjGhYzJkPU1DEjDlpLOtpvhEKwPsR1KfEPBM/T2RkkCpSeDpzoDASC16mfif10vAv3JSHsYJsJDOH/ITgSHCWUR4wCWjICaaECq5/iumIyIJBR1kSYdgL668TNpnNfu8Zt1flOs3eRxFdISOUQXZ6BLV0R1qoBai6BE9o1f0ZjwZL8a78TFvLRj5zCH6A+PzB87tmtc=</latexit>

✓  ✓ + ↵r(⌧)
@

@✓
⇡✓(at|st)

<latexit sha1_base64="L7PCvdB0haodib04I8H3753yF9U="></latexit>

r(⌧) =
TX

t=0

R(st)
<latexit sha1_base64="xRcA+ewWOutec2BnhM/ArNzbGwg=">AAACBnicbVDLSgNBEJyNrxhfqx5FGAxCcgm7KuglEPTiMUoeQnZdZieTZMjsg5leISw5efFXvHhQxKvf4M2/cZLsQRMLGoqqbrq7/FhwBZb1beSWlldW1/LrhY3Nre0dc3evpaJEUtakkYjknU8UEzxkTeAg2F0sGQl8wdr+8Gritx+YVDwKGzCKmRuQfsh7nBLQkmceypIDJCnjKnZUEngpVK3xfQPflpQHZc8sWhVrCrxI7IwUUYa6Z3453YgmAQuBCqJUx7ZicFMigVPBxgUnUSwmdEj6rKNpSAKm3HT6xhgfa6WLe5HUFQKeqr8nUhIoNQp83RkQGKh5byL+53US6F24KQ/jBFhIZ4t6icAQ4UkmuMsloyBGmhAqub4V0wGRhIJOrqBDsOdfXiStk4p9WrFuzoq1yyyOPDpAR6iEbHSOauga1VETUfSIntErejOejBfj3fiYteaMbGYf/YHx+QOzKJdZ</latexit>
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x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

⇡
<latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit><latexit sha1_base64="b+7D2YYIZMGL3ONoGDtlwP5RYhc="></latexit>
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�
<latexit sha1_base64="efCHYzZUrrW5FJbsCkY/M8lzlGQ=">AAACP3icfZDPSgMxEMaz/rf+rR69LFZBRMquCHos6sGLqGCt0C0ym05rMJssyaxYlj6DV30cH8Mn8CZevZnWClrFgcCPb74kM1+cSmEpCJ69kdGx8YnJqenCzOzc/MJicenC6sxwrHIttbmMwaIUCqskSOJlahCSWGItvjno9Wu3aKzQ6pw6KTYSaCvREhzISdVINzVdLZaCctAv/zeEAyixQZ1eFb21qKl5lqAiLsHaehik1MjBkOASu4Uos5gCv4E21h0qSNA28v60XX/dKU2/pY07ivy++v1GDom1nSR2zgTo2g73euJfvXpGrb1GLlSaESr++VErkz5pv7e63xQGOcmOA+BGuFl9fg0GOLmACoXoEN0yBo/dwycpGiBtNvMITDuBu65brh1t9eg/o1BfRkcu13A4xd9wsV0Og3J4tlOq7A8SnmIrbJVtsJDtsgo7YqesyjgT7J49sEfvyXvxXr23T+uIN7izzH6U9/4BJ7WvgQ==</latexit><latexit sha1_base64="efCHYzZUrrW5FJbsCkY/M8lzlGQ=">AAACP3icfZDPSgMxEMaz/rf+rR69LFZBRMquCHos6sGLqGCt0C0ym05rMJssyaxYlj6DV30cH8Mn8CZevZnWClrFgcCPb74kM1+cSmEpCJ69kdGx8YnJqenCzOzc/MJicenC6sxwrHIttbmMwaIUCqskSOJlahCSWGItvjno9Wu3aKzQ6pw6KTYSaCvREhzISdVINzVdLZaCctAv/zeEAyixQZ1eFb21qKl5lqAiLsHaehik1MjBkOASu4Uos5gCv4E21h0qSNA28v60XX/dKU2/pY07ivy++v1GDom1nSR2zgTo2g73euJfvXpGrb1GLlSaESr++VErkz5pv7e63xQGOcmOA+BGuFl9fg0GOLmACoXoEN0yBo/dwycpGiBtNvMITDuBu65brh1t9eg/o1BfRkcu13A4xd9wsV0Og3J4tlOq7A8SnmIrbJVtsJDtsgo7YqesyjgT7J49sEfvyXvxXr23T+uIN7izzH6U9/4BJ7WvgQ==</latexit><latexit sha1_base64="efCHYzZUrrW5FJbsCkY/M8lzlGQ=">AAACP3icfZDPSgMxEMaz/rf+rR69LFZBRMquCHos6sGLqGCt0C0ym05rMJssyaxYlj6DV30cH8Mn8CZevZnWClrFgcCPb74kM1+cSmEpCJ69kdGx8YnJqenCzOzc/MJicenC6sxwrHIttbmMwaIUCqskSOJlahCSWGItvjno9Wu3aKzQ6pw6KTYSaCvREhzISdVINzVdLZaCctAv/zeEAyixQZ1eFb21qKl5lqAiLsHaehik1MjBkOASu4Uos5gCv4E21h0qSNA28v60XX/dKU2/pY07ivy++v1GDom1nSR2zgTo2g73euJfvXpGrb1GLlSaESr++VErkz5pv7e63xQGOcmOA+BGuFl9fg0GOLmACoXoEN0yBo/dwycpGiBtNvMITDuBu65brh1t9eg/o1BfRkcu13A4xd9wsV0Og3J4tlOq7A8SnmIrbJVtsJDtsgo7YqesyjgT7J49sEfvyXvxXr23T+uIN7izzH6U9/4BJ7WvgQ==</latexit><latexit sha1_base64="efCHYzZUrrW5FJbsCkY/M8lzlGQ=">AAACP3icfZDPSgMxEMaz/rf+rR69LFZBRMquCHos6sGLqGCt0C0ym05rMJssyaxYlj6DV30cH8Mn8CZevZnWClrFgcCPb74kM1+cSmEpCJ69kdGx8YnJqenCzOzc/MJicenC6sxwrHIttbmMwaIUCqskSOJlahCSWGItvjno9Wu3aKzQ6pw6KTYSaCvREhzISdVINzVdLZaCctAv/zeEAyixQZ1eFb21qKl5lqAiLsHaehik1MjBkOASu4Uos5gCv4E21h0qSNA28v60XX/dKU2/pY07ivy++v1GDom1nSR2zgTo2g73euJfvXpGrb1GLlSaESr++VErkz5pv7e63xQGOcmOA+BGuFl9fg0GOLmACoXoEN0yBo/dwycpGiBtNvMITDuBu65brh1t9eg/o1BfRkcu13A4xd9wsV0Og3J4tlOq7A8SnmIrbJVtsJDtsgo7YqesyjgT7J49sEfvyXvxXr23T+uIN7izzH6U9/4BJ7WvgQ==</latexit> ⌃

<latexit sha1_base64="LqCPLm5Ip2rYaBGfWDCdjuPohYI="></latexit><latexit sha1_base64="LqCPLm5Ip2rYaBGfWDCdjuPohYI="></latexit><latexit sha1_base64="LqCPLm5Ip2rYaBGfWDCdjuPohYI="></latexit><latexit sha1_base64="LqCPLm5Ip2rYaBGfWDCdjuPohYI="></latexit>

+6

Expected

return

Estimate gradient using REINFORCE 
and do gradient descentr✓E⌧⇠⇡✓ [R(⌧)] = E⌧⇠⇡✓ [R(⌧)r✓ log ⇡✓]

<latexit sha1_base64="+mGxt+ShlOyoqb5rGxpPMjoEXXs="></latexit><latexit sha1_base64="+mGxt+ShlOyoqb5rGxpPMjoEXXs="></latexit><latexit sha1_base64="+mGxt+ShlOyoqb5rGxpPMjoEXXs="></latexit><latexit sha1_base64="+mGxt+ShlOyoqb5rGxpPMjoEXXs="></latexit>

Approximated via sampling 

28 Source: Isola, Torralba, Freeman



1. Start with an arbitrary initial policy.


2. Roll out this stochastic policy many times, sampling different random actions 
each time.


3. Update your policy to place higher probability on actions that led to higher 
returns.

Mathematically, this approximates gradient ascent on policy parameters, so as 
to maximize reward.

Policy gradient

29 Source: Isola, Torralba, Freeman



Policy gradient
• What happens in a rollout? Recall we’re taking a step:= E⌧⇠⇡✓
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<latexit sha1_base64="YiCLZgx465nwttT5blhotIWcaRk="></latexit>

Slide adapted from R. Grosse and J. Ba
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<latexit sha1_base64="7KVE91T5ScmxREbWpZYO6vVDSYU="></latexit>
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<latexit sha1_base64="7KVE91T5ScmxREbWpZYO6vVDSYU="></latexit>

• All actions become more likely if the reward is high.

• Doesn’t do credit assignment.
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How good is a state?

V ⇡(s) = E
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X

t�0

�trt | s0 = s,⇡

3

5

<latexit sha1_base64="J8e31U5C8jONFb2GBp9NPAv0xIU="></latexit>

Value function: expected future reward from starting in s.

V ⇡(s) = E

2

4
X

t�0

�trt | s0 = s,⇡

3

5

<latexit sha1_base64="J8e31U5C8jONFb2GBp9NPAv0xIU="></latexit>

( ) V ⇡(s) = E
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4
X

t�0

�trt | s0 = s,⇡

3

5

<latexit sha1_base64="J8e31U5C8jONFb2GBp9NPAv0xIU="></latexit>

( )vs.

• One advantage is credit assignment: we know which state/action was useful.

• Sometimes more sample efficient, and updates have less variance.
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How good is a state-action pair?
• Could we learn the value function and use it to choose actions?


- We need more than that. You’d also need to know the dynamics, i.e. 
what state you’d end up with if you took each action. 

• Instead, learn action-value function (or Q function).

Adapted from R. Grosse and J. Ba

Q(s, a) = E

2

4
X

t�0

Rt | s0 = s, at = a

3

5

<latexit sha1_base64="wGhZLe/US/EtttE1qX3+jnBY4aQ="></latexit>

argmax
a

Q(s, a)
<latexit sha1_base64="5nLBsimIqyohOU0ECQAPoHSdYUI=">AAACFHicbVDLSiNBFK32bXxFXbopDIKihG4VdCnOxqUBo0ISwu3KTSysrmqqbg8TmvYf3PgrbmahiNtZzM6/sfJY+DpQcDjnPuqeOFXSURi+BROTU9Mzs3PzpYXFpeWV8urapTOZFVgXRhl7HYNDJTXWSZLC69QiJLHCq/j218C/+o3WSaMvqJ9iK4Gell0pgLzULu82M93xPlIORd40KVogYzUkmIPtJfCnKO5q226Pw067XAmr4RD8O4nGpMLGOG+X/zc7RmQJahIKnGtEYUotP5ekUFiUmpnDFMQt9LDh6WCpa+XDowq+5ZUO7xrrnyY+VD925JA4109iX5kA3biv3kD8yWtk1D1u5VKnGaEWo0XdTHEyfJAQ70iLglTfExBW+r9ycQMWBPmcSj6E6OvJ38nlfjU6qIa1w8rJ6TiOObbBNtk2i9gRO2Fn7JzVmWD37JE9sefgIfgbvASvo9KJYNyzzj4h+PcOWEGfkw==</latexit>

• Optimal action for a state:
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Finding a good Q function

• Good Q function should satisfy a recurrence relation called the 
Optimal Bellman Equation:

Q⇤(s, a) = r(s, a) + �Ep(s0|s,a)

h
max
a0

Q⇤(st+1, a
0) | st = s, at = a

i

<latexit sha1_base64="RvFSdkma1AK6/8pj5gvkUGeopEA="></latexit>

Quality of state/action pair What if I take the very best next action?Where will I end up?
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Finding a good Q function

• Measuring the Bellman error for Q:

r(st, at) + �max
a

Q(st+1, a)�Q(st, at)
<latexit sha1_base64="FoZyBmFBoyhlnKYy4sk58YBG1wo=">AAACJ3icbVDLSgMxFM34rPVVdekmWASlWmZU0JUU3bhUsFpoy3AnTWtoMjMkd8QyzN+48VfcCCqiS//EtI7g60DgcM653NwTxFIYdN03Z2x8YnJqujBTnJ2bX1gsLS1fmCjRjNdZJCPdCMBwKUJeR4GSN2LNQQWSXwb946F/ec21EVF4joOYtxX0QtEVDNBKfulQbxgftyj4uEkrtNUDpYC2FNz4KWQ0Pcusn2LFy2xmk27nyteEXyq7VXcE+pd4OSmTHKd+6bHViViieIhMgjFNz42xnYJGwSTPiq3E8BhYH3q8aWkIipt2Orozo+tW6dBupO0LkY7U7xMpKGMGKrBJBXhlfntD8T+vmWD3oJ2KME6Qh+xzUTeRFCM6LI12hOYM5cASYFrYv1J2BRoY2mqLtgTv98l/ycVO1dutumd75dpRXkeBrJI1skE8sk9q5ISckjph5Jbckyfy7Nw5D86L8/oZHXPymRXyA877B9iwotQ=</latexit>

• Approximate Q with a neural net . For each episode i: 

1. Do the policy induced by Q and get a trajectory:  
 

2. Update the parameters using backprop, minimizing approximation error: 

Q(s, a; θ)

⌧ = (s0, a0, r0, s1, a1, r1, . . .)
<latexit sha1_base64="CK894278evGNgLGd5r7On95cyrM="></latexit><latexit sha1_base64="CK894278evGNgLGd5r7On95cyrM="></latexit><latexit sha1_base64="CK894278evGNgLGd5r7On95cyrM="></latexit><latexit sha1_base64="CK894278evGNgLGd5r7On95cyrM="></latexit>

ti = r(st, at) + �max
a

Q(st+1, a; ✓i�1)

L(✓i) = (ti �Q(st, at; ✓i))
2

<latexit sha1_base64="1tFPhglQkEOmMRUqSuzBCg4awy8="></latexit>
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Playing Atari games with deep Q-learning

Input:

4 last frames:

84 x 84 x 4

Output:

Q(s, a) for each action a

5-layer CNN [Mnih et al., “Playing Atari with Deep Reinforcement Learning”, 2013]
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Playing Atari games



Model-based control
• Learn the dynamics of the environment: p(st+1 | st, at)

<latexit sha1_base64="l2zEOaxth456ZRh7Z84YwfN5TnA=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRKkpJVNBj0YvHCvYD2hA22227uNmE3YlQYot/xYsHRbz6O7z5b9y2OWjrg4HHezPMzAtiwTU4zreVW1hcWl7JrxbW1jc2t+ztnbqOEkVZjUYiUs2AaCa4ZDXgIFgzVoyEgWCN4P567DcemNI8kncwiJkXkp7kXU4JGMm39+KS9lM4doejx5H24QQTH458u+iUnQnwPHEzUkQZqr791e5ENAmZBCqI1i3XicFLiQJOBRsW2olmMaH3pMdahkoSMu2lk/OH+NAoHdyNlCkJeKL+nkhJqPUgDExnSKCvZ72x+J/XSqB76aVcxgkwSaeLuonAEOFxFrjDFaMgBoYQqri5FdM+UYSCSaxgQnBnX54n9dOye1Z2bs+LlassjjzaRweohFx0gSroBlVRDVGUomf0it6sJ+vFerc+pq05K5vZRX9gff4AYBmVGA==</latexit>

• Where do I end up in the future if I perform this action?

• If states are images, we want to predict the future after you do an action



Model-based control
• Learn the dynamics of the environment: p(st+1 | st, at)

<latexit sha1_base64="l2zEOaxth456ZRh7Z84YwfN5TnA=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRKkpJVNBj0YvHCvYD2hA22227uNmE3YlQYot/xYsHRbz6O7z5b9y2OWjrg4HHezPMzAtiwTU4zreVW1hcWl7JrxbW1jc2t+ztnbqOEkVZjUYiUs2AaCa4ZDXgIFgzVoyEgWCN4P567DcemNI8kncwiJkXkp7kXU4JGMm39+KS9lM4doejx5H24QQTH458u+iUnQnwPHEzUkQZqr791e5ENAmZBCqI1i3XicFLiQJOBRsW2olmMaH3pMdahkoSMu2lk/OH+NAoHdyNlCkJeKL+nkhJqPUgDExnSKCvZ72x+J/XSqB76aVcxgkwSaeLuonAEOFxFrjDFaMgBoYQqri5FdM+UYSCSaxgQnBnX54n9dOye1Z2bs+LlassjjzaRweohFx0gSroBlVRDVGUomf0it6sJ+vFerc+pq05K5vZRX9gff4AYBmVGA==</latexit>

Pushing task

From [Ebert et al., "Self-Supervised Visual Planning with Temporal Skip Connections" 2017]

• Where do I end up in the future if I perform this action?

• If states are images, we want to predict the future after you do an action

Video prediction



Agent

Environment

Observations Actions

Intelligent agents

Why vision?
39 Source: Isola, Torralba, Freeman



Why vision?

1. Human-like intelligence (and animal-like), often relies heavily on vision

We already know it works well!

40 Source: Isola, Torralba, Freeman



Why vision?

2. Universal interface
Knot (success)

0 1 2

Knot (failure)

0 1 2

Human

Robot

Human

Robot

41 Source: Isola, Torralba, Freeman



Importance of perception

A hypothesis: if vision can give us a 
good representation/model of the 
world, then planning and control 
should be easy.

Yann LeCun’s “cake”

Reinforcement learning

Representation

learning

42 Source: Isola, Torralba, Freeman



Next class: recent advances in 3D

43


