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Project

• Presentation schedule posted on Piazza.


• Review it ASAP and let us know of any problems by 
Wednesday


• For those presenting on December 5: OK to have some 
experiments in progress 


• Final reports due December 10 midnight — no 
extensions! 



GPU Credits

• If you have not requested GPU credits, do so 
immediately. 


• We are starting to give them away…



Homeworks

• HW3 is back: median is 100% !


• HW4 grades soon


• HW5 due today 



Final Grades

• We will likely curve down, but we will guarantee:


• 90% is at least A


• 80% is at least B


• 70% is at least C



Next Semester

• E6998 Advanced Computer Vision, offered Spring 2019


• Focuses on research frontier of computer vision and 
applied machine learning


• Make sure to fill out survey to get off wait list



[Intraub & Richardson, 1989]

Observed image Drawn from memory

[Bartlett, 1932]



[Intraub & Richardson, 1989]
[Bartlett, 1932]

Observed image Drawn from memory



"I stand at the window and see a house, trees, sky. Theoretically 
I might say there were 327 brightnesses and nuances of colour. 
Do I have "327"? No. I have sky, house, and trees.”     

— Max Wertheimer, 1923



Image

X

“Coral”

“Fish”

Compact mental 
representation

Representation learning

Slide credit: Phillip Isola



Representation learning
Good representations are: 

1. Compact 

2. Explanatory 

3. Disentangled 

4. Interpretable

“Coral”

“Fish”

Slide credit: Phillip Isola



Image

X

“Fish”…
( <latexit sha1_base64="IQ9rfBjF5dHqaKhOKRY5gLpoxQ4="></latexit><latexit sha1_base64="IQ9rfBjF5dHqaKhOKRY5gLpoxQ4="></latexit><latexit sha1_base64="IQ9rfBjF5dHqaKhOKRY5gLpoxQ4="></latexit><latexit sha1_base64="IQ9rfBjF5dHqaKhOKRY5gLpoxQ4="></latexit>

Representations!

A CNN is a 
multiscale, 
hierarchical 
representation of 
data

Slide credit: Phillip Isola



Training
<latexit sha1_base64="btHp+XGA9KMZBtcLL1WFTP9DuJw="></latexit><latexit sha1_base64="btHp+XGA9KMZBtcLL1WFTP9DuJw="></latexit><latexit sha1_base64="btHp+XGA9KMZBtcLL1WFTP9DuJw="></latexit><latexit sha1_base64="btHp+XGA9KMZBtcLL1WFTP9DuJw="></latexit>

“Fish”

Object recognition
Testing

<latexit sha1_base64="xu7yi64Jzp9qaGC2BEKYLlLVM18="></latexit><latexit sha1_base64="xu7yi64Jzp9qaGC2BEKYLlLVM18="></latexit><latexit sha1_base64="xu7yi64Jzp9qaGC2BEKYLlLVM18="></latexit><latexit sha1_base64="xu7yi64Jzp9qaGC2BEKYLlLVM18="></latexit>

?

Place recognition

Often, what we will be “tested” on is to 
learn to do a new thing.

Slide credit: Phillip Isola



Finetuning starts with the representation learned 
on a previous task, and adapts it to perform well 

on a new task.

Testing
<latexit sha1_base64="xu7yi64Jzp9qaGC2BEKYLlLVM18="></latexit><latexit sha1_base64="xu7yi64Jzp9qaGC2BEKYLlLVM18="></latexit><latexit sha1_base64="xu7yi64Jzp9qaGC2BEKYLlLVM18="></latexit><latexit sha1_base64="xu7yi64Jzp9qaGC2BEKYLlLVM18="></latexit>

Place recognition

?Fish

Object recognition
Pretraining

<latexit sha1_base64="fGfmNDonZ3nAOpCknuX4QCQGRhc="></latexit><latexit sha1_base64="fGfmNDonZ3nAOpCknuX4QCQGRhc="></latexit><latexit sha1_base64="fGfmNDonZ3nAOpCknuX4QCQGRhc="></latexit><latexit sha1_base64="fGfmNDonZ3nAOpCknuX4QCQGRhc="></latexit>

A lot of data

bedroo

Finetuning
<latexit sha1_base64="7l/HeR6mWfEakRfjiQ0VTX5uOQw="></latexit><latexit sha1_base64="7l/HeR6mWfEakRfjiQ0VTX5uOQw="></latexit><latexit sha1_base64="7l/HeR6mWfEakRfjiQ0VTX5uOQw="></latexit><latexit sha1_base64="7l/HeR6mWfEakRfjiQ0VTX5uOQw="></latexit>

Place recognition

A little data

Slide credit: Phillip Isola



If we keep on finetuning for every new datapoint or task that 
comes our way, we get online learning. Humans seem to do 

this, we never stop learning.

…

Training
<latexit sha1_base64="btHp+XGA9KMZBtcLL1WFTP9DuJw="></latexit><latexit sha1_base64="btHp+XGA9KMZBtcLL1WFTP9DuJw="></latexit><latexit sha1_base64="btHp+XGA9KMZBtcLL1WFTP9DuJw="></latexit><latexit sha1_base64="btHp+XGA9KMZBtcLL1WFTP9DuJw="></latexit>

More training
<latexit sha1_base64="XsIRzB/2tPlp3uDOBIckwAoq9L8="></latexit><latexit sha1_base64="XsIRzB/2tPlp3uDOBIckwAoq9L8="></latexit><latexit sha1_base64="XsIRzB/2tPlp3uDOBIckwAoq9L8="></latexit><latexit sha1_base64="XsIRzB/2tPlp3uDOBIckwAoq9L8="></latexit>

More training
<latexit sha1_base64="XsIRzB/2tPlp3uDOBIckwAoq9L8="></latexit><latexit sha1_base64="XsIRzB/2tPlp3uDOBIckwAoq9L8="></latexit><latexit sha1_base64="XsIRzB/2tPlp3uDOBIckwAoq9L8="></latexit><latexit sha1_base64="XsIRzB/2tPlp3uDOBIckwAoq9L8="></latexit>

Slide credit: Phillip Isola



Supervised object recognition

“Fish”

label Y

Learner

image X

Slide credit: Phillip Isola



Supervised object recognition

Learner

image X

“Fish”

label Y

Slide credit: Phillip Isola



Supervised object recognition

Learner

image X

“Fish”

label Y

Slide credit: Phillip Isola



Supervised object recognition

…

Learner

image X

“Fish”

label Y

Slide credit: Phillip Isola



`



Held and Hein, 1963

Kitten Carousel



Supervised 
computer vision Vision in nature

Hand-curated training data 
+ Informative 
- Expensive 
- Limited to teacher’s 
knowledge 

 Raw unlabeled training data 
+ Cheap 
- Noisy 
- Harder to interpret

Slide credit: Phillip Isola



!
<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/kzZk4L86787FqLT j5zDn5A+fzB45lkfA=</latexit><latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLT j5zDn5A+fzB45lkfA=</latexit><latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLT j5zDn5A+fzB45lkfA=</latexit><latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLT j5zDn5A+fzB45lkfA=</latexit>

Learning from examples 

{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>

(aka supervised learning)

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>

Slide credit: Phillip Isola



!
<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>

Learning without examples 

· · ·<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>

(includes unsupervised learning and reinforcement learning)

{x1}
<latexit sha1_base64="kXup5BDxEU9M8NCIRyQlY14hxTw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0swm7E7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbRSx8+f+p4/7Vdrbt2dg6wSryA1KNDsV7/8QcKymCtkkhrT89wUg5xqFEzyacXPDE8pG9Mh71mqaMxNkM/PnZIzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUsSF4yy+vkvZF3XPr3v1lrXFTxFGGEziFc/DgChpwB01oAYMxPMMrvDmp8+K8Ox+L1pJTzBzDHzifPzVEj3g=</latexit><latexit sha1_base64="kXup5BDxEU9M8NCIRyQlY14hxTw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0swm7E7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbRSx8+f+p4/7Vdrbt2dg6wSryA1KNDsV7/8QcKymCtkkhrT89wUg5xqFEzyacXPDE8pG9Mh71mqaMxNkM/PnZIzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUsSF4yy+vkvZF3XPr3v1lrXFTxFGGEziFc/DgChpwB01oAYMxPMMrvDmp8+K8Ox+L1pJTzBzDHzifPzVEj3g=</latexit><latexit sha1_base64="kXup5BDxEU9M8NCIRyQlY14hxTw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0swm7E7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbRSx8+f+p4/7Vdrbt2dg6wSryA1KNDsV7/8QcKymCtkkhrT89wUg5xqFEzyacXPDE8pG9Mh71mqaMxNkM/PnZIzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUsSF4yy+vkvZF3XPr3v1lrXFTxFGGEziFc/DgChpwB01oAYMxPMMrvDmp8+K8Ox+L1pJTzBzDHzifPzVEj3g=</latexit><latexit sha1_base64="kXup5BDxEU9M8NCIRyQlY14hxTw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0swm7E7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbRSx8+f+p4/7Vdrbt2dg6wSryA1KNDsV7/8QcKymCtkkhrT89wUg5xqFEzyacXPDE8pG9Mh71mqaMxNkM/PnZIzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUsSF4yy+vkvZF3XPr3v1lrXFTxFGGEziFc/DgChpwB01oAYMxPMMrvDmp8+K8Ox+L1pJTzBzDHzifPzVEj3g=</latexit>

{x2}
<latexit sha1_base64="uuIlDGrgQL4kM3gAheMMvU95wo8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fj04rGC/YAmlM120y7dbMLuRCyhP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx7czvPHJtRKIecJLyIKZDJSLBKFqp4+dP/bo/7Veqbs2dg6wSryBVKNDsV778QcKymCtkkhrT89wUg5xqFEzyadnPDE8pG9Mh71mqaMxNkM/PnZJzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUtiF4yy+vkna95rk17/6y2rgp4ijBKZzBBXhwBQ24gya0gMEYnuEV3pzUeXHenY9F65pTzJzAHzifPzbKj3k=</latexit><latexit sha1_base64="uuIlDGrgQL4kM3gAheMMvU95wo8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fj04rGC/YAmlM120y7dbMLuRCyhP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx7czvPHJtRKIecJLyIKZDJSLBKFqp4+dP/bo/7Veqbs2dg6wSryBVKNDsV778QcKymCtkkhrT89wUg5xqFEzyadnPDE8pG9Mh71mqaMxNkM/PnZJzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUtiF4yy+vkna95rk17/6y2rgp4ijBKZzBBXhwBQ24gya0gMEYnuEV3pzUeXHenY9F65pTzJzAHzifPzbKj3k=</latexit><latexit sha1_base64="uuIlDGrgQL4kM3gAheMMvU95wo8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fj04rGC/YAmlM120y7dbMLuRCyhP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx7czvPHJtRKIecJLyIKZDJSLBKFqp4+dP/bo/7Veqbs2dg6wSryBVKNDsV778QcKymCtkkhrT89wUg5xqFEzyadnPDE8pG9Mh71mqaMxNkM/PnZJzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUtiF4yy+vkna95rk17/6y2rgp4ijBKZzBBXhwBQ24gya0gMEYnuEV3pzUeXHenY9F65pTzJzAHzifPzbKj3k=</latexit><latexit sha1_base64="uuIlDGrgQL4kM3gAheMMvU95wo8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fj04rGC/YAmlM120y7dbMLuRCyhP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx7czvPHJtRKIecJLyIKZDJSLBKFqp4+dP/bo/7Veqbs2dg6wSryBVKNDsV778QcKymCtkkhrT89wUg5xqFEzyadnPDE8pG9Mh71mqaMxNkM/PnZJzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUtiF4yy+vkna95rk17/6y2rgp4ijBKZzBBXhwBQ24gya0gMEYnuEV3pzUeXHenY9F65pTzJzAHzifPzbKj3k=</latexit>

{x3}
<latexit sha1_base64="bBRmIOJDJCFQejFIKE6sBX/JpDs=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68VjBfkATymY7aZduNmF3I5bQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTv32IyrNE/lgxikGMR1IHnFGjZXafv7Uu/AnvUrVrbkzkGXiFaQKBRq9ypffT1gWozRMUK27npuaIKfKcCZwUvYzjSllIzrArqWSxqiDfHbuhJxapU+iRNmShszU3xM5jbUex6HtjKkZ6kVvKv7ndTMTXQc5l2lmULL5oigTxCRk+jvpc4XMiLEllClubyVsSBVlxiZUtiF4iy8vk9Z5zXNr3v1ltX5TxFGCYziBM/DgCupwBw1oAoMRPMMrvDmp8+K8Ox/z1hWnmDmCP3A+fwA4UI96</latexit><latexit sha1_base64="bBRmIOJDJCFQejFIKE6sBX/JpDs=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68VjBfkATymY7aZduNmF3I5bQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTv32IyrNE/lgxikGMR1IHnFGjZXafv7Uu/AnvUrVrbkzkGXiFaQKBRq9ypffT1gWozRMUK27npuaIKfKcCZwUvYzjSllIzrArqWSxqiDfHbuhJxapU+iRNmShszU3xM5jbUex6HtjKkZ6kVvKv7ndTMTXQc5l2lmULL5oigTxCRk+jvpc4XMiLEllClubyVsSBVlxiZUtiF4iy8vk9Z5zXNr3v1ltX5TxFGCYziBM/DgCupwBw1oAoMRPMMrvDmp8+K8Ox/z1hWnmDmCP3A+fwA4UI96</latexit><latexit sha1_base64="bBRmIOJDJCFQejFIKE6sBX/JpDs=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68VjBfkATymY7aZduNmF3I5bQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTv32IyrNE/lgxikGMR1IHnFGjZXafv7Uu/AnvUrVrbkzkGXiFaQKBRq9ypffT1gWozRMUK27npuaIKfKcCZwUvYzjSllIzrArqWSxqiDfHbuhJxapU+iRNmShszU3xM5jbUex6HtjKkZ6kVvKv7ndTMTXQc5l2lmULL5oigTxCRk+jvpc4XMiLEllClubyVsSBVlxiZUtiF4iy8vk9Z5zXNr3v1ltX5TxFGCYziBM/DgCupwBw1oAoMRPMMrvDmp8+K8Ox/z1hWnmDmCP3A+fwA4UI96</latexit><latexit sha1_base64="bBRmIOJDJCFQejFIKE6sBX/JpDs=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68VjBfkATymY7aZduNmF3I5bQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTv32IyrNE/lgxikGMR1IHnFGjZXafv7Uu/AnvUrVrbkzkGXiFaQKBRq9ypffT1gWozRMUK27npuaIKfKcCZwUvYzjSllIzrArqWSxqiDfHbuhJxapU+iRNmShszU3xM5jbUex6HtjKkZ6kVvKv7ndTMTXQc5l2lmULL5oigTxCRk+jvpc4XMiLEllClubyVsSBVlxiZUtiF4iy8vk9Z5zXNr3v1ltX5TxFGCYziBM/DgCupwBw1oAoMRPMMrvDmp8+K8Ox/z1hWnmDmCP3A+fwA4UI96</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>

?

Slide credit: Phillip Isola



!
<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>

· · ·<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>

{x1}
<latexit sha1_base64="kXup5BDxEU9M8NCIRyQlY14hxTw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0swm7E7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbRSx8+f+p4/7Vdrbt2dg6wSryA1KNDsV7/8QcKymCtkkhrT89wUg5xqFEzyacXPDE8pG9Mh71mqaMxNkM/PnZIzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUsSF4yy+vkvZF3XPr3v1lrXFTxFGGEziFc/DgChpwB01oAYMxPMMrvDmp8+K8Ox+L1pJTzBzDHzifPzVEj3g=</latexit><latexit sha1_base64="kXup5BDxEU9M8NCIRyQlY14hxTw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0swm7E7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbRSx8+f+p4/7Vdrbt2dg6wSryA1KNDsV7/8QcKymCtkkhrT89wUg5xqFEzyacXPDE8pG9Mh71mqaMxNkM/PnZIzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUsSF4yy+vkvZF3XPr3v1lrXFTxFGGEziFc/DgChpwB01oAYMxPMMrvDmp8+K8Ox+L1pJTzBzDHzifPzVEj3g=</latexit><latexit sha1_base64="kXup5BDxEU9M8NCIRyQlY14hxTw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0swm7E7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbRSx8+f+p4/7Vdrbt2dg6wSryA1KNDsV7/8QcKymCtkkhrT89wUg5xqFEzyacXPDE8pG9Mh71mqaMxNkM/PnZIzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUsSF4yy+vkvZF3XPr3v1lrXFTxFGGEziFc/DgChpwB01oAYMxPMMrvDmp8+K8Ox+L1pJTzBzDHzifPzVEj3g=</latexit><latexit sha1_base64="kXup5BDxEU9M8NCIRyQlY14hxTw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0swm7E7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbRSx8+f+p4/7Vdrbt2dg6wSryA1KNDsV7/8QcKymCtkkhrT89wUg5xqFEzyacXPDE8pG9Mh71mqaMxNkM/PnZIzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUsSF4yy+vkvZF3XPr3v1lrXFTxFGGEziFc/DgChpwB01oAYMxPMMrvDmp8+K8Ox+L1pJTzBzDHzifPzVEj3g=</latexit>

{x2}
<latexit sha1_base64="uuIlDGrgQL4kM3gAheMMvU95wo8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fj04rGC/YAmlM120y7dbMLuRCyhP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx7czvPHJtRKIecJLyIKZDJSLBKFqp4+dP/bo/7Veqbs2dg6wSryBVKNDsV778QcKymCtkkhrT89wUg5xqFEzyadnPDE8pG9Mh71mqaMxNkM/PnZJzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUtiF4yy+vkna95rk17/6y2rgp4ijBKZzBBXhwBQ24gya0gMEYnuEV3pzUeXHenY9F65pTzJzAHzifPzbKj3k=</latexit><latexit sha1_base64="uuIlDGrgQL4kM3gAheMMvU95wo8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fj04rGC/YAmlM120y7dbMLuRCyhP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx7czvPHJtRKIecJLyIKZDJSLBKFqp4+dP/bo/7Veqbs2dg6wSryBVKNDsV778QcKymCtkkhrT89wUg5xqFEzyadnPDE8pG9Mh71mqaMxNkM/PnZJzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUtiF4yy+vkna95rk17/6y2rgp4ijBKZzBBXhwBQ24gya0gMEYnuEV3pzUeXHenY9F65pTzJzAHzifPzbKj3k=</latexit><latexit sha1_base64="uuIlDGrgQL4kM3gAheMMvU95wo8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fj04rGC/YAmlM120y7dbMLuRCyhP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx7czvPHJtRKIecJLyIKZDJSLBKFqp4+dP/bo/7Veqbs2dg6wSryBVKNDsV778QcKymCtkkhrT89wUg5xqFEzyadnPDE8pG9Mh71mqaMxNkM/PnZJzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUtiF4yy+vkna95rk17/6y2rgp4ijBKZzBBXhwBQ24gya0gMEYnuEV3pzUeXHenY9F65pTzJzAHzifPzbKj3k=</latexit><latexit sha1_base64="uuIlDGrgQL4kM3gAheMMvU95wo8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fj04rGC/YAmlM120y7dbMLuRCyhP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx7czvPHJtRKIecJLyIKZDJSLBKFqp4+dP/bo/7Veqbs2dg6wSryBVKNDsV778QcKymCtkkhrT89wUg5xqFEzyadnPDE8pG9Mh71mqaMxNkM/PnZJzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdB3kQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUtiF4yy+vkna95rk17/6y2rgp4ijBKZzBBXhwBQ24gya0gMEYnuEV3pzUeXHenY9F65pTzJzAHzifPzbKj3k=</latexit>

{x3}
<latexit sha1_base64="bBRmIOJDJCFQejFIKE6sBX/JpDs=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68VjBfkATymY7aZduNmF3I5bQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTv32IyrNE/lgxikGMR1IHnFGjZXafv7Uu/AnvUrVrbkzkGXiFaQKBRq9ypffT1gWozRMUK27npuaIKfKcCZwUvYzjSllIzrArqWSxqiDfHbuhJxapU+iRNmShszU3xM5jbUex6HtjKkZ6kVvKv7ndTMTXQc5l2lmULL5oigTxCRk+jvpc4XMiLEllClubyVsSBVlxiZUtiF4iy8vk9Z5zXNr3v1ltX5TxFGCYziBM/DgCupwBw1oAoMRPMMrvDmp8+K8Ox/z1hWnmDmCP3A+fwA4UI96</latexit><latexit sha1_base64="bBRmIOJDJCFQejFIKE6sBX/JpDs=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68VjBfkATymY7aZduNmF3I5bQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTv32IyrNE/lgxikGMR1IHnFGjZXafv7Uu/AnvUrVrbkzkGXiFaQKBRq9ypffT1gWozRMUK27npuaIKfKcCZwUvYzjSllIzrArqWSxqiDfHbuhJxapU+iRNmShszU3xM5jbUex6HtjKkZ6kVvKv7ndTMTXQc5l2lmULL5oigTxCRk+jvpc4XMiLEllClubyVsSBVlxiZUtiF4iy8vk9Z5zXNr3v1ltX5TxFGCYziBM/DgCupwBw1oAoMRPMMrvDmp8+K8Ox/z1hWnmDmCP3A+fwA4UI96</latexit><latexit sha1_base64="bBRmIOJDJCFQejFIKE6sBX/JpDs=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68VjBfkATymY7aZduNmF3I5bQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTv32IyrNE/lgxikGMR1IHnFGjZXafv7Uu/AnvUrVrbkzkGXiFaQKBRq9ypffT1gWozRMUK27npuaIKfKcCZwUvYzjSllIzrArqWSxqiDfHbuhJxapU+iRNmShszU3xM5jbUex6HtjKkZ6kVvKv7ndTMTXQc5l2lmULL5oigTxCRk+jvpc4XMiLEllClubyVsSBVlxiZUtiF4iy8vk9Z5zXNr3v1ltX5TxFGCYziBM/DgCupwBw1oAoMRPMMrvDmp8+K8Ox/z1hWnmDmCP3A+fwA4UI96</latexit><latexit sha1_base64="bBRmIOJDJCFQejFIKE6sBX/JpDs=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68VjBfkATymY7aZduNmF3I5bQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTv32IyrNE/lgxikGMR1IHnFGjZXafv7Uu/AnvUrVrbkzkGXiFaQKBRq9ypffT1gWozRMUK27npuaIKfKcCZwUvYzjSllIzrArqWSxqiDfHbuhJxapU+iRNmShszU3xM5jbUex6HtjKkZ6kVvKv7ndTMTXQc5l2lmULL5oigTxCRk+jvpc4XMiLEllClubyVsSBVlxiZUtiF4iy8vk9Z5zXNr3v1ltX5TxFGCYziBM/DgCupwBw1oAoMRPMMrvDmp8+K8Ox/z1hWnmDmCP3A+fwA4UI96</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>
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Unsupervised Representation Learning

Slide credit: Phillip Isola
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Slide credit: Phillip Isola
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Unsupervised Representation Learning

Slide credit: Phillip Isola
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[e.g., Hinton & Salakhutdinov, Science 2006]

Unsupervised Representation Learning



Autoencoder

[e.g., Hinton & Salakhutdinov, Science 2006]
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X̂ = F(X)F

[e.g., Hinton & Salakhutdinov, Science 2006]
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[e.g., Hinton & Salakhutdinov, Science 2006]
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Slide credit: Phillip Isola
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[Zhang, Isola, Efros, ECCV 2016]
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Result of [Zhang et al., ECCV 2016]  
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[Zhang et al., ECCV 2016]
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<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

argmin
f2F

NX

i=1

L(f(xi),yi)
<latexit sha1_base64="meXqh9itr2VQWrenJY7WuR6klEQ="></latexit><latexit sha1_base64="meXqh9itr2VQWrenJY7WuR6klEQ="></latexit><latexit sha1_base64="meXqh9itr2VQWrenJY7WuR6klEQ="></latexit><latexit sha1_base64="meXqh9itr2VQWrenJY7WuR6klEQ="></latexit>



Input Output Ground truth

Choosing loss and representation

L(f(x),y) = kf(x)� yk22
<latexit sha1_base64="QSfA133645MsYk7PcH9LIE9z/Yw="></latexit><latexit sha1_base64="QSfA133645MsYk7PcH9LIE9z/Yw="></latexit><latexit sha1_base64="QSfA133645MsYk7PcH9LIE9z/Yw="></latexit><latexit sha1_base64="QSfA133645MsYk7PcH9LIE9z/Yw="></latexit>

Slide credit: Phillip Isola



L(f(x),y) = kf(x)� yk22
<latexit sha1_base64="QSfA133645MsYk7PcH9LIE9z/Yw="></latexit><latexit sha1_base64="QSfA133645MsYk7PcH9LIE9z/Yw="></latexit><latexit sha1_base64="QSfA133645MsYk7PcH9LIE9z/Yw="></latexit><latexit sha1_base64="QSfA133645MsYk7PcH9LIE9z/Yw="></latexit>

Slide credit: Phillip Isola
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y 2 RH⇥W⇥2
<latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit><latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit><latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit><latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit>

L(f(x),y) = kf(x)� yk22
<latexit sha1_base64="QSfA133645MsYk7PcH9LIE9z/Yw="></latexit><latexit sha1_base64="QSfA133645MsYk7PcH9LIE9z/Yw="></latexit><latexit sha1_base64="QSfA133645MsYk7PcH9LIE9z/Yw="></latexit><latexit sha1_base64="QSfA133645MsYk7PcH9LIE9z/Yw="></latexit>

Prediction for a single pixel i,j

Slide credit: Phillip Isola



y 2 RH⇥W⇥2
<latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit><latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit><latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit><latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit>

y 2 RH⇥W⇥K

<latexit sha1_base64="o/CYE9JWc1DkgxoiLYObuUUzEXY="></latexit><latexit sha1_base64="o/CYE9JWc1DkgxoiLYObuUUzEXY="></latexit><latexit sha1_base64="o/CYE9JWc1DkgxoiLYObuUUzEXY="></latexit><latexit sha1_base64="o/CYE9JWc1DkgxoiLYObuUUzEXY="></latexit>

one-hot representation of K discrete classes

Slide credit: Phillip Isola
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Prediction for a single pixel i,j
y 2 RH⇥W⇥K

<latexit sha1_base64="o/CYE9JWc1DkgxoiLYObuUUzEXY="></latexit><latexit sha1_base64="o/CYE9JWc1DkgxoiLYObuUUzEXY="></latexit><latexit sha1_base64="o/CYE9JWc1DkgxoiLYObuUUzEXY="></latexit><latexit sha1_base64="o/CYE9JWc1DkgxoiLYObuUUzEXY="></latexit>
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L(y, f✓(x)) = H(y, softmax(f✓(x)))
<latexit sha1_base64="vt/TbLPaJaG3KIi6IZGJycHfooM="></latexit><latexit sha1_base64="vt/TbLPaJaG3KIi6IZGJycHfooM="></latexit><latexit sha1_base64="vt/TbLPaJaG3KIi6IZGJycHfooM="></latexit><latexit sha1_base64="vt/TbLPaJaG3KIi6IZGJycHfooM="></latexit>

Slide credit: Phillip Isola



Zhang et al. 2016Input Ground truth

L(x,y) = H(y, softmax(f✓(x)))
<latexit sha1_base64="nz1X4mrNqAOwI2tcPssbHrsedlI="></latexit><latexit sha1_base64="nz1X4mrNqAOwI2tcPssbHrsedlI="></latexit><latexit sha1_base64="nz1X4mrNqAOwI2tcPssbHrsedlI="></latexit><latexit sha1_base64="nz1X4mrNqAOwI2tcPssbHrsedlI="></latexit>

Slide credit: Phillip Isola
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“Regression” “Classification”

• Continuous-valued prediction 
• (Usually) models unimodal distribution

• Discrete-valued prediction 
• Models multimodal distribution





Instructive failure



Instructive failure



Deep Net “Electrophysiology”

[Zhou et al., ICLR 2015]
[Zeiler & Fergus, ECCV 2014]



dog 
faces

faces

flowers

Stimuli that drive selected neurons (conv5 layer)



Image Reconstructed 
image

X̂X

compressed image 
code (vector z)

Is the code informative 
about object class    ?y

Logistic regression:
y = �(Wz+ b)



conv3
Predicted 

Color 
Channels
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Raw 
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X

Layerconv1
conv2

conv4
conv5
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pool2

pool110
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Classification performance

colorization

Task from [Russakovsky et al. 2015]

Reconstructed 
Data

X̂

Raw 
Grayscale 
Channel

X1

autoencoder



Self-supervised learning
Common trick:  

• Convert “unsupervised” 
problem into “supervised” 
empirical risk minimization 

• Do so by cooking up 
“labels” (prediction targets) 
from the raw data itselfEscher, 1948



Multisensory self-supervision

Virginia de Sa. Learning Classification with Unlabeled Data. NIPS 1994.
[see also “Six lessons from babies”, Smith and Gasser 2005]



Andrew Owens Josh McDermott
Antonio TorralbaWilliam Freeman

Ambient Sound Provides 
Supervision for Visual Learning

Jiajun Wu

MIT,  Google Research



Slide credit: Andrew Owens



Audio is invariant to many visual transformations

Audio space

Image space

Slide credit: Andrew Owens



Audio is invariant to many visual transformations

Audio space

Image space

Slide credit: Andrew Owens



Audio space

Image space
Audio is invariant to many visual transformations

Slide credit: Andrew Owens



Audio space

Image space
Audio is invariant to many visual transformations

Slide credit: Andrew Owens



Audio space

Image space
Audio is invariant to many visual transformations

Water Water

WaterWater

Beach

BeachBridge

Slide credit: Andrew Owens



Sound texture  
[McDermott & 

Simoncelli 2011]

Predicting sound

Video frame ConvNet

• Flickr video dataset.
• 180K videos, 10 random frames from each.
• Trained from scratch

Slide credit: Andrew Owens



Predicting sound

Video frame ConvNet
Sound feature 

Slide credit: Andrew Owens



Audio 

Predicting sound

ConvNet
K-means or 

Video frame

Slide credit: Andrew Owens



What information is captured by this sound representation?

Top audio clips for one cluster (of 30).



What information is captured by this sound representation?
Top images in audio cluster

Top audio clips for one cluster (of 30).



Audio label

What did the network learn?

Slide credit: Andrew Owens



pool5

“person”

What did the network learn?

PASCAL VOC 2007

Slide credit: Andrew Owens



PASCAL VOC Classification

60

40

20

0

50

30

10

Sound 

46.7 46.1
42.2

31.2

65.5

Context 
[Doersch15]

Tracking
[Wang15]

Egomotion 
[Agrawal15]

ImageNet 
[Krizhevsky12]

44.0

Spectrum
only

37.5

Visual
clusters

% mAP

Slide credit: Andrew Owens



Sound Context TrackingEgomotionPlaces
[Doersch15][Wang15][Agrawal15]

22.5% 22.2% 18.7%
11.3%

42.1%40

% acc. 

20

0

[Zhou14]

SUN397 Scene Recognition

Slide credit: Andrew Owens



Audio label

What did the network learn?

Slide credit: Andrew Owens



Audio label

conv

256 13

Top responses (unit #90 

Unit visualizations

Slide credit: Andrew Owens



Audio label

conv

256 13

Unit visualizations

Slide credit: Andrew Owens



Audio label

conv

256 13

Unit visualizations

Slide credit: Andrew Owens



Unsupervised visual representation 
learning by context prediction  

[Carl Doersch, Abhinav Gupta, Alexei A. Efros, ICCV 2015]



Context as Supervision  
[Collobert & Weston 2008; Mikolov et al. 2013]

Deep 
Net

[Slide credit: Carl Doersch]



Context Prediction for Images

A B

? ? ?
??

? ? ?
[Slide credit: Carl Doersch]



Semantics from a non-semantic task

[Slide credit: Carl Doersch]



Randomly Sample Patch
Sample Second Patch

CNN CNN

Classifier

Relative Position Task

8 possible locations

[Slide credit: Carl Doersch]



CNN CNN

Classifier

Patch Embedding (representation)

Input Nearest Neighbors

CNN Note: connects across instances!

[Slide credit: Carl Doersch]



Learning by Rotating

Unsupervised Representation Learning by Predicting Image Rotations
Spyros Gidaris, Praveer Singh, Nikos Komodakis



How are we doing?
Classification Detection Segmentation

ImageNet 78.2% 56.8% 48.0%

Context 55.3% 46.6% -

Jigsaw Puzzle 67.6%  53.2%  37.6%

Inpainting 56.5% 44.5%  30.0%

Colorization 61.5% 46.9% 35.6%

Tracking  58.7% 47.4% -

Counting  67.7% 51.4% 36.6%

Rotation 72.9% 54.4% 39.1%

PASCAL VOC 2007 



Prediction hypothesis

1. To survive, biological 
agents are constantly 
trying to anticipate, to 
predict sensations  

2. This trains up 
representations useful for 
prediction — surfaces, 
objects, events!Henri Cartier-Bresson



Yann LeCun’s cake: 

1. Cake is unsupervised representation learning 

2. Frosting is supervised transfer learning 

3. Cherry on top is reinforcement learning (model-based RL)


