
CS 5670: Introduction to Computer Vision

Lecture 12: Representation learning



Announcements

• PS3 out (due on a Friday, Oct. 17th)



Supervised computer vision

Object recognition [Russakovsky et al., “ImageNet”, 2015] Object segmentation [Gupta et al., “LVIS”, 2019]



These methods need lots of labeled training examples!

[Lin et al., COCO dataset]

Supervised computer vision
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Mask R-CNN on COCO with Different Training Set Sizes

Image source: R. Girshick

Object detection accuracy vs. dataset size

The need for labeled training data



We want models that can generalize



Training
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“Fish”

Object recognition

Testing
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?

Scene recognition

Often, what we will be “tested” on is to learn to do something new.
Source: Isola, Freeman, Torralba7

Transfer learning



Finetuning: take a model trained on one task and retrain it for 
another.

Testing
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Scene recognition

?“Fish”

Object recognition

Pretraining
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A lot of data

bedroom

Finetuning
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Scene recognition

A little data

Source: Isola, Freeman, Torralba8



Finetuning

dolphin
cat
grizzly bear
angel fish
chameleon

iguana
elephant

clown fish

Object recognition

Pretraining
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Finetuning
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Scene recognition

Source: Isola, Freeman, Torralba9



dolphin
cat
grizzly bear
angel fish
chameleon

iguana
elephant

clown fish

Object recognition

Pretraining
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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>

Scene recognition

bathroom
kitchen
bedroom
living room
hallway

Initialize the weights using the pretraining task!

Finetuning

Source: Isola, Freeman, Torralba10



Finetuning
• Pretrain a network on task A (e.g., object recognition), resulting in 

parameters W. 

• Initialize a second network with some or all of W. 

• Train the second network on task B, resulting in parameters W’ 

• Why would we expect this to work?

Source: Isola, Freeman, Torralba11
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 Visualizing representations



Deep net “electrophysiology”

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

“Fish”…

Source: Isola, Freeman, Torralba13



[Zeiler and Fergus, 2014]

Visualizing and Understanding CNNs

Gabor-like filters learned by layer 1
Image patches that activate each of  

layer 1’s filters most strongly

Source: Isola, Freeman, Torralba

14



[Zeiler and Fergus, 2014]

Image patches that 
activate each of the layer 
2 neurons most strongly

Source: Isola, Freeman, Torralba 15



[Zeiler and Fergus, 2014]

Image patches that 
activate each of the layer 
3 neurons most strongly

Source: Isola, Freeman, Torralba



[Zeiler and Fergus, 2014]

Image patches that 
activate each of the layer 
4 neurons most strongly

Source: Isola, Freeman, Torralba
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[Zeiler and Fergus, 2014]

Image patches that 
activate each of the layer 
5 neurons most strongly

Source: Isola, Freeman, Torralba

18



CNNs learned the classical visual recognition pipeline

Edges

Texture

Colors

Segments

Parts
“clown fish”

Source: Isola, Freeman, Torralba 19



[Zhou et al., ICLR 2015]

pool 1

[http://people.csail.mit.edu/torralba/research/drawCNN/drawNet.html]
Source: Isola, Freeman, Torralba
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Object Detectors Emerge in Deep Scene CNNs



[Zhou et al., ICLR 2015]

Object Detectors Emerge in Deep Scene CNNs

pool 2

Source: Isola, Freeman, Torralba
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[Zhou et al., ICLR 2015]
conv 4

Source: Isola, Freeman, Torralba
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Object Detectors Emerge in Deep Scene CNNs



[Zhou et al., ICLR 2015]

pool 5

Source: Isola, Freeman, Torralba
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Object Detectors Emerge in Deep Scene CNNs



[Zhou et al., ICLR 2015]

Source: Isola, Freeman, Torralba
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Object Detectors Emerge in Deep Scene CNNs



“Dog”
Linear probe

Object recognition 
network

25
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Linear 
Classifier “Rainforest”

y = �(Wz+ b)
y = �(Wz+ b)y = �(Wz+ b),y = �(Wz+ b) y=�(Wz+b)

Linear probe

y = �(Wz+ b)
Feature representation



27[Xiao et al., CVPR 2010]

Hand-crafted features

Transferring CNN features

CNN features pretrained on ImageNet 
+ linear classifier [Donahue et al. 2013]

40.9



Case study: object detection

• ImageNet pretraining speeds up object 
detection training by 5x 

• Big performance gains for small/medium 
datasets (e.g. 1K examples per class) 

• No benefit for large datasets

[He et al. 2018] 28

Observations:
AP on COCO with R-CNN
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Learner
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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>

Source: Isola, Freeman, Torralba29



!
<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>

Representations

Representation Learning

Source: Isola, Freeman, Torralba30



31

How do we learn good representations?





Self-supervised learning methods

33



Reconstructed 
image

X̂

Image

X

compressed image code 
(vector z)

[e.g., Hinton & Salakhutdinov, Science 2006]

Autoencoder

Source: Isola, Freeman, Torralba
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F

Image

X

Reconstructed 
image

X̂ = F(X)

Source: Isola, Freeman, Torralba

35

Autoencoder

ℒθ = ∥X − X̂∥2

Loss:



Reconstructed 
image

Image

X X̂ = F(X)F

“Coral”“Fish”

Source: Isola, Freeman, Torralba
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Data compression

Data Data

X̂X

Source: Isola, Freeman, Torralba
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Data prediction 

Some data Other data

X1

X̂2

Source: Isola, Freeman, Torralba
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Denoising autoencoder

Noisy image Reconstructed image

39

[Vincent et al., 2008]



Denoising autoencoder

Noisy image Reconstructed image

40

[Vincent et al., 2008, Pathak et al. 2015, He, 2020]

Other types of “noise”.



Masked autoencoders with transformers

[Kaiming He et al., “Masked Autoencoders Are Scalable Vision Learners”, 2021]

image

In PS3!



Masked autoencoders with transformers

[Kaiming He et al., “Masked Autoencoders Are Scalable Vision Learners”, 2021]

masked image

In PS3!



Masked autoencoders with transformers

[Kaiming He et al., “Masked Autoencoders Are Scalable Vision Learners”, 2021]

ℒθ = ∥X − X̂∥2

Autoencoder loss:







Feature learning performance

Downstream ImageNet recognition performance



Other self-supervised learning tasks



Color information: ab channelsGrayscale image: L channel

abL
[Zhang, Isola, Efros, ECCV 2016]

Source: Isola, Freeman, Torralba
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Visualizing units

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

Source: Isola, Freeman, Torralba
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[“Colorful image colorization”, Zhang et al., ECCV 2016]

50

Source: Isola, Torralba, Freeman



[“Colorful image colorization”, Zhang et al., ECCV 2016]
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[“Colorful image colorization”, Zhang et al., ECCV 2016]

52

Source: Isola, Torralba, Freeman



dog 
faces

faces

flowers

Stimuli that drive selected neurons (conv5 layer)
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conv3
Predicted 

Color 
Channels

X̂2

Raw 
Data

X

Layer
conv1

conv2
conv4

conv5
pool5

pool2
pool1

10

15

20

25

30

35

40

Ac
cu

ra
cy

Classification performance

colorization

ImageNet Task [Russakovsky et al. 2015]

Reconstructed 
Data

X̂

Raw 
Grayscale 
Channel

X1

autoencoder

Source: Isola, Freeman, Torralba
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Context as Supervision 
[Collobert & Weston 2008; Mikolov et al. 2013]

Deep 
Net

[Slide credit: Carl Doersch]55



Context Prediction as Supervision

A B

? ? ?

??

? ? ?
[Slide credit: Carl Doersch]56



Semantics from a non-semantic task

[Slide credit: Carl Doersch]
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Randomly Sample Patch
Sample Second Patch

CNN CNN

Classifier

Relative Position Task
8 possible locations

[Slide credit: Carl Doersch]
58



CNN CNN

Classifier

Patch Embedding (representation)

Input Nearest Neighbors

CNN

[Slide credit: Carl Doersch]
59



Revisiting autoencoders

F

Image

X

Reconstructed 
image

X̂ = F(X)

Is prediction necessary?

60



Contrastive learning

z
<latexit sha1_base64="G0rlcn9m/BwCiGW2RPF0aUhPxmI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cV7APbUjLpnTY0kxmSjFCH/oUbF4q49W/c+Tdm2llo64HA4Zx7ybnHjwXXxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRDBssEpFq+1Sj4BIbhhuB7VghDX2BLX98k/mtR1SaR/LeTGLshXQoecAZNVZ66IbUjPwgfZr2yxW36s5AlomXkwrkqPfLX91BxJIQpWGCat3x3Nj0UqoMZwKnpW6iMaZsTIfYsVTSEHUvnSWekhOrDEgQKfukITP190ZKQ60noW8ns4R60cvE/7xOYoKrXsplnBiUbP5RkAhiIpKdTwZcITNiYgllitushI2ooszYkkq2BG/x5GXSPKt651X37qJSu87rKMIRHMMpeHAJNbiFOjSAgYRneIU3RzsvzrvzMR8tOPnOIfyB8/kDAPyRIA==</latexit>

x1
<latexit sha1_base64="if0HbBZOXWTH8AeZ/EUFA7xBQ3k=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeiF48VbC00pWy2L+3SzSbsbsQS+je8eFDEq3/Gm//GTZuDtg4sDDPv8WYnSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4JvcfHlFpHst7M0mwF9Gh5CFn1FjJ9yNqRkGYPfW9ab9ac+vuDGSZeAWpQYFmv/rlD2KWRigNE1TrrucmppdRZTgTOK34qcaEsjEdYtdSSSPUvWyWeUpOrDIgYazsk4bM1N8bGY20nkSBncwz6kUvF//zuqkJr3oZl0lqULL5oTAVxMQkL4AMuEJmxMQSyhS3WQkbUUWZsTVVbAne4peXSfus7p3X3buLWuO6qKMMR3AMp+DBJTTgFprQAgYJPMMrvDmp8+K8Ox/z0ZJT7BzCHzifPyqgkcI=</latexit>

x2
<latexit sha1_base64="8TseVZ5QQs9yxiNWLa+nDFOtWGc=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWaqoMuiG5cV7AM6Q8mkmTY0kxmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uScnSATXxnG+UWltfWNzq7xd2dnd2z+oHh51dJwqyto0FrHqBUQzwSVrG24E6yWKkSgQrBtMbnO/+8iU5rF8MNOE+REZSR5ySoyVPC8iZhyE2dOgMRtUa07dmQOvErcgNSjQGlS/vGFM04hJQwXRuu86ifEzogyngs0qXqpZQuiEjFjfUkkipv1snnmGz6wyxGGs7JMGz9XfGxmJtJ5GgZ3MM+plLxf/8/qpCa/9jMskNUzSxaEwFdjEOC8AD7li1IipJYQqbrNiOiaKUGNrqtgS3OUvr5JOo+5e1J37y1rzpqijDCdwCufgwhU04Q5a0AYKCTzDK7yhFL2gd/SxGC2hYucY/gB9/gAsJZHD</latexit>

…

[Wu et al., Instance discrimination 2018], [He et al. Momentum contrastive learning 2019]61

Other images in dataset

Feature embedding



Contrastive learning

z
<latexit sha1_base64="G0rlcn9m/BwCiGW2RPF0aUhPxmI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cV7APbUjLpnTY0kxmSjFCH/oUbF4q49W/c+Tdm2llo64HA4Zx7ybnHjwXXxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRDBssEpFq+1Sj4BIbhhuB7VghDX2BLX98k/mtR1SaR/LeTGLshXQoecAZNVZ66IbUjPwgfZr2yxW36s5AlomXkwrkqPfLX91BxJIQpWGCat3x3Nj0UqoMZwKnpW6iMaZsTIfYsVTSEHUvnSWekhOrDEgQKfukITP190ZKQ60noW8ns4R60cvE/7xOYoKrXsplnBiUbP5RkAhiIpKdTwZcITNiYgllitushI2ooszYkkq2BG/x5GXSPKt651X37qJSu87rKMIRHMMpeHAJNbiFOjSAgYRneIU3RzsvzrvzMR8tOPnOIfyB8/kDAPyRIA==</latexit>

x1
<latexit sha1_base64="if0HbBZOXWTH8AeZ/EUFA7xBQ3k=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeiF48VbC00pWy2L+3SzSbsbsQS+je8eFDEq3/Gm//GTZuDtg4sDDPv8WYnSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4JvcfHlFpHst7M0mwF9Gh5CFn1FjJ9yNqRkGYPfW9ab9ac+vuDGSZeAWpQYFmv/rlD2KWRigNE1TrrucmppdRZTgTOK34qcaEsjEdYtdSSSPUvWyWeUpOrDIgYazsk4bM1N8bGY20nkSBncwz6kUvF//zuqkJr3oZl0lqULL5oTAVxMQkL4AMuEJmxMQSyhS3WQkbUUWZsTVVbAne4peXSfus7p3X3buLWuO6qKMMR3AMp+DBJTTgFprQAgYJPMMrvDmp8+K8Ox/z0ZJT7BzCHzifPyqgkcI=</latexit>

x2
<latexit sha1_base64="8TseVZ5QQs9yxiNWLa+nDFOtWGc=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWaqoMuiG5cV7AM6Q8mkmTY0kxmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uScnSATXxnG+UWltfWNzq7xd2dnd2z+oHh51dJwqyto0FrHqBUQzwSVrG24E6yWKkSgQrBtMbnO/+8iU5rF8MNOE+REZSR5ySoyVPC8iZhyE2dOgMRtUa07dmQOvErcgNSjQGlS/vGFM04hJQwXRuu86ifEzogyngs0qXqpZQuiEjFjfUkkipv1snnmGz6wyxGGs7JMGz9XfGxmJtJ5GgZ3MM+plLxf/8/qpCa/9jMskNUzSxaEwFdjEOC8AD7li1IipJYQqbrNiOiaKUGNrqtgS3OUvr5JOo+5e1J37y1rzpqijDCdwCufgwhU04Q5a0AYKCTzDK7yhFL2gd/SxGC2hYucY/gB9/gAsJZHD</latexit>

z>x1
<latexit sha1_base64="tZT/fS02C7BZ7LSq+Uzv4vQwjSE=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVQkgwVjBwlgk+pCaEDmu01p17Mh2ECXKwsKvsDCAECv/wMbf4LRFgpYjWTo+517de0+YMKq043xZc/MLi0vLpZXy6tr6xqa9td1UIpWYNLBgQrZDpAijnDQ01Yy0E0lQHDLSCgcXhd+6JVJRwa/1MCF+jHqcRhQjbaTA3vNipPthlN3nN54WCfz53wVuHtgVp+qMAGeJOyEVMEE9sD+9rsBpTLjGDCnVcZ1E+xmSmmJG8rKXKpIgPEA90jGUo5goPxtdkcMDo3RhJKR5XMOR+rsjQ7FSwzg0lcWOatorxP+8TqqjMz+jPEk14Xg8KEoZ1AIWkcAulQRrNjQEYUnNrhD3kURYm+DKJgR3+uRZ0jyqusdV5+qkUjufxFECu2AfHAIXnIIauAR10AAYPIAn8AJerUfr2Xqz3selc9akZwf8gfXxDTEwmQA=</latexit>

[Wu et al., Instance discrimination 2018], [He et al. Momentum contrastive learning 2019]

z>z
<latexit sha1_base64="L+L/AeVdjpBvKbX9GkvA2JY0Bjo=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUlU0GXRjcsK9gFNLZPppB06yYSZG6GGght/xY0LRdz6E+78GydtQG09MHDmnHu59x4/FlyD43xZhYXFpeWV4mppbX1jc8ve3mlomSjK6lQKqVo+0UzwiNWBg2CtWDES+oI1/eFl5jfvmNJcRjcwilknJP2IB5wSMFLX3vNCAgM/SO/Htx7IGP/8u3bZqTgT4Hni5qSMctS69qfXkzQJWQRUEK3brhNDJyUKOBVsXPISzWJCh6TP2oZGJGS6k05uGONDo/RwIJV5EeCJ+rsjJaHWo9A3ldmGetbLxP+8dgLBeSflUZwAi+h0UJAIDBJngeAeV4yCGBlCqOJmV0wHRBEKJraSCcGdPXmeNI4r7knFuT4tVy/yOIpoHx2gI+SiM1RFV6iG6oiiB/SEXtCr9Wg9W2/W+7S0YOU9u+gPrI9v+iWYXg==</latexit> High dot product with self

Low dot product with others

62

…

Feature embedding



z
<latexit sha1_base64="G0rlcn9m/BwCiGW2RPF0aUhPxmI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cV7APbUjLpnTY0kxmSjFCH/oUbF4q49W/c+Tdm2llo64HA4Zx7ybnHjwXXxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRDBssEpFq+1Sj4BIbhhuB7VghDX2BLX98k/mtR1SaR/LeTGLshXQoecAZNVZ66IbUjPwgfZr2yxW36s5AlomXkwrkqPfLX91BxJIQpWGCat3x3Nj0UqoMZwKnpW6iMaZsTIfYsVTSEHUvnSWekhOrDEgQKfukITP190ZKQ60noW8ns4R60cvE/7xOYoKrXsplnBiUbP5RkAhiIpKdTwZcITNiYgllitushI2ooszYkkq2BG/x5GXSPKt651X37qJSu87rKMIRHMMpeHAJNbiFOjSAgYRneIU3RzsvzrvzMR8tOPnOIfyB8/kDAPyRIA==</latexit>

[Wu et al., Instance discrimination 2018], [He et al. Momentum contrastive learning 2019]

Minimize InfoNCE loss:

Equivalent to softmax loss with each 
image in the batch as a category.

Contrastive learning

63

ℒ = − log ( exp(z⊤z)
∑n

i=1 exp(z⊤xi) )



z
<latexit sha1_base64="G0rlcn9m/BwCiGW2RPF0aUhPxmI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cV7APbUjLpnTY0kxmSjFCH/oUbF4q49W/c+Tdm2llo64HA4Zx7ybnHjwXXxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRDBssEpFq+1Sj4BIbhhuB7VghDX2BLX98k/mtR1SaR/LeTGLshXQoecAZNVZ66IbUjPwgfZr2yxW36s5AlomXkwrkqPfLX91BxJIQpWGCat3x3Nj0UqoMZwKnpW6iMaZsTIfYsVTSEHUvnSWekhOrDEgQKfukITP190ZKQ60noW8ns4R60cvE/7xOYoKrXsplnBiUbP5RkAhiIpKdTwZcITNiYgllitushI2ooszYkkq2BG/x5GXSPKt651X37qJSu87rKMIRHMMpeHAJNbiFOjSAgYRneIU3RzsvzrvzMR8tOPnOIfyB8/kDAPyRIA==</latexit>

[Wu et al., Instance discrimination 2018], [He et al. Momentum contrastive learning 2019]

Build in invariance by comparing to 
augmented images.

Contrastive learning

64

ℒ = − log (
exp{z⊤zaug}

exp{z⊤zaug + ∑i z⊤xi} )



Other augmentations for contrastive learning

[Chen et al., SimCLR, 2020]
65



Performance snapshot

ImageNet linear classification Object detection finetuning

Comparable in many cases to supervised pretraining.
66[He et al. Momentum contrastive learning 2019]



Representation learning with language



Ramp

Cart

Tree

PersonBicycle

Grate

Soap box derby



Language-based supervision



Language-based supervision



[Radford et al., ”CLIP” , 2021]

ℒθ = − log
exp(Ii ⋅ Ti)

∑j exp(Ii ⋅ Tj)

InfoNCE loss:

Contrastive learning with language



“Zero-shot” classification

[Radford et al., ”CLIP” , 2021]

(1) Create classifier from label text

(2) Test how well each prompt fits an image



“Zero-shot” classification

[Radford et al., ”CLIP” , 2021]



“Zero-shot” classification

[Radford et al., ”CLIP” , 2021]



“Zero-shot” classification

[Radford et al., ”CLIP” , 2021]



Next classes: generative models


