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Lecture 23: Motion estimation

Most slides from S. Lazebnik, which are based on other slides from S. Seitz, R. Szeliski, M. Pollefeys



2

Announcements

• One-day extension for PS7 due to download issues

• PS8: panorama stitching

• Discussion section: project office hours + geometry



Motion is a powerful perceptual cue

3 Source: S. Lazebnik



4 [Yang et al., “Self-supervised Video Object Segmentation by Motion Grouping”, 2021]

Motion is a powerful perceptual cue



Motion is a powerful perceptual cue

5

G. Johansson, “Visual Perception of Biological Motion and a Model For Its Analysis", 
Perception and Psychophysics 14, 201-211, 1973. Source: S. Lazebnik



Optical flow

6Image source Image source Source: S. Lazebnik

• Optical flow is the apparent motion of brightness patterns 
in the image


• Can be caused by camera motion, object motion, or changes of 
lighting in the scene

https://arijitkar98.github.io/2018/05/28/weeks-1-and-2.html
https://help.commonvisionblox.com/OpticalFlow/introduction.htm


Estimating optical flow
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• How can we estimate it? Some assumptions:

• Brightness constancy:  projection of the same point looks the 

same in every frame

• Small motion:  points do not move very far

• Spatial coherence: points move like their neighbors

I(x,y,t–1) I(x,y,t)

• Given two consecutive frames, estimate the motion field u(x,y) and 
v(x,y) between them

Source: S. Lazebnik



The brightness constancy constraint

I(x,y,t–1) I(x,y,t)

Simple loss function [Lucas & Kanade 1981]. Find flow that minimizes:

L(u, v) =
X

x,y

[I(x, y, t� 1)� I(x+ u(x, y), y + v(x, y), t)]2

<latexit sha1_base64="DhWrnIE7gdWWIgy9PNwT22+fX+E="></latexit>

Source: S. Lazebnik
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Linearizing the right side using Taylor expansion:

The brightness constancy constraint

9

I(x,y,t–1) I(x,y,t)

0≈++ tyx IvIuITherefore:

Brightness Constancy Equation:

Derivative in y direction

Source: S. Lazebnik

Derivative in time: I(x, y, t − 1) − I(x, y, t)



The brightness constancy constraint
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• How many equations and unknowns per pixel?

• One equation, two unknowns

• Under-constrained. Let’s rewrite it:

• The component of the flow perpendicular to the image gradient 
(i.e., parallel to the edge) is unknown!

0=++ tyx IvIuI

0),( =+⋅∇ tIvuI

0)','( =⋅∇ vuI

edge

(u,v)

(u’,v’)

gradient

(u+u’,v+v’)

If (u, v) satisfies the equation,  
so does (u+u’, v+v’) if 

Source: S. Lazebnik



The aperture problem
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Perceived motion

Source: S. Lazebnik



The aperture problem
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Actual motion

Source: S. Lazebnik



The barber pole illusion
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http://en.wikipedia.org/wiki/Barberpole_illusion

Source: S. Lazebnik

http://en.wikipedia.org/wiki/Barberpole_illusion


The barber pole illusion
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http://en.wikipedia.org/wiki/Barberpole_illusion

Source: S. Lazebnik

http://en.wikipedia.org/wiki/Barberpole_illusion


• How to get more equations for a pixel?

• Spatial coherence constraint:  assume the pixel’s 

neighbors have the same (u,v)

• E.g., if we use a 5x5 window, that gives us 25 equations per pixel

Solving the aperture problem
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[Lucas & Kanade 1981] Source: S. Lazebnik



Lucas-Kanade flow
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When is this system solvable?
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[Lucas & Kanade 1981]

Least squares problem:

… … …
Source: S. Lazebnik



Lucas-Kanade optical flow
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(summations are over all 
pixels in the window)

• Solution given by
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M = ATA is the 

“second moment” matrix


(also Gauss-Newton 
approximation to Hessian)

[Lucas & Kanade 1981]

… … …
Source: S. Lazebnik



Analyzing the second moment matrix

18 λ1

λ2

“Corner” 
λ1 and λ2 are large, 
 λ1 ~ λ2

λ1 and λ2 are small “Edge”  
λ1 >> λ2

“Edge”  
λ2 >> λ1

“Flat” 
region

• Estimation of optical flow is well-conditioned 
precisely for regions with high “cornerness”:

Eigenvalues 

of M

Source: S. Lazebnik



Conditions for solvability

19 Source: S. Lazebnik

Bad case: single, straight edge 



Conditions for solvability

20 Source: S. Lazebnik

Good case



Lucas-Kanade flow example
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Input frames Output

Source: MATLAB Central File Exchange Source: S. Lazebnik

https://www.mathworks.com/matlabcentral/fileexchange/48744-lucas-kanade-tutorial-example-1


Fixing the errors in Lucas-Kanade

22

• The motion is large (larger than a pixel)

• Iterative refinement 

• Multi-resolution (coarse-to-fine) estimation 

• Local ambiguity

• Smooth using graphical model refinement

Source: S. Lazebnik



Large motions

23 Source: Khurram Hassan-Shafique CAP5415 Computer Vision 2003



Initialize flow: u0(x, y) = v0(x, y) = 0

For each iteration i:


1.  Linearize around current solution. Find an update for problem: 
 
 
by solving linear least squares problem for each pixel:


2. Apply updates:                                and

Idea #1: iterative estimation
Goal: minimize matching error

Iterative algorithm:

L(u, v) =
X

x,y

x+NX

x0=x�N

y+NX

y0=y�N

[I(x0, y0, t� 1)� I(x0 + u(x, y), y0 + v(x, y), t)]2

<latexit sha1_base64="zfbDWYdQoYWCP76UN8puK4w3Luo="></latexit>

where the window width/height is 2N+1

�u,�v = min
�u,�v

L(ui +�u, vi +�v)
<latexit sha1_base64="Qkl9WMgwENX6LB/zqQY/s3CH2gw="></latexit>

argmin
<latexit sha1_base64="JpAZROnxUJQuL+uBgau4ATh7Oe8=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdFl047KCfUA7lEyaaUPzGJNMsQz9DjcuFHHrx7jzb0zbWWjrgQuHc+5N7j1Rwpmxvv/trayurW9sFraK2zu7e/ulg8OGUakmtE4UV7oVYUM5k7RumeW0lWiKRcRpMxreTv3miGrDlHyw44SGAvclixnB1klhR0TqKcO6L5icdEtlv+LPgJZJkJMy5Kh1S1+dniKpoNISjo1pB35iQ/ecZYTTSbGTGppgMsR92nZUYkFNmM2WnqBTp/RQrLQradFM/T2RYWHMWESuU2A7MIveVPzPa6c2vg4zJpPUUknmH8UpR1ahaQKoxzQllo8dwUQztysiA6wxsS6nogshWDx5mTTOK8FFxb+/LFdv8jgKcAwncAYBXEEV7qAGdSDwCM/wCm/eyHvx3r2PeeuKl88cwR94nz9vZ5KG</latexit>�u,�v = min

�u,�v
L(ui +�u, vi +�v)

<latexit sha1_base64="Qkl9WMgwENX6LB/zqQY/s3CH2gw="></latexit>

Ad = b
<latexit sha1_base64="GEWDZ3DKwQvNp7MnOTiBcu96RZw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVgl6EqhePFewHtEvJZrNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0g408Z1v53Cyura+kZxs7S1vbO7V94/aGmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0Ho9up336iSjMpHsw4oX6MB4JFjGBjpdZ1iK5Q0C9X3Ko7A1omXk4qkKPRL3/1QknSmApDONa667mJ8TOsDCOcTkq9VNMEkxEe0K6lAsdU+9ns2gk6sUqIIqlsCYNm6u+JDMdaj+PAdsbYDPWiNxX/87qpiS79jIkkNVSQ+aIo5chINH0dhUxRYvjYEkwUs7ciMsQKE2MDKtkQvMWXl0nrrOqdV937WqV+k8dRhCM4hlPw4ALqcAcNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz85l448</latexit>

ui+1 = ui +�u, vi+1 = vi +�v
<latexit sha1_base64="C5PIuWdVvaLQozB1Sa57SeeARXk=">AAACHHicbVDLSsNAFJ34rPUVdelmsAhCpSRW0I1Q1IXLCvYBbQiT6bQdOpmEeQRK6Ie48VfcuFDEjQvBv3HaBqmtBy4czrmXe+8JYkalcpxva2l5ZXVtPbeR39za3tm19/brMtICkxqOWCSaAZKEUU5qiipGmrEgKAwYaQSDm7HfSIiQNOIPahgTL0Q9TrsUI2Uk3y5rP6VFdwSvoPYpLML2LWEKQX0Kk18nmXUS6NsFp+RMABeJm5ECyFD17c92J8I6JFxhhqRsuU6svBQJRTEjo3xbSxIjPEA90jKUo5BIL508N4LHRunAbiRMcQUn6uxEikIph2FgOkOk+nLeG4v/eS2tupdeSnmsFeF4uqirGVQRHCcFO1QQrNjQEIQFNbdC3EcCYWXyzJsQ3PmXF0n9rOSWS879eaFyncWRA4fgCJwAF1yACrgDVVADGDyCZ/AK3qwn68V6tz6mrUtWNnMA/sD6+gEQTp48</latexit>

ui+1 = ui +�u, vi+1 = vi +�v
<latexit sha1_base64="C5PIuWdVvaLQozB1Sa57SeeARXk=">AAACHHicbVDLSsNAFJ34rPUVdelmsAhCpSRW0I1Q1IXLCvYBbQiT6bQdOpmEeQRK6Ie48VfcuFDEjQvBv3HaBqmtBy4czrmXe+8JYkalcpxva2l5ZXVtPbeR39za3tm19/brMtICkxqOWCSaAZKEUU5qiipGmrEgKAwYaQSDm7HfSIiQNOIPahgTL0Q9TrsUI2Uk3y5rP6VFdwSvoPYpLML2LWEKQX0Kk18nmXUS6NsFp+RMABeJm5ECyFD17c92J8I6JFxhhqRsuU6svBQJRTEjo3xbSxIjPEA90jKUo5BIL508N4LHRunAbiRMcQUn6uxEikIph2FgOkOk+nLeG4v/eS2tupdeSnmsFeF4uqirGVQRHCcFO1QQrNjQEIQFNbdC3EcCYWXyzJsQ3PmXF0n9rOSWS879eaFyncWRA4fgCJwAF1yACrgDVVADGDyCZ/AK3qwn68V6tz6mrUtWNnMA/sD6+gEQTp48</latexit>



Idea #2: Multi-scale estimation

25 Source: Khurram Hassan-Shafique CAP5415 Computer Vision 2003



For each iteration i:

1.  Linearize around current solution. Find an update for problem: 
 
 
by solving linear least squares problem for each pixel:


2. Apply updates:                              and


Idea #2: Multi-scale estimation

�u,�v = min
�u,�v

L(ui +�u, vi +�v)
<latexit sha1_base64="Qkl9WMgwENX6LB/zqQY/s3CH2gw="></latexit>

argmin
<latexit sha1_base64="JpAZROnxUJQuL+uBgau4ATh7Oe8=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdFl047KCfUA7lEyaaUPzGJNMsQz9DjcuFHHrx7jzb0zbWWjrgQuHc+5N7j1Rwpmxvv/trayurW9sFraK2zu7e/ulg8OGUakmtE4UV7oVYUM5k7RumeW0lWiKRcRpMxreTv3miGrDlHyw44SGAvclixnB1klhR0TqKcO6L5icdEtlv+LPgJZJkJMy5Kh1S1+dniKpoNISjo1pB35iQ/ecZYTTSbGTGppgMsR92nZUYkFNmM2WnqBTp/RQrLQradFM/T2RYWHMWESuU2A7MIveVPzPa6c2vg4zJpPUUknmH8UpR1ahaQKoxzQllo8dwUQztysiA6wxsS6nogshWDx5mTTOK8FFxb+/LFdv8jgKcAwncAYBXEEV7qAGdSDwCM/wCm/eyHvx3r2PeeuKl88cwR94nz9vZ5KG</latexit>�u,�v = min

�u,�v
L(ui +�u, vi +�v)

<latexit sha1_base64="Qkl9WMgwENX6LB/zqQY/s3CH2gw="></latexit>

Ad = b
<latexit sha1_base64="GEWDZ3DKwQvNp7MnOTiBcu96RZw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVgl6EqhePFewHtEvJZrNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0g408Z1v53Cyura+kZxs7S1vbO7V94/aGmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0Ho9up336iSjMpHsw4oX6MB4JFjGBjpdZ1iK5Q0C9X3Ko7A1omXk4qkKPRL3/1QknSmApDONa667mJ8TOsDCOcTkq9VNMEkxEe0K6lAsdU+9ns2gk6sUqIIqlsCYNm6u+JDMdaj+PAdsbYDPWiNxX/87qpiS79jIkkNVSQ+aIo5chINH0dhUxRYvjYEkwUs7ciMsQKE2MDKtkQvMWXl0nrrOqdV937WqV+k8dRhCM4hlPw4ALqcAcNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz85l448</latexit>

ui+1 = ui +�u, vi+1 = vi +�v
<latexit sha1_base64="C5PIuWdVvaLQozB1Sa57SeeARXk=">AAACHHicbVDLSsNAFJ34rPUVdelmsAhCpSRW0I1Q1IXLCvYBbQiT6bQdOpmEeQRK6Ie48VfcuFDEjQvBv3HaBqmtBy4czrmXe+8JYkalcpxva2l5ZXVtPbeR39za3tm19/brMtICkxqOWCSaAZKEUU5qiipGmrEgKAwYaQSDm7HfSIiQNOIPahgTL0Q9TrsUI2Uk3y5rP6VFdwSvoPYpLML2LWEKQX0Kk18nmXUS6NsFp+RMABeJm5ECyFD17c92J8I6JFxhhqRsuU6svBQJRTEjo3xbSxIjPEA90jKUo5BIL508N4LHRunAbiRMcQUn6uxEikIph2FgOkOk+nLeG4v/eS2tupdeSnmsFeF4uqirGVQRHCcFO1QQrNjQEIQFNbdC3EcCYWXyzJsQ3PmXF0n9rOSWS879eaFyncWRA4fgCJwAF1yACrgDVVADGDyCZ/AK3qwn68V6tz6mrUtWNnMA/sD6+gEQTp48</latexit>

ui+1 = ui +�u, vi+1 = vi +�v
<latexit sha1_base64="C5PIuWdVvaLQozB1Sa57SeeARXk=">AAACHHicbVDLSsNAFJ34rPUVdelmsAhCpSRW0I1Q1IXLCvYBbQiT6bQdOpmEeQRK6Ie48VfcuFDEjQvBv3HaBqmtBy4czrmXe+8JYkalcpxva2l5ZXVtPbeR39za3tm19/brMtICkxqOWCSaAZKEUU5qiipGmrEgKAwYaQSDm7HfSIiQNOIPahgTL0Q9TrsUI2Uk3y5rP6VFdwSvoPYpLML2LWEKQX0Kk18nmXUS6NsFp+RMABeJm5ECyFD17c92J8I6JFxhhqRsuU6svBQJRTEjo3xbSxIjPEA90jKUo5BIL508N4LHRunAbiRMcQUn6uxEikIph2FgOkOk+nLeG4v/eS2tupdeSnmsFeF4uqirGVQRHCcFO1QQrNjQEIQFNbdC3EcCYWXyzJsQ3PmXF0n9rOSWS879eaFyncWRA4fgCJwAF1yACrgDVVADGDyCZ/AK3qwn68V6tz6mrUtWNnMA/sD6+gEQTp48</latexit>

Initialize flow: u0(x, y) = v0(x, y) = 0

For each scale s of Gaussian pyramid: 
    Initialize flow from previous (coarser) scale

3. Extra trick for smoother flow: apply median filter to ui+1 and vi+1

2x scale

2x flow magnitude



Example

27

Flow visualization 

Coarse-to-fine LK with median filtering 

Coarse-to-fine LK Input two frames 

Source: Ce Liu



Smoothness assumption

X

x,y

[I(x, y, t� 1)� I(u(x), v(y), t)]2 +
X

p

X

p02N
(u(p)� u(p0))2 + (v(p)� v(p0))2

<latexit sha1_base64="cKZIZpY+43RA+yj7rcnx5s64hVI="></latexit>

Goal: minimize matching error + smoothness [Horn and Schunck 1981]
X

x,y

[I(x, y, t� 1)� I(u(x), v(y), t)]2 +
X

p

X

p02N
(u(p)� u(p0))2 + (v(p)� v(p0))2

<latexit sha1_base64="cKZIZpY+43RA+yj7rcnx5s64hVI="></latexit>

where p and p’ are neighboring pixels

Ed(u, v)
<latexit sha1_base64="sc5VAOaN+H2EFYASkBhsf6NihAM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahgpRdFfRYFMFjBfsh7VKy2bQNTbJLki2Upb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPGjpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw9up3xxRpVkkH804pr7Afcl6jGBjpae7blhOztDotFssuRV3BrRMvIyUIEOtW/zqhBFJBJWGcKx123Nj46dYGUY4nRQ6iaYxJkPcp21LJRZU++ns4Ak6sUqIepGyJQ2aqb8nUiy0HovAdgpsBnrRm4r/ee3E9K79lMk4MVSS+aJewpGJ0PR7FDJFieFjSzBRzN6KyAArTIzNqGBD8BZfXiaN84p3UXEfLkvVmyyOPBzBMZTBgyuowj3UoA4EBDzDK7w5ynlx3p2PeWvOyWYO4Q+czx9F1Y9m</latexit>

match cost Es(u, v)
<latexit sha1_base64="zfkdUhFxAHyDIyD5yo08dJ74y4c=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahgpRdFfRYFMFjBfsh7VKyabYNTbJLki2Upb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPGjpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw9up3xxRpVkkH804pr7AfclCRrCx0tNdV5eTMzQ67RZLbsWdAS0TLyMlyFDrFr86vYgkgkpDONa67bmx8VOsDCOcTgqdRNMYkyHu07alEguq/XR28ASdWKWHwkjZkgbN1N8TKRZaj0VgOwU2A73oTcX/vHZiwms/ZTJODJVkvihMODIRmn6PekxRYvjYEkwUs7ciMsAKE2MzKtgQvMWXl0njvOJdVNyHy1L1JosjD0dwDGXw4AqqcA81qAMBAc/wCm+Ocl6cd+dj3ppzsplD+APn8wdc6491</latexit>

smoothness

• Can solve using gradient descent or nonlinear least squares
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Flow visualization Coarse-to-fine LK 

Input two frames Horn-Schunck

Smoothness assumption

Source: Ce Liu
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Warping

I1 Flow: u, v warp( ; )̂I2 = I1 u, v

•   should be similar to   after warping flow,

    i.e. mapping (x, y)  (x + u(x, y), y + v(x, y))

•  As we estimate flow, the warped  becomes closer and closer to 

I1 I2
→

I1 I2



For each iteration i:

1. Warp  to be be closer to  using

2. Match  to warped . Each pixel searches in local neighborhood. 
 
 
by solving linear least squares problem for each pixel:


3. Apply updates:                              and


I2 I1
I1 I2

Flow with warping

�u,�v = min
�u,�v

L(ui +�u, vi +�v)
<latexit sha1_base64="Qkl9WMgwENX6LB/zqQY/s3CH2gw="></latexit>

argmin
<latexit sha1_base64="JpAZROnxUJQuL+uBgau4ATh7Oe8=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdFl047KCfUA7lEyaaUPzGJNMsQz9DjcuFHHrx7jzb0zbWWjrgQuHc+5N7j1Rwpmxvv/trayurW9sFraK2zu7e/ulg8OGUakmtE4UV7oVYUM5k7RumeW0lWiKRcRpMxreTv3miGrDlHyw44SGAvclixnB1klhR0TqKcO6L5icdEtlv+LPgJZJkJMy5Kh1S1+dniKpoNISjo1pB35iQ/ecZYTTSbGTGppgMsR92nZUYkFNmM2WnqBTp/RQrLQradFM/T2RYWHMWESuU2A7MIveVPzPa6c2vg4zJpPUUknmH8UpR1ahaQKoxzQllo8dwUQztysiA6wxsS6nogshWDx5mTTOK8FFxb+/LFdv8jgKcAwncAYBXEEV7qAGdSDwCM/wCm/eyHvx3r2PeeuKl88cwR94nz9vZ5KG</latexit>

Ad = b
<latexit sha1_base64="GEWDZ3DKwQvNp7MnOTiBcu96RZw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVgl6EqhePFewHtEvJZrNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0g408Z1v53Cyura+kZxs7S1vbO7V94/aGmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0Ho9up336iSjMpHsw4oX6MB4JFjGBjpdZ1iK5Q0C9X3Ko7A1omXk4qkKPRL3/1QknSmApDONa667mJ8TOsDCOcTkq9VNMEkxEe0K6lAsdU+9ns2gk6sUqIIqlsCYNm6u+JDMdaj+PAdsbYDPWiNxX/87qpiS79jIkkNVSQ+aIo5chINH0dhUxRYvjYEkwUs7ciMsQKE2MDKtkQvMWXl0nrrOqdV937WqV+k8dRhCM4hlPw4ALqcAcNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz85l448</latexit>

ui+1 = ui +�u, vi+1 = vi +�v
<latexit sha1_base64="C5PIuWdVvaLQozB1Sa57SeeARXk=">AAACHHicbVDLSsNAFJ34rPUVdelmsAhCpSRW0I1Q1IXLCvYBbQiT6bQdOpmEeQRK6Ie48VfcuFDEjQvBv3HaBqmtBy4czrmXe+8JYkalcpxva2l5ZXVtPbeR39za3tm19/brMtICkxqOWCSaAZKEUU5qiipGmrEgKAwYaQSDm7HfSIiQNOIPahgTL0Q9TrsUI2Uk3y5rP6VFdwSvoPYpLML2LWEKQX0Kk18nmXUS6NsFp+RMABeJm5ECyFD17c92J8I6JFxhhqRsuU6svBQJRTEjo3xbSxIjPEA90jKUo5BIL508N4LHRunAbiRMcQUn6uxEikIph2FgOkOk+nLeG4v/eS2tupdeSnmsFeF4uqirGVQRHCcFO1QQrNjQEIQFNbdC3EcCYWXyzJsQ3PmXF0n9rOSWS879eaFyncWRA4fgCJwAF1yACrgDVVADGDyCZ/AK3qwn68V6tz6mrUtWNnMA/sD6+gEQTp48</latexit>

ui+1 = ui +�u, vi+1 = vi +�v
<latexit sha1_base64="C5PIuWdVvaLQozB1Sa57SeeARXk=">AAACHHicbVDLSsNAFJ34rPUVdelmsAhCpSRW0I1Q1IXLCvYBbQiT6bQdOpmEeQRK6Ie48VfcuFDEjQvBv3HaBqmtBy4czrmXe+8JYkalcpxva2l5ZXVtPbeR39za3tm19/brMtICkxqOWCSaAZKEUU5qiipGmrEgKAwYaQSDm7HfSIiQNOIPahgTL0Q9TrsUI2Uk3y5rP6VFdwSvoPYpLML2LWEKQX0Kk18nmXUS6NsFp+RMABeJm5ECyFD17c92J8I6JFxhhqRsuU6svBQJRTEjo3xbSxIjPEA90jKUo5BIL508N4LHRunAbiRMcQUn6uxEikIph2FgOkOk+nLeG4v/eS2tupdeSnmsFeF4uqirGVQRHCcFO1QQrNjQEIQFNbdC3EcCYWXyzJsQ3PmXF0n9rOSWS879eaFyncWRA4fgCJwAF1yACrgDVVADGDyCZ/AK3qwn68V6tz6mrUtWNnMA/sD6+gEQTp48</latexit>

Initialize flow: u0(x, y) = v0(x, y) = 0

For each scale s:

    Initialize flow from previous (coarser) scale

   

L(�u,�v)
<latexit sha1_base64="GYlJOqPEzLOaia6QaMmwBN1AvSw=">AAACGXicbZDLSgMxFIYz9VbrbdSlC4NFqCBlRgVdFnXhwkUFe4HOUDJppg1NMkOSKZShS5/CR3CrD+BO3Lpy7YuYaWeh1R8CH/85h3PyBzGjSjvOp1VYWFxaXimultbWNza37O2dpooSiUkDRyyS7QApwqggDU01I+1YEsQDRlrB8Cqrt0ZEKhqJez2Oic9RX9CQYqSN1bX3PY70ACOW3k4q3jVhGsHkGOY0OuraZafqTAX/gptDGeSqd+0vrxfhhBOhMUNKdVwn1n6KpKaYkUnJSxSJER6iPukYFIgT5afTj0zgoXF6MIykeULDqftzIkVcqTEPTGd2tpqvZea/tSDgc6t1eOGnVMSJJgLPNocJgzqCWUywRyXBmo0NICypOR7iAZIIaxNmyaTizmfwF5onVfe06tydlWuXeT5FsAcOQAW44BzUwA2ogwbA4AE8gWfwYj1ar9ab9T5rLVj5zC74JevjG67/n78=</latexit>



Flow CNNs

[Sun et al., “PWC-Net”, 2018]

Traditional coarse-to-fine flow PWC-net

Match CNN features instead of pixels!



Correlation between CNN features

k2 k3

k4 k5 k6

k7 k8 k9

k1 v2 v3

v4 v5 v6

v7 v8 v9

v1

CNN feature map for I1 CNN feature map for I2



Correlation between CNN features

k2 k3

k4 k5 k6

k7 k8 k9

k1 v2 v3

v4 v5 v6

v7 v8 v9

v1

Take dot product between features and choose largest one.



Correlation between CNN features

k2 k3

k4 k5 k6

k7 k8 k9

k1 v2 v3

v4 v5 v6

v7 v8 v9

v1

u = 1, v = 1



Simple application: slow motion
• Flow used in lots of familiar places!


• E.g., video compression, 
denoising, action recognition, … 

• One application: use flow to 
estimate where pixel will be 
between frames 

• Synthesize intermediate frames

(x, y) at time t-1

(x + u, y + v) at time t



https://people.cs.umass.edu/~hzjiang/projects/superslomo/superslomo_public.mp4 

https://people.cs.umass.edu/~hzjiang/projects/superslomo/superslomo_public.mp4


[Teed and Deng, 2021]

Use optical flow to find correspondences between frames.

Structure from motion with flow



[Teed and Deng, 2021]

Structure from motion with flow



Application: motion 
magnification. 

enlarge tiny motions, making them 
easier to perceive [Liu et al., 2005].

Daniel GengZhaoying Pan

[Pan*, Geng*, Owens, “Self-Supervised Motion Magnification by Backpropagating Through Optical Flow”, NeurIPS 2023]



Motion magnification model

<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2

Input frames Magnified 2nd frame

<latexit sha1_base64="dOfgwcnaFemROym0Cb03r8HZSyM=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KUoh6LXuytgq2FNoTNdtMu3XywuxFCaP6KFw+KePWHePPfuG1z0NYHA4/3ZpiZ58WcSWVZ30ZpY3Nre6e8W9nbPzg8Mo9PejJKBKFdEvFI9D0sKWch7SqmOO3HguLA4/TRm97O/ccnKiSLwgeVxtQJ8DhkPiNYack1q23XzvO228jz4QSrrD1zG65Zs+rWAmid2AWpQYGOa34NRxFJAhoqwrGUA9uKlZNhoRjhdFYZJpLGmEzxmA40DXFApZMtjp+hc62MkB8JXaFCC/X3RIYDKdPA050BVhO56s3F/7xBovxrJ2NhnCgakuUiP+FIRWieBBoxQYniqSaYCKZvRWSCBSZK51XRIdirL6+TXqNuX9ab981a66aIowyncAYXYMMVtOAOOtAFAik8wyu8GbnxYrwbH8vWklHMVOEPjM8fQa6UiA==</latexit>

I1 I2 Î2

U-Net

<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2



<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2
<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2

Magnification loss

Optical 
flow

<latexit sha1_base64="dOfgwcnaFemROym0Cb03r8HZSyM=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KUoh6LXuytgq2FNoTNdtMu3XywuxFCaP6KFw+KePWHePPfuG1z0NYHA4/3ZpiZ58WcSWVZ30ZpY3Nre6e8W9nbPzg8Mo9PejJKBKFdEvFI9D0sKWch7SqmOO3HguLA4/TRm97O/ccnKiSLwgeVxtQJ8DhkPiNYack1q23XzvO228jz4QSrrD1zG65Zs+rWAmid2AWpQYGOa34NRxFJAhoqwrGUA9uKlZNhoRjhdFYZJpLGmEzxmA40DXFApZMtjp+hc62MkB8JXaFCC/X3RIYDKdPA050BVhO56s3F/7xBovxrJ2NhnCgakuUiP+FIRWieBBoxQYniqSaYCKZvRWSCBSZK51XRIdirL6+TXqNuX9ab981a66aIowyncAYXYMMVtOAOOtAFAik8wyu8GbnxYrwbH8vWklHMVOEPjM8fQa6UiA==</latexit>

I1 I2 Î2 Flow field



<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2
<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2

Magnification loss

Optical 
flow

Flow field
<latexit sha1_base64="dOfgwcnaFemROym0Cb03r8HZSyM=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KUoh6LXuytgq2FNoTNdtMu3XywuxFCaP6KFw+KePWHePPfuG1z0NYHA4/3ZpiZ58WcSWVZ30ZpY3Nre6e8W9nbPzg8Mo9PejJKBKFdEvFI9D0sKWch7SqmOO3HguLA4/TRm97O/ccnKiSLwgeVxtQJ8DhkPiNYack1q23XzvO228jz4QSrrD1zG65Zs+rWAmid2AWpQYGOa34NRxFJAhoqwrGUA9uKlZNhoRjhdFYZJpLGmEzxmA40DXFApZMtjp+hc62MkB8JXaFCC/X3RIYDKdPA050BVhO56s3F/7xBovxrJ2NhnCgakuUiP+FIRWieBBoxQYniqSaYCKZvRWSCBSZK51XRIdirL6+TXqNuX9ab981a66aIowyncAYXYMMVtOAOOtAFAik8wyu8GbnxYrwbH8vWklHMVOEPjM8fQa6UiA==</latexit>

I1 I2 Î2



<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2
<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2

<latexit sha1_base64="irjdfaFn3fSPGsskdP5CgN8CPQM=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUCbbTbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZK7XPSRZEMsVcquxV3BrJMvJyUIUe9V/rq9mOaRkwaKlDrjucmxs9QGU4FmxS7qWYJ0hEOWMdSiRHTfja7d0JOrdInYaxsSUNm6u+JDCOtx1FgOyM0Q73oTcX/vE5qwms/4zJJDZN0vihMBTExmT5P+lwxasTYEqSK21sJHaJCamxERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGkBBwDO8wpvz6Lw4787HvHXFyWeO4A+czx9PC4+C</latexit>�↵

1

<latexit sha1_base64="irjdfaFn3fSPGsskdP5CgN8CPQM=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUCbbTbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZK7XPSRZEMsVcquxV3BrJMvJyUIUe9V/rq9mOaRkwaKlDrjucmxs9QGU4FmxS7qWYJ0hEOWMdSiRHTfja7d0JOrdInYaxsSUNm6u+JDCOtx1FgOyM0Q73oTcX/vE5qwms/4zJJDZN0vihMBTExmT5P+lwxasTYEqSK21sJHaJCamxERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGkBBwDO8wpvz6Lw4787HvHXFyWeO4A+czx9PC4+C</latexit>�↵

Motion magnification loss

<latexit sha1_base64="dOfgwcnaFemROym0Cb03r8HZSyM=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KUoh6LXuytgq2FNoTNdtMu3XywuxFCaP6KFw+KePWHePPfuG1z0NYHA4/3ZpiZ58WcSWVZ30ZpY3Nre6e8W9nbPzg8Mo9PejJKBKFdEvFI9D0sKWch7SqmOO3HguLA4/TRm97O/ccnKiSLwgeVxtQJ8DhkPiNYack1q23XzvO228jz4QSrrD1zG65Zs+rWAmid2AWpQYGOa34NRxFJAhoqwrGUA9uKlZNhoRjhdFYZJpLGmEzxmA40DXFApZMtjp+hc62MkB8JXaFCC/X3RIYDKdPA050BVhO56s3F/7xBovxrJ2NhnCgakuUiP+FIRWieBBoxQYniqSaYCKZvRWSCBSZK51XRIdirL6+TXqNuX9ab981a66aIowyncAYXYMMVtOAOOtAFAik8wyu8GbnxYrwbH8vWklHMVOEPjM8fQa6UiA==</latexit>

I1 I2 Î2



<latexit sha1_base64="dOfgwcnaFemROym0Cb03r8HZSyM=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KUoh6LXuytgq2FNoTNdtMu3XywuxFCaP6KFw+KePWHePPfuG1z0NYHA4/3ZpiZ58WcSWVZ30ZpY3Nre6e8W9nbPzg8Mo9PejJKBKFdEvFI9D0sKWch7SqmOO3HguLA4/TRm97O/ccnKiSLwgeVxtQJ8DhkPiNYack1q23XzvO228jz4QSrrD1zG65Zs+rWAmid2AWpQYGOa34NRxFJAhoqwrGUA9uKlZNhoRjhdFYZJpLGmEzxmA40DXFApZMtjp+hc62MkB8JXaFCC/X3RIYDKdPA050BVhO56s3F/7xBovxrJ2NhnCgakuUiP+FIRWieBBoxQYniqSaYCKZvRWSCBSZK51XRIdirL6+TXqNuX9ab981a66aIowyncAYXYMMVtOAOOtAFAik8wyu8GbnxYrwbH8vWklHMVOEPjM8fQa6UiA==</latexit>

I1 I2 Î2
<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2
<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2

magnification factor

<latexit sha1_base64="irjdfaFn3fSPGsskdP5CgN8CPQM=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUCbbTbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZK7XPSRZEMsVcquxV3BrJMvJyUIUe9V/rq9mOaRkwaKlDrjucmxs9QGU4FmxS7qWYJ0hEOWMdSiRHTfja7d0JOrdInYaxsSUNm6u+JDCOtx1FgOyM0Q73oTcX/vE5qwms/4zJJDZN0vihMBTExmT5P+lwxasTYEqSK21sJHaJCamxERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGkBBwDO8wpvz6Lw4787HvHXFyWeO4A+czx9PC4+C</latexit>�↵

1

<latexit sha1_base64="irjdfaFn3fSPGsskdP5CgN8CPQM=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUCbbTbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZK7XPSRZEMsVcquxV3BrJMvJyUIUe9V/rq9mOaRkwaKlDrjucmxs9QGU4FmxS7qWYJ0hEOWMdSiRHTfja7d0JOrdInYaxsSUNm6u+JDCOtx1FgOyM0Q73oTcX/vE5qwms/4zJJDZN0vihMBTExmT5P+lwxasTYEqSK21sJHaJCamxERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGkBBwDO8wpvz6Lw4787HvHXFyWeO4A+czx9PC4+C</latexit>�↵

Motion magnification loss

Backprop through the optical flow during training!



<latexit sha1_base64="dOfgwcnaFemROym0Cb03r8HZSyM=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KUoh6LXuytgq2FNoTNdtMu3XywuxFCaP6KFw+KePWHePPfuG1z0NYHA4/3ZpiZ58WcSWVZ30ZpY3Nre6e8W9nbPzg8Mo9PejJKBKFdEvFI9D0sKWch7SqmOO3HguLA4/TRm97O/ccnKiSLwgeVxtQJ8DhkPiNYack1q23XzvO228jz4QSrrD1zG65Zs+rWAmid2AWpQYGOa34NRxFJAhoqwrGUA9uKlZNhoRjhdFYZJpLGmEzxmA40DXFApZMtjp+hc62MkB8JXaFCC/X3RIYDKdPA050BVhO56s3F/7xBovxrJ2NhnCgakuUiP+FIRWieBBoxQYniqSaYCKZvRWSCBSZK51XRIdirL6+TXqNuX9ab981a66aIowyncAYXYMMVtOAOOtAFAik8wyu8GbnxYrwbH8vWklHMVOEPjM8fQa6UiA==</latexit>

I1 I2 Î2
<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2
<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2

<latexit sha1_base64="OWA0lqYBABrHrhPyhDXLM3vccqs=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlE1I1QdOPCRQX7gDaEyXTSDp08mJkIIcRfceNCEbd+iDv/xkmbhbYeGDiccy/3zPFizqSyrG+jsrK6tr5R3axtbe/s7pn7B10ZJYLQDol4JPoelpSzkHYUU5z2Y0Fx4HHa86Y3hd97pEKyKHxQaUydAI9D5jOClZZcsz4MsJoQzLO73M20maMr12xYTWsGtEzskjSgRNs1v4ajiCQBDRXhWMqBbcXKybBQjHCa14aJpDEmUzymA01DHFDpZLPwOTrWygj5kdAvVGim/t7IcCBlGnh6sogqF71C/M8bJMq/dDIWxomiIZkf8hOOVISKJtCICUoUTzXBRDCdFZEJFpgo3VdNl2AvfnmZdE+b9nnz7P6s0bou66jCIRzBCdhwAS24hTZ0gEAKz/AKb8aT8WK8Gx/z0YpR7tThD4zPH7zZlNU=</latexit>

Lmag = <latexit sha1_base64="irjdfaFn3fSPGsskdP5CgN8CPQM=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUCbbTbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZK7XPSRZEMsVcquxV3BrJMvJyUIUe9V/rq9mOaRkwaKlDrjucmxs9QGU4FmxS7qWYJ0hEOWMdSiRHTfja7d0JOrdInYaxsSUNm6u+JDCOtx1FgOyM0Q73oTcX/vE5qwms/4zJJDZN0vihMBTExmT5P+lwxasTYEqSK21sJHaJCamxERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGkBBwDO8wpvz6Lw4787HvHXFyWeO4A+czx9PC4+C</latexit>�↵

1

<latexit sha1_base64="irjdfaFn3fSPGsskdP5CgN8CPQM=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUCbbTbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZK7XPSRZEMsVcquxV3BrJMvJyUIUe9V/rq9mOaRkwaKlDrjucmxs9QGU4FmxS7qWYJ0hEOWMdSiRHTfja7d0JOrdInYaxsSUNm6u+JDCOtx1FgOyM0Q73oTcX/vE5qwms/4zJJDZN0vihMBTExmT5P+lwxasTYEqSK21sJHaJCamxERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGkBBwDO8wpvz6Lw4787HvHXFyWeO4A+czx9PC4+C</latexit>�↵

Motion magnification loss



<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2
<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2
<latexit sha1_base64="dOfgwcnaFemROym0Cb03r8HZSyM=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KUoh6LXuytgq2FNoTNdtMu3XywuxFCaP6KFw+KePWHePPfuG1z0NYHA4/3ZpiZ58WcSWVZ30ZpY3Nre6e8W9nbPzg8Mo9PejJKBKFdEvFI9D0sKWch7SqmOO3HguLA4/TRm97O/ccnKiSLwgeVxtQJ8DhkPiNYack1q23XzvO228jz4QSrrD1zG65Zs+rWAmid2AWpQYGOa34NRxFJAhoqwrGUA9uKlZNhoRjhdFYZJpLGmEzxmA40DXFApZMtjp+hc62MkB8JXaFCC/X3RIYDKdPA050BVhO56s3F/7xBovxrJ2NhnCgakuUiP+FIRWieBBoxQYniqSaYCKZvRWSCBSZK51XRIdirL6+TXqNuX9ab981a66aIowyncAYXYMMVtOAOOtAFAik8wyu8GbnxYrwbH8vWklHMVOEPjM8fQa6UiA==</latexit>

I1 I2 Î2

<latexit sha1_base64="OWA0lqYBABrHrhPyhDXLM3vccqs=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlE1I1QdOPCRQX7gDaEyXTSDp08mJkIIcRfceNCEbd+iDv/xkmbhbYeGDiccy/3zPFizqSyrG+jsrK6tr5R3axtbe/s7pn7B10ZJYLQDol4JPoelpSzkHYUU5z2Y0Fx4HHa86Y3hd97pEKyKHxQaUydAI9D5jOClZZcsz4MsJoQzLO73M20maMr12xYTWsGtEzskjSgRNs1v4ajiCQBDRXhWMqBbcXKybBQjHCa14aJpDEmUzymA01DHFDpZLPwOTrWygj5kdAvVGim/t7IcCBlGnh6sogqF71C/M8bJMq/dDIWxomiIZkf8hOOVISKJtCICUoUTzXBRDCdFZEJFpgo3VdNl2AvfnmZdE+b9nnz7P6s0bou66jCIRzBCdhwAS24hTZ0gEAKz/AKb8aT8WK8Gx/z0YpR7tThD4zPH7zZlNU=</latexit>

Lmag = <latexit sha1_base64="irjdfaFn3fSPGsskdP5CgN8CPQM=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUCbbTbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZK7XPSRZEMsVcquxV3BrJMvJyUIUe9V/rq9mOaRkwaKlDrjucmxs9QGU4FmxS7qWYJ0hEOWMdSiRHTfja7d0JOrdInYaxsSUNm6u+JDCOtx1FgOyM0Q73oTcX/vE5qwms/4zJJDZN0vihMBTExmT5P+lwxasTYEqSK21sJHaJCamxERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGkBBwDO8wpvz6Lw4787HvHXFyWeO4A+czx9PC4+C</latexit>�↵

1

<latexit sha1_base64="irjdfaFn3fSPGsskdP5CgN8CPQM=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUCbbTbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZK7XPSRZEMsVcquxV3BrJMvJyUIUe9V/rq9mOaRkwaKlDrjucmxs9QGU4FmxS7qWYJ0hEOWMdSiRHTfja7d0JOrdInYaxsSUNm6u+JDCOtx1FgOyM0Q73oTcX/vE5qwms/4zJJDZN0vihMBTExmT5P+lwxasTYEqSK21sJHaJCamxERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGkBBwDO8wpvz6Lw4787HvHXFyWeO4A+czx9PC4+C</latexit>�↵

Motion magnification loss



<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2
<latexit sha1_base64="DLj3tdy4mmY3QwqXRIcw0nLs8Cs=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJKeqy6MbuKthaaEOYTCft0MmFmRMhhOZV3LhQxK0P4s63cdpmoa0/DHz85xzOmd+LBVdgWd9GaWNza3unvFvZ2z84PDKPT3oqSiRlXRqJSPY9opjgIesCB8H6sWQk8AR79Ka38/rjE5OKR+EDpDFzAjIOuc8pAW25ZrXt2nnedht5PpwQyDTNXLNm1a2F8DrYBdRQoY5rfg1HEU0CFgIVRKmBbcXgZEQCp4LNKsNEsZjQKRmzgcaQBEw52eL4GT7Xzgj7kdQvBLxwf09kJFAqDTzdGRCYqNXa3PyvNkjAv3YyHsYJsJAuF/mJwBDheRJ4xCWjIFINhEqub8V0QiShoPOq6BDs1S+vQ69Rty/rzftmrXVTxFFGp+gMXSAbXaEWukMd1EUUpegZvaI3IzdejHfjY9laMoqZKvoj4/MHQUWUiA==</latexit>

I1 I2 Î2
<latexit sha1_base64="dOfgwcnaFemROym0Cb03r8HZSyM=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KUoh6LXuytgq2FNoTNdtMu3XywuxFCaP6KFw+KePWHePPfuG1z0NYHA4/3ZpiZ58WcSWVZ30ZpY3Nre6e8W9nbPzg8Mo9PejJKBKFdEvFI9D0sKWch7SqmOO3HguLA4/TRm97O/ccnKiSLwgeVxtQJ8DhkPiNYack1q23XzvO228jz4QSrrD1zG65Zs+rWAmid2AWpQYGOa34NRxFJAhoqwrGUA9uKlZNhoRjhdFYZJpLGmEzxmA40DXFApZMtjp+hc62MkB8JXaFCC/X3RIYDKdPA050BVhO56s3F/7xBovxrJ2NhnCgakuUiP+FIRWieBBoxQYniqSaYCKZvRWSCBSZK51XRIdirL6+TXqNuX9ab981a66aIowyncAYXYMMVtOAOOtAFAik8wyu8GbnxYrwbH8vWklHMVOEPjM8fQa6UiA==</latexit>

I1 I2 Î2
<latexit sha1_base64="irjdfaFn3fSPGsskdP5CgN8CPQM=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUCbbTbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZK7XPSRZEMsVcquxV3BrJMvJyUIUe9V/rq9mOaRkwaKlDrjucmxs9QGU4FmxS7qWYJ0hEOWMdSiRHTfja7d0JOrdInYaxsSUNm6u+JDCOtx1FgOyM0Q73oTcX/vE5qwms/4zJJDZN0vihMBTExmT5P+lwxasTYEqSK21sJHaJCamxERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGkBBwDO8wpvz6Lw4787HvHXFyWeO4A+czx9PC4+C</latexit>�↵

1

<latexit sha1_base64="g7CD2fgnM/PR/OQqf2hPvdWjPuY=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoiRd0IRTcuXFSwD2hDmEyn7dDJJMxMhBIK/oobF4q49Tvc+TdO2gjaemDgcM59zQlizpR2nC+rsLS8srpWXC9tbG5t79i7e00VJZLQBol4JNsBVpQzQRuaaU7bsaQ4DDhtBaPrzG89UKlYJO71OKZeiAeC9RnB2ki+fdANsR4SzNPbiZ9O503QpW+XnYozBVokbk7KkKPu25/dXkSSkApNOFaq4zqx9lIsNSOcTkrdRNEYkxEe0I6hAodUeT/rjo3SQ/1Imic0mqq/O1IcKjUOA1OZHavmvUz8z+skun/hpUzEiaaCzBb1E450hLIsUI9JSjQfG4KJZOZWRIZYYqJNYiUTgjv/5UXSPK24Z5XqXbVcu8rjKMIhHMEJuHAONbiBOjSAQApP8AKv1qP1bL1Z77PSgpX37MMfWB/fejqV0w==</latexit>

Lcolor =

Motion magnification loss

<latexit sha1_base64="OWA0lqYBABrHrhPyhDXLM3vccqs=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlE1I1QdOPCRQX7gDaEyXTSDp08mJkIIcRfceNCEbd+iDv/xkmbhbYeGDiccy/3zPFizqSyrG+jsrK6tr5R3axtbe/s7pn7B10ZJYLQDol4JPoelpSzkHYUU5z2Y0Fx4HHa86Y3hd97pEKyKHxQaUydAI9D5jOClZZcsz4MsJoQzLO73M20maMr12xYTWsGtEzskjSgRNs1v4ajiCQBDRXhWMqBbcXKybBQjHCa14aJpDEmUzymA01DHFDpZLPwOTrWygj5kdAvVGim/t7IcCBlGnh6sogqF71C/M8bJMq/dDIWxomiIZkf8hOOVISKJtCICUoUTzXBRDCdFZEJFpgo3VdNl2AvfnmZdE+b9nnz7P6s0bou66jCIRzBCdhwAS24hTZ0gEAKz/AKb8aT8WK8Gx/z0YpR7tThD4zPH7zZlNU=</latexit>

Lmag = <latexit sha1_base64="irjdfaFn3fSPGsskdP5CgN8CPQM=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUCbbTbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZK7XPSRZEMsVcquxV3BrJMvJyUIUe9V/rq9mOaRkwaKlDrjucmxs9QGU4FmxS7qWYJ0hEOWMdSiRHTfja7d0JOrdInYaxsSUNm6u+JDCOtx1FgOyM0Q73oTcX/vE5qwms/4zJJDZN0vihMBTExmT5P+lwxasTYEqSK21sJHaJCamxERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGkBBwDO8wpvz6Lw4787HvHXFyWeO4A+czx9PC4+C</latexit>�↵

1

<latexit sha1_base64="irjdfaFn3fSPGsskdP5CgN8CPQM=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUCbbTbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZK7XPSRZEMsVcquxV3BrJMvJyUIUe9V/rq9mOaRkwaKlDrjucmxs9QGU4FmxS7qWYJ0hEOWMdSiRHTfja7d0JOrdInYaxsSUNm6u+JDCOtx1FgOyM0Q73oTcX/vE5qwms/4zJJDZN0vihMBTExmT5P+lwxasTYEqSK21sJHaJCamxERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGkBBwDO8wpvz6Lw4787HvHXFyWeO4A+czx9PC4+C</latexit>�↵
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Next lecture: light and color


