
What is Motion?
As Visual Input:
l Change in the spatial

distribution of light on the
sensors.

           Minimally,   dI(x,y,t)/dt ≠ 0

As Perception:
l Inference about causes of

intensity change, e.g.
I(x,y,t)          vOBJ(x,y,z,t)



Motion Field: Movement of
Projected points
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Differential Camera Motion
• For a small rotation around an axis w,

rotation of the camera frame can be
expressed:

And motion of a point:  
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Epipolar:







Basic Idea

• 1) Estimate point motions
• 2) use point motions to estimate camera/object

motion
• Problem:  Motion of projected points not directly

measurable.
• -Movement of projected points creates

displacements of image patches -- Infer point
motion from image patch motion
– Matching across frames
– Differential approach
– Fourier/filtering methods





Image sequence from Egomotion



Local Translations
OpticFlow:
(Gibson,1950)
Assigns local image
velocities v(x,y,t)

Time ~100msec
Space ~1-10deg



Brightness constraint



Photometric Motion





Problem: Images contain many
edges-- Aperture problem

Normal flow:
Motion component in the 
direction of the edge







Find Least squares solution for multiple patches.



Aperture Problem (Motion/Form
Ambiguity)

Result:  Early visual measurements are
ambiguous w.r.t. motion.



Aperture Problem (Motion/Form
Ambiguity)

However, both the motion and
the form of the pattern are implicitly
encoded across the population of V1
neurons.

Actual motion

















Fourier Methods
More fundamental than the Taylor approximation is

the brightness constraint



• Localizing by a windowing function:
Which is the equation of a plane, weighted by the spatial texture

Localizing the velocity to a patch using a windowing function:

Has the effect of blurring the plane with the transform of the window:
A Fourier Pancake.



X-T Slice of Translating
Camera
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X-T Slice of Translating
Camera
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Local translation



2-D Fourier Analysis
Image translations:

are
 Oriented in 
Space-Time

have Power 
Spectra along a 

line in 
Fourier space



3-D Motion Information (x-y-t)



Early Visual Neurons (V1)
Ringach et al (1997)

y

x y

x
t

x



Information in Translating
Images

l The  power spectral density of a translating
image lies on a plane in (wx, wy, wt)  space.

l The orientation of this plane is uniquely
determined by the velocity of the
translation.

l The amplitudes on the plane are determined
by the (spatial) image spectrum.



Solving the ambiguities

wx

wy

Velocity plane
V1 receptive 

field

Pool neurons tuned to
frequencies in a common

planewt













Generalizations









How to Pool:  Adapt or Average?
Natural
Images

Spatial 
Spectra Average (Expected) spectrum of 

an image translation

Current local image
spatial form



Model Motion Detectors

wt

wx

wy

Average form Adapt to form

Average form motion detector
Uniform weights assigned in plan
Optimal when:

•Spatial form uncertainty
•Gaussian noise

Adapt to form motion detector
Weighted by spatial spectrum 
Optimal when: 

•Real-time estimate of spatial form
•Gaussian noise 

          

wt

wx
wy



Expansion without optic flow

Schrater, et al.  Nature, 2001
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Log-Polar
Basis

Functions



Transform to Log-Polar
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Revealing Motion in Noise
Movie
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