
Lecture 4. Visual Preprocessing

Reading Assignments:

TMB2: Section 3.3

HBTNN: Visual Coding, Redundancy, and "Feature Detection"  (Field)
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From Visual Preprocessing to High-Level Vision

Early in visual preprocessing, information pooled by a neuron (( receptive field) may be quite local.

Eventually:

High-level vision is to yield an overall action-oriented interpretation of the scene.  

In between:

Low-level vision must provide an intermediate representation rich in explicit descriptors of edges and regions in the image. 

Low-level vision may need to interact with high-level vision if it is to complete its task.    

See the notes for details .... as always.

Review the discussion in TMB2 Section 5.2.

Lateral Inhibition

Lateral Inhibition is the structuring of a network so that neurons inhibit (some of) their neighbors.




Functions of Lateral Inhibition:


contrast enhancement


maximum selection


competitive learning.   

Mach Bands

The grounds for understanding this phenomenon were laid by the physicist Ernst Mach 1865 who noted the optical illusion now known as Mach bands:   
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Mach developed a model of the retina in which there was 

• inhibitory coupling between cells with

 
kjp diminishing as a function of the distance xjp

 
from retinal element j to retinal element p.  

It was assumed that this was shunting inhibition :


rp = Ip . [K Ip / (j Ij kpj ].     

This pattern of connectivity is one example of lateral inhibition  —  each cell is inhibited laterally.

Somatosensory Lateral Inhibition

The study of lateral inhibition has not been limited to vision.    

von Békésy studied similar processes in the sense of touch, as summarized in his classic book Sensory Inhibition  (1967).   
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Lateral Inhibition in the Retina

The receptive field  of a ganglion cell is

 
that region of the visual field in which stimulation can 


affect the activity of the ganglion cell.   

The concentric receptive field of a retinal ganglion cell  


(e.g., ON-center, OFF-surround) 




is one neurophysiological embodiment of lateral inhibition.

The network to which such a neuron is embedded may generate other properties (e.g., motion sensitivity).

Frogs, Mammals, Humans:  


Simple Eye:  One Lens for all the receptors

Insects, Crustaceans:


Compound Eye:  One Lens for each receptor

A Gaussian curve has the mathematical expression



G = k e-x2/2
where 
large k means a higher peak


large  means a broader spread.   

A popular representation of lateral inhibition is by the 



DOG = Difference Of Gaussians  

where the parameters of the difference

ke e-x2/2e-ki e-x2/2i
must satisfy the relations ke > ki  and  e < i.



2D   Mexican Hat
The Lateral Eye of the Limulus

  Important new insights into lateral inhibition came from the work of Hartline and Ratliff and colleagues on the 

lateral eye of  Limulus, the horseshoe crab.  

This is a compound eye, which is made up of an array of receptors, called ommatidia, each with their own built-in lens.  Each ommatidium has its own axon.
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Recurrent vs. Non-Recurrent Inhibition
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In non-recurrent  inhibition, the inhibitory signal is a simple combination of the current excitations


r1 = e1 - K e2

r2 = e2 - K e1
in which the local excitation is reduced (laterally inhibited) by K times the neighbor's excitation.  

The effects of nonrecurrent inhibition are strictly localized

since the r's depend directly on the e's

In recurrent  inhibition, the signal sent to the neighbors is itself subject to their inhibitory effect 

r1 = e1 - K r2 

r2 = e2 - K r1.

As a result, this is really a 

dynamic (and thus spreading) equation:
r1(t+ dt) = e1 - K r2(t) 

r2(t+ dt) = e2 - K r1(t)

for some suitably small time increment dt, and the final output r1 and r2 will be the equilibrium value.     

 What Kind of Lateral Inhibition Does Limulus Use?
Hartline devised an elegant experiment to show that the Limulus  lateral eye employed recurrent inhibition.  Consider the stimulation of 3 areas A, B and C of the retina




Non-recurrent:   
A > A + B ( A + B + C

Recurrent: 

A > A + B < A + B + C

Feature Detectors and Information Coding

Background in Information Theory

Claude Shannon 1948 ( addressing issue of reliable communication (of telephone messages) in the presence of noise:

Probability of Messages  

  
Information in Ensemble

( 
Average reduction of uncertainty on receipt of a message




R = Rate of Information Transmission

C = Channel Capacity
Shannon's amazing theorem: With suitable encoding, can achieve messages with arbitrary accuracy at any rate R < C.

Shannon, C.E., 1948, The mathematical theory of communication, Bell System Tech. J., 27:379-423,623-656. (Reprinted with an introductory essay by W. Weaver as C.E. Shannon and W. Weaver, 1949, Mathematical Theory of Communication, University of Illinois Press.)

Looking for visual features that provide the most information

Attneave 1954 noted that whenever we have a priori  information about an ensemble of "messages," we can use this to achieve an economy of description that would otherwise be unobtainable.  

The head of Attneave's Sleeping Cat:
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Atick, J.J. and Redlich, A.N., 1990, Towards a Theory of Early Visual Processing. Neural Computation,  2:308-320. 

Visual Preprocessing in Frog
Background: Ethology - the study of animal behavior.

Tinbergen, Lorenz, and von Frisch ...

Innate Releasing Mechanisms - Key Features

Goose vs. Hawk




Stickleback




Worm vs. Antiworm (Ewert; cf. §7.3)

 


What the Frog's Eye Tells the Frog's Brain

Pitts & McCulloch 1947: How we know Universals.  (§ 4.1)

A neural pattern recognition system structured in terms of a stack of neural "manifolds," with each manifold, or layer, providing a retinotopic map of the location of some specific feature in the stimulus array. Lettvin and Maturana looked in the frog for the structures hypothesized by McCulloch and Pitts.  
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They hoped to find the group transformations that Pitts and McCulloch posited to underlie the recognition of invariant patterns. This was not to be, but 

Lettvin, Maturana, McCulloch and Pitts 1959

discovered layered feature detectors in an actual brain:

a momentous discovery. 

"What the Frog's Eye Tells the Frog's Brain

Lettvin, Maturana, McCulloch and Pitts 1959

GROUP I. THE BOUNDARY DETECTORS (Receptive fields 2° to 4° in diameter): respond to any sharp boundary between two shades of gray in the receptive field at any orientation.

"Bug Detectors" ....  GROUP II. THE MOVEMENT-GATED, DARK CONVEX BOUNDARY DETECTORS (Receptive fields of 3° to 5°): also respond only to sharp boundaries between two grays, but only if that boundary is curved, the darker area being convex, and if the boundary is moved or has moved.   
GROUP III.  THE MOVING OR CHANGING CONTRAST  DETECTORS (Receptive fields 7° to 11° in diameter: respond invariantly under wide ranges of illumination to a silhouette moved at constant speed across an unchanging background.  
"Enemy Detectors" .... GROUP IV.  THE DIMMING DETECTORS (Receptive  field 15° in diameter): respond to any dimming in the whole receptive field weighted by distance from the center of that field. 

Four Retinotopic Maps: Each of these four layers of terminals in the tectum forms a "continuous" map of the retina.  

The four layers are in registration: points in different layers which are stacked atop each other in the tectum correspond to the same region of the retina.

Lettvin found several kinds of cell in the tectum.  

There were two extremes:

newness neurons: detection of novelty and visual events

sameness neurons: continuity in time of interesting objects in the field of vision.  

Bug Detectors and Enemy Detectors in the Retina?   

§ 7.3 shows that the above story is only the first approximation in unraveling circuits which enable the frog to tell predator from prey.  See also: 

Liaw, J.-S., and Arbib, M.A., 1993, 

Neural Mechanisms Underlying Direction-Selective Avoidance Behavior, Adaptive Behavior, 1:227-261.

Arbib, M.A., and Liaw, J.-S., 1995, 

Sensorimotor Transformations in the Worlds of Frogs and Robots, Artificial Intelligence, 72:53-79.

Such discrimination involves the cooperative computation of many neurons in retina, tectum and pretectum, at least.  

Visual Preprocessing in Cat and Monkey
Let us now contrast the frog's retinal  preprocessors with those in the visual cortex of cat and monkey, as largely discovered by Hubel and Wiesel from 1962 onward.   

Kuffler characterized retinal ganglion cells in cat as 


on-center off-surround and off-center on-surround
using lateral inhibition to provide contrast enhancement.    

In the lateral geniculate nucleus, neurons seem to be similar but with enhanced contrast. 

· Hubel and Wiesel divide cells in primary visual cortex into 

· simple cells (with separated ON and OFF regions) responsive to lines at a specific orientation in a specific place 
· 
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· complex cells (with mixed ON and OFF regions) which respond to lines of a given orientation in varying locations.  
[Note: Prof. Bartlett Mel of USC's BME department has a model based on the notion that each complex cell dendrite acts like a simple cell.]
· hypercomplex cells which respond to end-stops, etc., in varying locations.  

Columns
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Paralleling the work of Mountcastle and Powell 1959 on somatosensory cortex, Hubel and Wiesel found: 

· Orientation columns: responsive to specific orientations Hypercolumns, 1mm2 by 2mm deep, containing the orientation columns for a specific spatial location

The columns form an overarching retinotopic map, with fine-grain details such as orientation available as a "local tag" at each point of the map. Overlaid on this is the pattern of 

ocular dominance columns - really like "zebra stripes": 
alternate bands each dominated by input to layer IVc from a single eye, via the lateral geniculate nuclei. 

Ocular dominance columns were found by using

2DG: 12C-2Deoxyglucose

There are also less invasive imaging techniques:

CT (CAT) scan: Computerized Tomography

PET scan: Positron Emission Tomography

NMR:  Nuclear Magnetic Resonance Imaging

SQUID: Superconducting QUantum Interference Device.

Problem:  The relation between the neural activity measured by neurophysiology and the activity recorded by imaging is still unclear, and will probably remain indirect. But see:

Arbib, M.A., Bischoff, A., Fagg, A.H., and Grafton, S. T., 1995, 

Synthetic PET: Analyzing Large-Scale Properties of Neural 

Networks, Human Brain Mapping, 2:225-233. 

Mathematical Approaches

Denis Gabor (Inventor of the Hologram) invented Gabor Functions in the time domain - basically, sine or cosine functions modulated by an exponential decay - as a contribution to communication theory.

John Daugman (see his article in HBTNN) extended these ideas to the spatial domain, noting that 2D Gabor Functions ( Wavelets can describe a wide variety of V1 receptive fields.

Christoph von der Malsburg (note his course this Spring) has used Gabor Jets to provide local descriptions of images and used them in face recognition.

The wonders of self-organization (cf. TMB2 §4.3):

K. Miller: Ocular Dominance and Orientation Columns (HBTNN)

The Varieties of Preprocessing
Different animals make use of different visual features; the  retinal "trigger features" in frog, rabbit, and cat, for example, are quite different.  

Topic for Self-Study: Segmentation 

How is a figure synthesized from its elements?   

Here neural computing outstrips the current state of neurophysiological data.   

Boundary-following 

Region segmentation 

These can be combined by “cooperative computation” with other sources of low-level visual information.

Describing objects by “fleshed out stick figures”:

Generalized Cones, Cylinders: Binford; Nevatia (USC)

Stick Figures: Marr and Nishikawa

Geons (“elementary particles” of geometry)” Biederman (USC)  









Michael Arbib - CS564 - Brain Theory and Artificial Intelligence,  USC, Fall 2001. Lecture 4. Visual Preprocessing
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