
Early visual processing of higher-order 
statistics

Jonathan D. Victor
Weill Cornell Medical College

Statistical Learning Workshop
KITP, UCSB 2023

Support: NIH CA 241705, NIH EY07977



Overview
• Does statistical learning include processing of visual texture?

• Early visual texture processing (historical)

• Early visual texture processing (usual sense)

• Spatiotemporal “texture” processing 



Does SL include processing of visual texture?

• Of course.  The scope of statistical learning is broad.
– Timescales

• Within an experiment (or grant period)
• Developmental
• Evolutionary

– Number of trials
• Within an experiment: 1-shot (or even 0-shot) to 106 shots
• Developmental: ~109 shots
• Evolutionary: 1014±1 shots

– Level of abstraction
• If “cortex is cortex is cortex (is mushroom body)”, learning raw sensory statistics,  

statistics of features, and schemas might have common algorithms or mechanisms
• The distinctions may be primarily due to characteristics of the input
• This focuses us on the topology of the input domain

• Visual textures as a useful model system
– Manageable yet non-trivial domain
– Physiology and behavior are both accessible



“Early”

Béla Julesz 1928-2003 And, developer of a seminal theory of 
texture perception  

Inventor of random-dot stereograms



The Julesz Conjecture

Visual textures can be effortlessly (“pre-attentively”) discriminated
if, and only if, they differ sufficiently in their pairwise statistics.

Julesz, Visual pattern discrimination, IRE Trans. Inf. Theory (1962)

For black-and-white textures:

Identical 
pairwise 
statistics

Motivation:

Identical spatial  
autocorrelation

Identical 
spatial power 

spectrum
 

So, if retinal (and early cortical) neurons are linear spatial filters, then:

Textures with identical spatial frequency content will produce identical
levels of population activity in the mean-squared sense, and higher-order
correlations (3) are irrelevant.



The claim that high-order correlations are irrelevant to texture is 
highly nontrivial, as high-order correlations carry visual form

Oppenheim and Lim, 1981

original image 2-point correlations removed, 
high-order correlations intact



Does the Julesz Conjecture hold?

Many other 
confirmatory 
examples. 

Different second-order 
statistics, easy segmentation

Identical second-order statistics, 
difficult segmentation

BUT
“four-disc” method 
(Caelli, Julesz, and 

Gilbert, 1978)

(quasi)-collinearity

Julesz et al. (1973)

Visual textures can be effortlessly (“pre-attentively”) discriminated if, and only
if, they differ sufficiently in their pairwise statistics, or, if they differ in specific
local features that are detected by the neurons of primary visual cortex.

Revised conjecture:

corner closure/non-closure



However…

Julesz, Gilbert, and Victor (1978)

There are other violations, without an obvious connection to individual “features”



The construction generalizes in several ways

change 
parity

change 
glider 
shape



-1.00 -0.50 0.00 0.50 1.00

-1.00 -0.50 0.00 0.50 1.00

Each glider defines a type of high-order 
correlation that can be varied continuously



Only some high-order correlations are 
visually salient

but not

G5 G6 G7 G8

Group 2

not so salient
G1 G2 G3 G4

Group 1

salient



Determining informativeness of multi-point 
correlations in natural images

natural image determine probability 
of each 4-check block

Can this distribution be 
guessed from a simpler 

measurement?

can you guess the 4-check probabilities?If you know the 3-check probabilities,

To quantify this:
1) Create the 4-check distribution that is are as random 

as possible, given the 3-check probabilities
2) If the actual 4-check distribution differs, how much 

additional information is necessary to specify it?
Tkačik, Prentice, Victor, and Balasubramanian (2010)



What kinds of four-point correlations are 
informative about natural images?

decorrelated natural 
image

determine 
informativeness of 
the fourth check

determine probability 
of each 4-check block

repeat for 
each template
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Interim Summary 1

• Visual processing is sensitive to higher-order 
statistics
– This sensitivity is selective
– It is unclear how this sensitivity results from standard 

cartoons of retinal neurons and V1 cortical neurons 
– The selectivity corresponds to informativeness in 

natural scenes
– Extraction of higher-order statistics occurs in intrinsic 

circuitry of visual area V2 (not shown)



A more holistic view

0
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+1

   \ /    

single point four pointstwo points three points

Victor and Conte, 2012



Making perceptual measurements

target: random
background: structured

target: structured
background: random

=0.85

Where is the distinguished segment?
(120 ms viewing time)



Sensitivity is selective, and similar across observers

MC: ~104 hours of 
viewing 

experience
DT:  ~101 hours of 

viewing 
experience
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How do subthreshold signals combine?



S: MC

S: DF

S: DT





A simple model accounts for perceptual thresholds

,
,

i j i j
i j

Q c cPerceptual distance = ci : the coordinates
Qi,j : the metric

S: MC

data +/-
95%CL

quadratic 
model
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In each plane, isodiscrimination contours are approximately elliptical.

This metric predicts texture discrimination in the full 10D space.
Victor and Conte, 2015



Sensitivity to each coordinate is matched to its range of 
variation in natural images

(Hermundstad, Briguglio, 
Conte, Victor, 

Balasubramanian, Tkačik, 
2014)

Collection of 
natural images

whiten, binarize, 
and cut into 

patches

collect values of 
correlations in 

each patch



Interim Summary 2

• Sensitivity to image statistics is highly consistent 
across individuals

• The physiological axes are not the first-principles 
axes

• Sensitivity to local image statistics matches their 
informativeness in natural images, with sensitivities 
greatest for first-order, then second-order, then 
fourth-order, then third-order



Motion can be inferred from spatiotemporal 
correlation

If I(x,t) and I(x+x,t+t) are similar, then motion is likely.

inferred motion
I(x,t) 

x

t

x
t

Reichardt, 1961

Solution: opponent  processing –
compute correlations in both 

directions, and subtract.

+ -
But there will be 
false positives:

x

t



Objects can change in size as they move

Objects can also change in brightness or shape as they move.
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Motion detected

x
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+ -

No motion detected –
serious false negative
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t

t
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Other candidates for false negatives

“Non-Fourier motion”, “second-order” motion”, “four-point motion”
Also many names…

All of these spatiotemporal stimuli elicit a percept of motion, but 
none of them have pairwise correlations.

after Chubb and Sperling 
PNAS 1988, 1989



Hu and Victor (2009)

Borrowing from the texture construction

Choose  3 or 4 points in an 
XT lattice; choose a parity 

rule, and propagate.

multipoint correlations with a 
space-time slant, and no 

pairwise correlations



These stimuli elicit motion percepts

Fourth-order
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Macaque and dragonfly neurons have 
directional responses to these stimuli

2-point 
motion

3-point 
motion

Nitzany, Menda, Shamble, Golden, Hu Hoy, and Victor, (BioArXiv, 2017) 

macaque dragonfly



Similar complements of neurons respond 
to different kinds of local motion signals

4-point
3-point
2-point

dragonfly

macaque



Summary
• Primate visual sensitivity to image statistics

– Includes first-, second-, and specific third- and fourth-order statistics
– Is highly conserved across individuals
– Is matched to informativeness in natural scenes
– Is a result of processing in retina, V1, and V2

• Visual sensitivity to spatiotemporal statistics
– Captures frontoparallel motion via second-order statistics
– Captures looming via third-order statistics
– Manifests convergent evolution

– Characterizing perceptual similarity (not the same as detection threshold)
– What is the origin of the statistical characteristics of natural images?
– Non-natural (e.g., medical) images have different statistics. Why? What 

are the implications?

• Current work


