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se designed stim
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stim

ulus sets m
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stim
ulus sets differ
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er statistics 
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r statistics are functionally im
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local features (lines, edg
es) from
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tradition
al an

alytica
l stim

uli (b
ars, gratings, random
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oise) from

 natural 
scenes

•
M

odels built from
 traditional stim

uli are incom
plete predictors of 

responses to natural scenes –
and w

e hypothesize that high-order 
statistics contribute to this
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C
ontour orientation has a larger 

effect on R
F

 shape than the 
C

artesian vs. polar distinction. 
D

eparture from
 LN

  behavior is 
therefore driven by elongated 
contours in an orientation-
specific m

a
nner.

Role of contour orientation
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F

 shape sim
ilarity 

quantified by correlation 
coefficient (r=

1
: identical)

Stimuli

•
A

ll stim
uli have the sam

e m
ean-squared contrast.

•
W

ithin each rank (row
), C

artesian and polar basis sets 
have the sam

e spatial extent and frequency content.

S
ince C

artesian and polar stim
uli each form

 a basis set, 
filters can be reconstructed from

 either set. T
he 

prediction of LN
-type m

odels is that the filters inferred 
from

 C
artesian and polar stim

uli should m
atch.
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F
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m
 bina

ry stim
ulus and spike response

•
T

his require
s that stim

ulus pixels are 
uncorrelated

 in pairs
•

W
e apply this approach to stim

ulus sets 
that are uncorrelated in pairs, but 
correlated at higher orde

rs
–

third-
an

d fou
rth-order correlatio

ns
–

som
e are perceptu

ally sa
lien

t, som
e are n

o
t

•
T

his probes sensitivity of V
1 neurons to 

high-order correlations

13/16 V
1 neurons show

 a m
arke

d sensitivity to specific high-order correlatio
ns, 

including correlations that are not visua
lly salient.  T

his is at first surprising, but 
it is a distinctive prediction of a strongly non

linear feedb
ack architecture.

E
ach kind of stim

ulus is specified b
y a

 “glider”
(colored 

outlines in each panel) and a pa
rity (w

he
ther the

 n
um

ber 
of w

hite checks w
ithin each glider is constrained to be an 

even or an
 odd n

um
ber). F

o
r each kind of stim

ulus, a 
receptive field m

ap is created b
y reverse

-correlating 
responses to 102

4 exam
ples, each presented
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r 3

20 m
s.
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•
W

ith feedforw
ard archite

cture
–

w
e w

o
u

ld ne
ed

 a parallel set o
f LN

 m
odules, w

ith ded
icated circuitry for e

ach kind of correlation
–

w
e w

o
u

ld ne
ed

 to include sp
e

cific circuitry fo
r correlatio

ns that aren't perceptible (and d
o

n't seem
 to 

correspo
nd to edges a

nd reg
ions)

•
B

ut if recurrence dom
in

ates
–

each path thro
ugh the netw

o
rk traverses a different com

bin
ation 

of nonlinearitie
s

–
this generates lots of useful com

binations (e.g., local edg
e 

detection follo
w

e
d b

y interactions along e
xte

nded co
ntours)

–
but it also gen

e
rates som

e cro
sstalk --

accou
nting for sensitivity 

to "invisib
le" co

rrelatio
ns
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•
V

1 neurons exhibit beha
vior that cha

llenges feedforw
ard

 m
od

els
–

this behavior is evident for  m
an

y kinds of stim
uli w

ith h
igh-order corre

latio
ns

–
stim

uli ne
edn't be natura

l or trigger ga
in controls

–
high-order correlatio

ns m
a

y n
ot even be perceptually relevant

•
D

ependence on high-order correlations can be m
a

rked
–

it can affect orientation tun
ing

–
it can determ

in
e w

h
ether a n

e
uron eve

n has an evid
ent receptive field

•
A

 recurrent nonlinear netw
ork concisely accounts for characte

ristics of responses to 
C

artesian and polar H
erm

ite stim
uli

•
R

ecurrence is an efficient use of connections that generates sensitivity to a w
ide variety 

of high-orde
r correlation

s
•

R
ecurrence accounts for a surprising observation

: sensitivity to
“invisible" correlations
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