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Abstract-Previous Inodels £if stereopsis have concentrated on the task of binocularly matching left and right eye
primith'es uniquely. A disparity smoothness constraint is often invoked to limit the number of possible matches. These
approaches neglect the fact that surface discontinuities are both abundant in natural eve!)'day scenes, and provide a
useful cue for scene segmentation. da Vinci stereopsis refers to the more general problern of dealing Ivith surface
discontinuities and their associated unmatched monocular regions }vithin binocular scenes. This study develops a
mathematical realization of a neural netlvork theory of biological vision, called FACADE theo!)', that sholvs holY
early cortical stereopsis processes are related to later cortical processes of three-dimensional surface representation.
The mathematical model demonstrates through computer simulation holY the visual cortex Inay generate three-
dilnensional boundary segmentations and use them to control filling-in of three-dimensional surface properties in
response to visual scenes. Model mechanisms correctly match disparate binocular regions while filling-in monocular
regions Ivith the correct depth within a binocularly viewed scene. This achievelnent required the introduction of a new
multiscale binocular filter for ;\'tereo matching }vhich clarifies holv cortical complex cells match image contours of like
contrast polarity, while pooling signals from opposite contrast polarities. The filter also suggests how false binocular
matches and unmatched monocular cues are automatically handled across multiple spatial scales. Pooling of signals
froln even- and odd-S)'lnmetric simple cells at complex cells helps to eliminate spurious activity peaks in matchable
signals. Later stages of cortical processing by the blob and interblob streams, including refined models of cooperative
boundary grouping and reciprocal stream interactions betlveen boundary and surface representations, are modeled to
provide a complete silnulation of the da Vinci stereopsis percept. @ 1997 Elsevier Science Ltd. All rights reserved.

Keywords-Binocular vision, Boundary contour system, da Vinci stereopsis, Depth perception, FACADE theory,
Feature contour system, Neur21l network, Stereopsis, Visual cortex.

(Brewster, 1856). Until recently, most computational
models of this binocular combination process have con-
centrated on solving the correspondence problem (Marr,
1980). This is the problem of binocularly matching iden-
tical regions from each eye's view into a single cyclo-
pean percept. Typical approaches employ a variety of
constraints to simplify this problem even further, one
example being the uniqueness principle of Marr (1980).
However, because the eyes are horizontally displaced
within the head and therefore receive different two-
dimensional images of the world, each eye typically
sees regions that are not registered by the other eye. In
pursuing the correspondence problem, many researchers
have neglected the fact that these unmatched monocular
regions are common. For example, when we view a par-
tially occluded surface, one eye typically registers more
of the farther surface than the other does. Our percept of
the farther surface is derived from an integration of the

1. INTRODUCTION

Scientists since the time of Euclid (1557) have noted that
"the pictures of bodies seen by both eyes are formed by
the union of two dissimilar pictures formed by each"
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binocularly viewed region with the monocular represen-
tation seen by one of the eyes. These "half-occluded"
(Belhumeur & Mumford, 1992; Anderson & Nakayama,
1994) regions are perceived at the correct depth and form
an integrated part of the three-dimensional percept.

Nakayama and Shimojo (1990) coined the term
da Vinci stereopsis to desclribe this phenomenon,
although da Vinci was certainly not the first to describe
it (Brewster, 1856). Galen unamlbiguously described this
phenomenon over 1500 years ago when he suggested
"Standing near a column, and !ihutting each of the eyes
in succession-when the right eye is shut, some of those
parts of the column which werc~ previously seen by the
right eye on the right side of the column, will not now be
seen by the left eye; and when the left eye is shut, some of
those parts which were formerly seen on the left side of
the column, will not now be seen by the right eye. But
when we, at the same time, open both eyes, both these
will be seen, for a greater part is concealed when we look
with either of the two eyes, than when we look with both
at the saine time" (Galen...1550/1968).

A more recent example of one such stimulus is pre-
sented in Figure I. Observers see the right eye view of
surface BD in depth although the region BC that lies
between the vertical lines Band C is registered mono-
cularly by only the right eye. This apparently innocuous
stimulus presents a serious challenge to models of three-
dimensional surface perception to explain how the mono-
cularly viewed region BC becomes attributed to the
correct depth.

da Vinci stereopsis is closl~ly related to the equi-
distance tendency, which has Ibeen studied extensively
by Gogel (1956, 1965, 1970). Gogel noted that a mono-
cularly viewed object in a binoc:ular scene seems to lie at
the same depth as the retinally most contiguous binocu-
larly viewed object. Gogel used a complex mirror
arrangement to ensure that one object in his visual
scene was presented monocularly while all others were
presented binocularly. Emmert (1881) had also reported
a comparable percept. He discovered that a monocular
afterimage appears to be locatl~d at whatever depth the
subject binocularly fixates.

A BC D A B ,C D

Left Eye View Right Eye View

FIGURE 1. An example da Vinci stereogram derived from viewing
a three-dimensional scene of a room. Regions AB and CD are

presented with positive (crclssed) ,disparity. Region BC is seen
monocularly (in the right eY4~ view only). This stereogram repre-
sents the retinal images impinging on an observer near an occlu-
sion in depth caused by a nlearer object (surface AB).

A second often overlooked aspect of the binocular
combination process is allelotropia. Allelotropia is the
phenomenon whereby a binocularly fused edge is formed
by deforming two disparate monocular images into a
single binocular one (Porta, 1593; Werner, 1937; von

Tschermak-Seysenegg, 1952; Kaufman, 1974). It is
more commonly referred to as displacement. A classical
example of this phenomenon occurs when the pattern
EF G is viewed through one eye and the pattern E FG
is viewed through the other eye. The letter F is seen
floating in depth at a location halfway between E and
G. Neither the left nor the right image of F occupied
this location. Thus the process of binoc1,ilar fusion
deforms the monocular representations of F into a
single binocular percept of F whose spatial location
differs from either of its monocular representations.

In a three-dimensional scene, objects at different
depths, and hence different retinal disparities, require
different amounts of displacement. Objects close to the
fixation plane (zero disparity) require very little deforma-
tion while nonfoveated objects closer to the observer
require much larger degrees of allelotropia. Hence dif-
ferent parts of the left and right eye views are deformed
by different amounts to form a single binocular percept
of the scene. In the da Vinci stereogram example
(Figure 1), the vertical boundaries of the nearer wall
(AB) are deformed to a larger degree than those of the
back wall (CD). With all these deformations going on,
one needs to explain how three-dimensional surface
representations form in a perceptually seamless fashion.

da Vinci stereopsis percepts also raise issues concern-
ing the role of occluding surfaces and eye-of-origin
information in depth perception. Nakayama and Shimojo
(1990) have developed da Vinci stereograms which show
that both sorts of information are used to form the final
percept. In particular, they described a stereogram in
which unpaired monocular dots, without any binocular
disparity, can generate a percept of a depthful occluding
surface. The present model incorporates both monocular
cells (and thus eye-of-origin information) and binocular
cells in its stereo matching circuit. It also includes mechan-
isms of figure-ground separation that govern the formation
of occluding surfaces in response to both three-
dimensional scenes, which do include disparity informa-
tion, and two-dimensional pictures, which do not.

More generally, the model describes how the earlier
processes of stereopsis work and interact with later pro-
cesses of three-dimensional boundary and surface per-
ception. It presents an account of these interactions that
includes a new multiscale binocular filter for stereo
matching of both unmatched monocular and matched
binocular stimuli. It shows how to design such a filter
so that its inputs to the boundary system are appropriately
designed to lead to effective three-dimensional boundary
and surface percepts.

In particular, this filter clarifies why the brain prefers
to binocularly match image contours with the same
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stereopsis, we needed to further develop the theory's
multiple-scale binocular filter to deal with the problems
of false matches and unmatched boundaries (Marr &

Poggio, 1976, 1979; Marc, 1980; Frisby & Pollard,
1991). This binocular filter then turned out to also be
competent to simulate recent results concerning the
uniqueness principle of classical stereopsis (McKee et
al., 1994), stereo suppression of monocular cues (McKee
et al., 1990; McKee & Harrad, 1993), and the contrast-
sensitive properties of dichoptic masking (McKee, 1993;
McKee et al., 1994). Anderson and Nakayama (1994)
have described related examples of contrast-sensitive
binocular matching. These data, which have not yet
been accounted for by other theories of stereopsis, are
simulated in McLoughlin and Grossberg (1997). The
present work hereby develops a previously unsuspected
link between da Vinci stereopsis and data concerning the
spatial range and contrast sensitivity of binocular match-
ing. It also develops a framework for analyzing the data
of Nakayama and Shimojo (1990) on da Vinci stereopsis,
who noted the importance of eye-of-origin information in
binocular vision. The monocular cells that are introduced
herein carry this type of information.

In a similar vein, Harris and Parker (1995) suggested
that bright and dark information were processed by inde-
pendent neural mechanisms. They measured the statistical
efficiency of stereo depth detection for subjects viewing
binocular random dot stimuli composed of dots of either
one or two polarities (half brighter and half darker than the
background). Subjects were approximately twice as good
at detecting stereo depth if both polarities were present.
They went on to show that it was contrast polarity that
was important by testing subjects with stimuli composed
of two sets of dots of the same polarity but different con-
trasts. Efficiency fell back to the same level as when one
set of dots was present. The binocular matching scheme
employed herein can account for these results, since
binocular matching as defined below is sensitive to direc-
tion-of-contrast. Like contrast dots match while opposite
contrast dots do not. By changing the polarity of half the
dots in the stimulus, less false matches are generated as
opposite polarity dots are not matched. On the other
hand, the cortical complex cells at which binocular
matching occurs summate matches of either polarity.
This also occurs in the model. Harris and Parker also
comment upon such a possibility when they state that
"although contrast polarity may be used to assist bino-
cular matching in a population of disparity-selective neu-
rons, the signal delivered by the output of such neurons
may reflect only the disparity values and may fail to
indicate which feature generated any particular disparity
value" (Harris & Parker, 1995, p. 810).

contrast polarity (Anderson & Nakayama, 1994; von
Helmholtz, 1910/1925), yet the complex cells at which
they are matched pool signals from opposite contrast
polarities (Hubel & Wiesel, 1965; Pollen et al., 1989).
Pooling signals from opposite contrast polarities enables
the brain to form object bolmdaries around objects whose
relative contrasts with their backgrounds reverse along
their perimeter (Grossberg, 1987a; Grossberg and
Mingolla, 1985b). Thus the new multiscale binocular
filter clarifies how the brain begins to reconcile con-
straints on binocular matching with constraints on the
formation of depthful object boundaries. After these
early monocular or binocular matches are made, compe-
titive and cooperative interactions within the boundary
system work to ensure that only the correct subset of
matches survive to form the three-dimensional boundary
and surface representations that are perceived. Recipro-
cal and hierarchical interactions between the boundary
and surface processing streams further ensure that their
final representations are mutually consistent, even
though the operations tha! lead to these representations
are computationally complementary. Along the way,
these processes compensate for allelotropia.

The present article develops these themes by providing
the first mathematically rigorous implementation of a
neural network theory of three-dimensional biological
vision and figure-ground separation, called FACADE
theory, that was introduced in Grossberg (1993, 1994,
1997) and used there to qualitatively explain a large
number of three-dimensional percepts, including
da Vinci stereopsis. The results of our implementation
were first reported in McLoughlin and Grossberg (1994).
FACADE theory acquires its name from the multiplexed
representations of Form-And-Color-And-DEpth that it
produces in response to both monocular and binocular
images. These FACADE representations, which are pro-
posed to occur in prestriate cortical area V 4, model how
the visual cortex generates boundary and surface repre-
sentations in response to visual scenes. A boundary
contour system (BCS) generates boundary segmentations
in response to visual cues from edges, textures, shading,
and stereo information. A feature contour system (FCS)
compensates for variable illumination conditions and
fills-in surface representations that combine properties
of brightness, color, depth and form. FACADE theory
models how the BCS and FCS are organized and interact
hierarchically and in parallel to generate three-
dimensional percepts of the world.

A detailed introduction to the theory and its explana-
tory scope is given in Grossberg (1994). Here it is reviewed
only enough to frame the new results. Although the math-
ematical realization described herein is potentially cap-
able of simulating all the results outlined in Grossberg
(1994, 1997), the percept of da Vinci stereopsis was
selected as an explanatory target because it presents a
formidable challenge to all theories of three-dimensional
vision. To provide a complete simulation of da Vinci

2. FACADE THEORY MACROCIRCUIT

The processing stages of FACADE theory are summar-
ized in Figure 2. Their functional role is briefly outlined
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below. BCS processing stages are displayed as boxes
with vertical lines that designate oriented responses.
FCS stages are shown as boxes with three pairs of circles
that denote opponent colors.

Monocular preprocessing of left eye (MPJ and right
eye (MPR) inputs by retina and lateral geniculate nucleus
(LGN) discounts the illuminant and generates parallel
signals to BCS and FCS via patl:lways I and 2, respec-
tively. Pathways I model monocular inputs to the inter-
blobs in striate area VI. They activate model simple cells
with oriented receptive fields that come in multiple sizes.
Pathways 2 model monocular inputs to the blobs in
striate area VI. They activate model blob cells that are
tuned to opponent colors.

Pathways 3 support binocular combination of simple
cell outputs at complex and complex end-stopped (or
hypercomplex) cells. These interactions generate popu-
lations of disparity-sensitive ceills that realize a size-
disparity correlation. In particular, complex cells with
larger receptive fields can binocularly fuse a broader
range of disparities than can celli; with smaller receptive
fields. Competition across disparity at each position and
among cells of a given size scale: sharpens complex cell
disparity tuning. Spatial competition (endstopping) and
orientational competition convert complex cell responses
into spatially and orientationally sharper responses at
hypercomplex cells.

Pathways 4 initiate long-ranJ~e horizontal grouping
and boundary completion of the hypercomplex cell out-
puts by bipole cells. This grouping process collects
together the outputs from all hypercomplex cells that
are sensitive to a given depth range and inputs them to

a shared set of bipole cells. The bipole cells, in turn, send
cooperative feedback signals back to these hyper-
complex cells. This feedback process binds together
cells of multiple sizes into a BCS copy that is sensitive
to a prescribed range of depths. In this way, each BCS

copy completes boundaries within a given depth range.
Multiple BCS copies are formed, each corresponding to
different (but possibly overlapping) depth ranges.

These multiple depth-selective BCS copies are used to
capture brightness and color signals within depth-
selective FCS surface representations. These surface repre-
sentations occur within monocular filling-in domains, or
ADOs, so called because they receive their brightness
and color signals from a single eye, and support depth-
selective filling-in of surface quality. A different mono-
cular FIDO corresponds to each binocular BCS copy,
although BCS copies that represent nearby depth ranges
may send convergent signals, albeit with possibly differ-
ent weights, to a single monocular ADO.

Surface capture is achieved by a suitably defined inter-
action of BCS signals and illuminant-discounted FCS
signals at the monocular FIDOs. The FCS signals reach
the monocular FIDOs via pathways 5. These pathways
carry out a one-to-many topographic registration of the
monocular FCS signals at all the monocular FIDOs.
Pathways 6 carry topographic BCS boundary signals
from each BCS copy to its FIDO. These boundary signals
selectively capture those FCS inputs from pathway 5 that
are spatially coincident and orientationally aligned with
the BCS boundaries. Other FCS inputs are suppressed by
the BCS-FCS interaction.

The captured FCS inputs, and only these, can trigger
diffusive filling-in of a surface representation on the
corresponding FIDOs. Because this filled-in surface is
activated by depth-selective BCS boundaries, it inherits
the same depth as these boundaries. Not every triggered
filling-in event can generate a surface representation.
Because activity spreads until it hits a boundary, only
surface regions that are surrounded by a connected
BCS boundary, or fine web of such boundaries, are effec-
tively filled-in. The diffusion of activity dissipates across
the FIDO otherwise.

These BCS boundaries and FCS surfaces are formed
by different, indeed complementary, processes. An
analysis shows that too many boundary and surface frag-
ments are formed as a result of the size-disparity correla-
tion and of the way in which monocular and zero-
disparity boundaries combine with nonzero disparity
boundaries. Somehow these extra boundaries and sur-
faces need to be pruned. Pruning is realized by the pro-
cess whereby the complementary boundary and surface
properties interact to achieve boundary-surface consis-
tency. Remarkably, many data about the perception of
occluding and occluded objects may be explained as con-
sequences of this pruning operation.

Boundary-surface consistency is achieved via path-
ways 7. Pathways 7 are activated by a contrast-sensitive
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of such boundaries. Pathways 10 also realize the asym-
metry between near and far through an operation that is
called boundary enrichment. It adds the boundaries of
near depths at the binocular FIDOs that represent larger
depths. These additional boundaries prevent occluding
objects from looking transparent by blocking filling-in
of their occluded objects behind them. It can now be
better seen how surface pruning and boundary enrich-
ment work together: if boundary enrichment occurred
without surface pruning, then the surfaces of occluding
objects would be represented at all depths. If surface
pruning occurred without boundary enrichment, then
occluded objects could fill-in behind their occluders.

The total filled-in surface representation across all
binocular FIDOs represents the visible percept. It is
called a FACADE representation because it combines
together, or multiplexes, properties of Form-And-

Color-And-DEpth.
The model processing stages are neurophysiologically

interpreted as follows (cf., de Yoe and van Essen, 1988).
Monocular MPL and MPR preprocessing models those
properties of retina and LGN that are required for present
purposes. The BCS models the interblob cortical stream
between cortical area VI and V4, while the FCS models
the blob stream. BCS simple, complex, hypercomplex
and bipole processing is proposed to occur in the inter-
blobs of VI and the interstripes of V2. The monocular
ADOs are proposed to occur in V2 thin stripes, or pos-
sibly VI blobs. The binocular FIDOs are proposed to
occur in area V 4. Bearing in mind that the BCS models
the interblob cortical stream and the FCS the blob stream,
the feedback signals between them clarify why the cells
of these parallel cortical streams can be sensitive to
shared combinations of features, despite their comple-
mentary functional roles.

3. MA THEM A TICAL DESCRIPTION OF
FACADE THEORY

The FACADE theory equations were simulated on a
SUN Sparc workstation and presented with a binocular
scene based on the da Vinci stereogram displayed in
Figure I. The processing stages are mathematically
described in a step by step manner and their responses
to the da Vinci stereopsis display are shown. These equa-
tions further develop the Boundary Contour System and
Feature Contour System equations introduced in
Grossberg and Mingolla (1985a, 1985b), Grossberg and
Todorovic (1988), Gove et al. (1995) and Grossberg et ai,
(1995), As noted below, the simulated properties are
robust, as many parameter choices yield similar results.

process that detects the contours of successfully filled-in
surface regions at the monocular FIDOs. These FCS-to-
BCS feedback signals excite the BCS boundaries
corresponding to their own positions and depths. The
boundaries that activated the successfully filled-in sur-
faces are hereby strengthened. The feedback signals also
inhibit redundant boundaries at their own positions and
larger depths. This inhibition from near-to-far is the first
example within the theory of ,; 'the asymmetry between

near and far". It is called boundary pruning. Boundary
pruning spares the closest surface representation that
successfully fills-in at a given set of positions.

Boundary pruning also removes redundant copies of
the boundaries of occluding objects. When the competi-
tion from these redundant occluding boundaries is
removed, the boundaries of partially occluded objects
can be amodally completed behind them on BCS copies
that represent larger depths. Moreover, when the redun-
dant occluding boundaries collapse, the redundant
surfaces that they momentarily supported at the mono-
cular FIDOs collapse. Occluding surfaces are hereby
seen to lie in front of occl-uded surfaces.

The surface representations that are generated at the
monocular FIDOs are depth-selective, but they do not
combine brightness and color signals from both eyes.
Binocular combination of brightness and color signals
takes place at the binocular FIDOs. Pathways 8 control
the one-to-many topographic registration of the mono-
cular FCS signals at all the binocular FIDOs, much as
pathways 5 did for the monocular FIDOs. These FCS
signals are binocularly matched at the binocular
FIDOs. Only the surviving matched signals can be used
for filling-in. These surviving matched signals are pruned
by inhibitory signals from pathways 9. These inhibitory
signals eliminate redundant FCS signals using the
contrast-sensitive signals from the monocular FIDO sur-
faces that survive the boundary-surface consistency
interactions of pathways 6 and 7. In particular, pathways
9 inhibit the FCS signals at their own positions and larger
depths. As a result, occluding objects cannot redundantly
fill-in surface representations at multiple depths. This is
the second instance in the theory of the asymmetry
between near and far. It is called surface pruning.

As in the case of the monocular FIDOs, the FCS
signals to the binocular FIDOs can initiate filling-in
only where they are spatially coincident and orientation-
ally aligned with BCS boundaries. These boundaries are
carried by pathways 10. These BCS-to-FCS pathways
carry out depth-selective surface capture of the binocu-
larly matched FCS signals from pathways 8 after they are
pruned by inhibition from pathways 9.

The boundary signals along pathways 10 selectively
capture those FCS signals that: (a) survive within-depth
binocular FCS matching (pathw;lYS 8) and across-depth
FCS inhibition (pathways 9); (b) are spatially coincident
and orientationally aligned with the BCS boundaries; and
(c) are surrounded by a connected boundary or fine web

3.1. Input to the System

Input to the model consists of two views of the environ-
ment corresponding to the left and right eye inputs. These
images for the da Vinci stereogram are displayed side by
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, nonpositive. Then eqn (1) can be rewritten in the Conn

d
diV = -aV + (U -V)gEXCIT -(V + L)gINHIB (2)

where a = glNHIB is a constant decay rate, U = EEXCIT and
L = IE1NHIBI.

Left eye view

(0)

Right eye view

(b)

(c)

FIGURE 3. (a) Left and (b) right t~ye views of the da Vinci stereo-
gram presented to the system. Note the monocularly viewed
region containing the left-hand edge of the window and part of

the far wall in the right eye vie'N. (c) j~ schematic of the three-
dimensional percept produced by fu~;ing the da Vinci stereo-
gram, as modeled in the text. Note that the side walls (dotted
lines) are not perceived and are adde'~ only for clarification of
the relative depths. The picture frarne defines the plane of

fixation (zero disparity).

4.1. LGN ON and OFF Channels

The first processing level consists of a center-surround
interaction corresponding to the ON and OFF channels of
the retina and lateral geniculate body (Schiller, 1992).
Within this implementation, the on-center off-surround
(ON) cells, and the off-center on-surround (Off) cells
discount the illuminant and are sensitive to the ratio con-
trast of the local image region spanned by each cell's
receptive field. The responses of the ON and OFF
channels to the left and right da Vinci image views are
half-wave rectified to generate outputs to both the BCS
and the FCS.

Speaking mathematically, inputs I ij are first processed
by both ON cell activities X;J and OFF cell activities Xi}
of cells centered on position ij. Each cell receives a
Gaussian weighted sum of inputs (C) from a central
region and an opponent Gaussian weighted sum of
inputs (S) from the surround:

¥= -(X)Xi) +(U) -X;J)C) -(Xi) +L)S) (3)side in Figure 3(a) and (b). The right eye view contains
a region that is occluded in the left eye view. To be
ecologically plausible, the occluded region must be
relatively thin. The full three-dimensional layout is pre-
sented schematically in Figure 3(c). In the left eye's
view, the near wall occludes part of the far wall. The
model fixates the background which is therefore

displayed.

such that

(6)

and

4. CELL MEMBRANE EQUATIONS

Each model neuron was typically modeled as a single
voltage compartment in which the membrane potential,
V(t), was given by

dV(t)C. -= -(V(t) -ELEAK)gLEAKm dt

-(V(t) -EEXCrr )gEXCrr(t)

-(V(t) -E1NHIB)gINHIB(t) (1)

where the parameters E represent reversal potentials,
gLEAK is a constant leakage conductance, and the time-
varying conductances gEXCIT(t} and gINHIB(t) represent the
total inputs to the cell (Hodgkin, 1'~64; Grossberg, 1973).
Transient afterhyperpolarization terms (AHP) were not
incorporated since all groupings were allowed to reach
steady state. The capacitance tenn, Cm was set equal to 1
by rescaling time t. The leakage reversal potential ELEAK
was set equal to 0 by shifting the definition of V(t). With
this convention, the inhibitory reversal potential E1NHIB is

In eqns (3) and (4), the center and surround are defined
by Gaussian kernels:

C. = ~ Cpqli+p,i+q and 5] = ~ 5pqI;+PJ+q (5)
(p,q) (p,q)

where -P < p,q < P. In addition, CX I is a decay para-
meter (10); U I bounds the upper limit of cell activity (1); LI
bounds the lower limit of cell activity (I); I ij is the input at
location ij;A1 andA2 are scale constants for the center and
surround kernels (1,1.03361); (Ic and (Is are the standard
deviations of the center and surround Gaussians (0.5,
1.5); and P defines the size of the center and surround (4).

At equilibrium, the ON and OFF activities converge to
the self-nonnalizing equilibrium activities:

L UICpqli+p,j+q -LISpqli+p,j+q
xij = (P.q) (8)

al + L (Cpq+Spq)Ii+p,j+q
(P.q)
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and
Dipole Cells C=====:X==~=:> I./ 

\--
2 U,Spqli+p.j+q -L,Cpqli+p.j+q

--(P.q) (9)x.. -IJ ,
<XI + L. (Cpq + Spq)/i+p.j+q

(P.q)

The difference of these ON and OFF activities is com-
puted to generate the LGN output signals (Grossberg,
1987b, 1994; Grossberg et al., 1995; Pessoa et al., 1995):

Higher-or(
I~ ~~~~":;~:~:. Cells -

I O,ienlalional competition

Higher-Order
~ HypercompJex Cells

Orienlational competilion

X.T = [ X.T -X.-:- ] +

IJ IJ IJ Hypercomple. Cells

S{)atial competition

::::=:>

jc::> Complex Cells I
(10)

I~and Simple Cell,

X - [ -+ ]+ ..-x.. -x..
I} -!/ !/

FIGURE 4. Schematic of a single-scale BCS model, adapted from

Grossberg et al. (1995). The simple, complex cell. and hyper-
complex stages are often referred to as the Static Oriented Con-
trast filter (SOC filter), while the subsequent levels, including
their feedback pathways, are commonly referred to as the
Static Oriented Competitive Cooperative loop (SOCC loop).

(11)=

These signals depend on the Difference-of-Oaussians
C -S, but are also sensitive to the net contrast (C -S)
(C + S)-I of the local image region spanned by the
kernels. This operation may be interpreted as occurring
in either LON or in VI.

4.2. Oriented Simple Cells

The first stage of the BCS (Figure 4) is composed of
elongated contrast detectors that model simple cells in
cortical area VI (Hubel & Wiesel, 1965). Simple cells
come in a variety of sizes, or spa.tial scales. In the current
implementation, two spatial scales were implemented for
each orientation. To reduce the complexity of this simu-
lation, cells sensitive to either of two orientations were
investigated: horizontal and vertical. Both the ON and
the OFF channel information from LON was processed
by these simple cells.

Corresponding to each orientation and spatial scale are
pairs of simple cells sensitive to two opposite contrast
polarities: one for light/dark contrasts (SiA) and one for
dark/light contrasts (S~) Pooling of both contrast
polarities occurs at the next level of BCS processing,
the complex cells, by summing the half-wave rectified
responses of both polarities for each orientation and
location.

Simple cells come with even-symmetric and odd-
symmetric receptive fields. A new functional role for
even-symmetric and odd-symmetric simple cells was
identified through the analysis of a problem with edge
localization that results from convolving ON and OFF

LGN output signals with simple cell receptive fields. For
example, at a dark/light vertical edge, dark/light verti-
cally oriented simple cells have their peak in the center of
the edge. However, light/dark vertical oriented cells
respond to this input pattern with two smaller peaks,
one on either side of the luminance border. An example
of this phenomenon is shown in Figure 5, along with the
input pattern, the LGN ON and OFF responses, and the
simple oriented detectors responses. This input pattern
represents a one-dimensional horizontal slice through the
right eye view presented in Figure 3. The final frame of
Figure 5 displays the results of summing the half-wave
rectified outputs of oppositely polarized simple cells.
Three peaks are registered at each edge. Without further
processing, these extra peaks could cause problems in the
binocular disparity-matching process.

This problem is solved by pooling responses from odd-
symmetric and even-symmetric simple cells at the com-
plex cell level. As illustrated in Figure 6, pooling
responses of both odd and even symmetric simple cells
of both contrast polarities solves the triple peak problem
for both light/dark and dark/light boundaries, thereby
achieving good boundary localization while removing
spurious peaks in the disparity-matching process. Pollen
and his colleagues have previously reported on the
coexistence of cells with even and odd symmetric recep-
tive fields in the cat visual cortex (Pollen et al., 1985;
Pollen & Ronner, 1981, 1982). The present analysis sug-
gests a new functional reason for the coexistence of even-
symmetric and odd-symmetric simple cells.

Even and odd symmetric simple cell receptive fields
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