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Abstract— Previous models of stereopsis have concentrated on the task of binocularly matching left and right eye
primitives 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 everyday scenes, and provide a
useful cue for scene segmentation. da Vinci stereopsis refers to the more general problem of dealing with surface
discontinuities and their associated unmatched monocular regions within binocular scenes. This study develops a
mathematical realization of a neural network theory of biological vision, called FACADE theory, that shows how
early cortical stereopsis processes are related to later cortical processes of three-dimensional surface representation.
The mathematical model demonstrates through computer simulation how the visual cortex may generate three-
dimensional 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 with the correct depth within a binocularly viewed scene. This achievement required the introduction of a new
multiscale binocular filter for stereo matching which clarifies how 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
from even- and odd-symmetric 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 between boundary and surface representations, are modeled to
provide a complete simulation of the da Vinci stereopsis percept. © 1997 Elsevier Science Ltd. All rights reserved.
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Feature contour system, Neural network, Stereopsis, Visual cortex.

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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(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
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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 describe this phenomenon,
although da Vinci was certainly not the first to describe
it (Brewster, 1856). Galen unambiguously described this
phenomenon over 1500 years ago when he suggested
‘‘Standing near a column, and shutting each of the eyes
in succession—when the right eye is shut, some of those
parts of the column which were 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 same time’’ (Galen,_1550/1968).

A more recent example of one such stimulus is pre-
sented in Figure 1. Observers see the right eye view of
surface BD in depth although the region BC that lies
between the vertical lines B and 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 closely related to the equi-
distance tendency, which has been studied extensively
by Gogel (1956, 1965, 1970). Gogel noted that a mono-
cularly viewed object in a binocular 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 located at whatever depth the
subject binocularly fixates.

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 (crossed) disparity. Region BC is seen
monocularly (in the right eye view only). This stereogram repre-
sents the retinal images impinging on an observer near an occlu-
sion in depth caused by a nearer object (surface AB).

S. Grossberg and N. P. McLoughlin

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; Wemer, 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 binocular 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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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 boundaries 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 that 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 V4, 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
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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; Marr, 1980; Frisby & Pollard,
1991). This binocular filter then turned out to also be
competent to simulate recent results conceming 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).

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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FIGURE 2. Macrocircuit of FACADE theory, showing monocular
and binocular interactions of the BCS (boxes with vertical lines,
designating oriented responses) and FCS (boxes with three pairs
of circles, designating opponent colors). See text for details.

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 (MP}) and right
eye (MPy) inputs by retina and lateral geniculate nucleus
(LGN) discounts the illuminant and generates parallel
signals to BCS and FCS via pathways 1 and 2, respec-
tively. Pathways 1 model monocular inputs to the inter-
blobs in striate area V1. 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 V1. 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 cells that realize a size-
disparity correlation. In particular, complex cells with
larger receptive fields can binocularly fuse a broader
range of disparities than can cells 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-range 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
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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
FIDOs, 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 FIDO.

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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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 occiuded 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 monccular 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 (pathways 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
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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 MP_ and MPy preprocessing models those
properties of retina and LGN that are required for present
purposes. The BCS models the interblob cortical stream
between cortical area V1 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 V1 and the interstripes of V2. The monocular
FIDOs are proposed to occur in V2 thin stripes, or pos-
sibly V1 blobs. The binocular FIDOs are proposed to
occur in area V4. 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. MATHEMATICAL 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 1. 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 al.
(1995). As noted below, the simulated properties are
robust, as many parameter choices yield similar results.

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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FIGURE 3. (a) Left and (b) right eye 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 view. (c) A schematic of the three-
dimensional percept produced by fusing the da Vinci stereo-
gram, as modeled in the text. Note that the side walls (dotted
lines) are not perceived and are added only for clarification ot
the relative depths. The picture frame defines the plane of
fixation (zero disparity).

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.

4. CELL MEMBRANE EQUATIONS

Each model neuron was typically modeled as a single
voltage compartment in which the membrane potential,
V(1), was given by

ave) _

Cn- a = (V(#t) — ELgAR)8LEAK

— (V(1) — Egxcrr)gexcrr(?)
- (V(t) — Einuie)8ineiB (1) ¢})

where the parameters E represent reversal potentials,
gLeak IS a constant leakage conductance, and the time-
varying conductances gegxcrr(f) and g pus(f) represent the
total inputs to the cell (Hodgkin, 1964; Grossberg, 1973).
Transient afterhyperpolarization terms (AHP) were not
incorporated since all groupings were allowed to reach
steady state. The capacitance term Cy, was set equal to 1
by rescaling time . The leakage reversal potential Eygax
was set equal to 0 by shifting the definition of V(r). With
this convention, the inhibitory reversal potential Epyp is
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* nonpositive. Then eqn (1) can be rewritten in the form

d
aV- =—aV+U-V)gexar—(V+Lgmwus  (2)

where o = gnuip is a constant decay rate, U = Egxcyr and
L = |Epsl.

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 /;; are first processed
by both ON cell activities x,»}“ and OFF cell activities x;
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:

dxt

—d';—-'—' —axf +(Uy —x)C = (xf +L)S;  (3)
dx; _ _ _

a3 = Ty +(U;—x; )8 — (x5 +L))C; D)

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

Ci= Z Cogli+pj+q and S = Z Speli+pj+q )
@9 .9
such that

Cpy=A,(270%)~ Iexp{ - %((p2 + qz)/of)} ©
and

Sy =Ar(2ma%)” ‘exp{ - %«p2 +q2)/a§)} ™

where —P < p,g < P. In addition, a, is a decay para-
meter (10); U, bounds the upper limit of cell activity (1); L,
bounds the lower limit of cell activity (1); I;; is the input at
location ij; A, and A, are scale constants for the center and
surround kernels (1, 1.03361); o and o, 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-normalizing equilibrium activities:

Z. Ulcpqli+p.1+q - LlSpq"+P-i+q
®.q

a + z (Cog+Spli+p.j+q
.9

x,'+ =

()
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and
Z Ulquli+p.i+q _LICMIHPJH
- _ (a9

x,'j =
a + Z (Cpq + Spdlitpj+q
®.9

€)

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):

+ +_ -1+
Xj =y —x5]

{(‘L'l +Ly) ( > Gy - s) Lisp s 1,}
ir.q)

_ 4 /_ (10)
oy + Z (Cog+Sp ) ispj+q
and
Xi =kj —x71*
' ) +
[(U] +L|)(z Spq — CM)I""’I’J"'"]
_ ©.9) (1)

o)+ (pz) (Cpq +qu)1i+p.j+q
g,

These signals depend on the Difference-of-Gaussians
C — S, but are also sensitive to the net contrast (C — §)
(C + 87! of the local image region spanned by the
kernels. This operation may be interpreted as occurring
in either LGN or in V1.

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 V1 (Hubel & Wiesel, 1965). Simple cells
come in a variety of sizes, or spatial 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 LGN 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 (S,;;) and one for
dark/light contrasts (Sj) 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
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FIGURE 4. Schematic of a single-scale BCS model, adapted trom
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).

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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FIGURE 5. One-dimensional slices through the activity caused
by the right eye view of the da Vinci stereogram for: (a) the input;
(b) the ON channel; (c) the OFF channel; (d) the odd symmetric
light/dark oriented simple cells of size 1; {e) the odd symmetric
dark/light oriented simple cells of size 1; {f) the result of sum-
ming the dark/light and light/dark simple cell responses. Note the
triple peaks evident in (f). (Within each plot the horizontal axis
represents space while the vertical axis measures activity
strength).

centered at location ij of orientation k were defined using
the even and odd Gabor kernels:

+
d+/— _ oddy+/~ odd v~/ +
573‘3 = Z SpakXi=p,j—q Z SpakXi+p,j+q
».q) .9

(12)
and
ST = [Z X p—a = 2. s;:,;.nx,.;/,,zﬂ}
@.9) ©.9)
(13)

od . {200k 1 p2 q2
d_ - S O S
Spak =A sm( )exp [ 3 ( 3 + 0,2,k (14)

and
, 200k 1{ p* &
even _ 4 fminiorhd R Y AT S 15
Spak cos( T )exp[ 2(01211:+ "gk (15)

with [x]* =max(0,x), -5, =<p, ¢=<§, (Scale 1) and
-8 =p, ¢g=S, (Scale 2).

S. Grossberg and N, P, McLoughlin

In eqns (12) and (13), § }}2‘” is the positive-polarity
odd-symmetric simple cell response at location ij and
orientation k; § 5™ is the positive-polarity even-sym-
metric simple cell response; and § g%d' and S35
define the negative-polarity simple cell responses. In
eqns (14) and (15), A is a scale constant (1); T determines
the periodicity of the simple cell (scale 1: even = m, odd
= 2; scale 2: even = 7, odd = 37); 1 and S, define the
size of the simple cell input field (4, 6); o, and 04 define
the standard deviations of the x and y dimensions of
simple cell input field for orientation k [scale 1: vertical
(0, =2, 0, = 1.5); horizontal (o, =15, 04 =2); scale 2:
vertical (0, = 2.5, 0, =2); horizontal (0,=2, g, =2.5)].

4.3. Complex Cells

The complex cell level contains the first binocularly acti-
vated cells of the model. For definiteness, we assume that
the da Vinci display is viewed in such a way that only
crossed, zero disparity, and monocular cell pools are
activated. To understand how binocular matching occurs
in the presence of half-occluded regions, it was noted by
Grossberg (1994) that the binocular filter needs to realize
a type of size-disparity correlation (Richards & Kaye,
1974; Tyler, 1975, 1983; Kulikowski, 1978; Schor &
Tyler, 1981; Schor & Wood, 1983; Schor et al., 1984)
whereby cells with larger receptive field sizes, or spatial
scales, can binocularly fuse a larger range of binocular
disparities than can cells with smaller receptive field
sizes. Hence, larger cells can fuse a range of both small
and large disparities. This hypothesis is in contrast to
alternative approaches (e.g., Marr & Poggio, 1979)
wherein large spatial scale cells code only large
disparities and each spatial scale can fuse only a limited
range of disparities. Julesz and Schumer (1978) reviewed
psychophysical data that are inconsistent with the Marr—
Poggio model, but which support the FACADE theory
conception. This scheme can explain how binocular
percepts are binocularly fused at a larger spatial scale,
but rivalrous at a smaller spatial scale (Julesz & Miller,
1975; Kulikowski, 1978) since the large spatial scale can
fuse a larger disparity range than the smaller spatial
scale.

The binocular filter contains a number of new compu-
tational features. Each spatial scale is composed of dis-
tinct cell pools, with each pool coding a different
disparity, or connected range of disparities. Although
each simple cell is sensitive to just one contrast polarity,
complex cells typically pool signals from opposite con-
trast polarities. Sandwiched between these properties, the
binocular matching process that occurs within the sim-
ple-to-complex cell filter facilitates binocular matching
of contours with the same contrast polarity. These prop-
erties are achieved using the filter described in Figure 7.
Here, outputs from like-polarity simple cells first
undergo excitatory matching, whereas opposite polarity
matches inhibit each other. Net signals are half-wave
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rectified and pooled across polarities at a target complex
cell. Each complex cell receives this sort of input from
both even and odd symmetric simple cell receptive fields.
As a result, like-contrast polarity boundaries may be
binocularly fused while opposite-contrast polarity
boundaries are mutually rivalrous. This circuit helps to
explain the difficulty that observers experience in fusing
correlated random dot patterns of opposite polarity (von
Helmholtz, 1910/1925; Anderson & Nakayama, 1994;
Harris & Parker, 1995) without contradicting the fact
that complex cells respond to both polarities.

Adding half-wave rectified outputs of oppositely
polarized simple cells at complex cells has the net effect
that the complex cells full-wave rectify the input image.
This hypothesis has become commonplace in models of
texture segregation (Grossberg & Mingolla, 1985b;
Chubb & Sperling, 1989; Sutter et al., 1989). Here it
emerges as a consequence of binocular matching.

The disparity tuning of the complex cells is obtained in
two ways. First, each cell receives activity from two
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horizontally shifted left and right eye simple cells.
These inputs are weighted so that each cell fires maxi-
mally to a boundary presented at a given disparity. It is
assumed that the monocular weights which define the
binocular receptive field of the complex cell, are pruned
during development so that different complex cells code
distinct disparities. Grunewald and Grossberg (1997)
have simulated how this process of disparity tuning
may self-organize during development to create the bino-
cular cell interactions that were introduced in the present
research. In the present simulations, these kernels are
one-dimensional, since physiological results suggest
that disparity-tuned cells are sensitive to horizontal dis-
parity and are suppressed by even small amounts of ver-
tical disparity (e.g., one arc-minute or so: Poggio, 1984;
but see also Gonzalez et al., 1993). When a complex cell
receives its ideal pattern of cortical activity from the
simple cell level, it registers a high pattern match and
is strongly activated. As the cortical pattern is changed
from its ideal input (for example, by introducing more or
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FIGURE 7. Binocular simple-to-complex cell disparity filter:
(a) each cell matches a like polarity pair of odd and even recep-
tive fields. After matching, opposite polarity matched pairs
inhibit each other and the result is haif-wave rectified. This
ensures that the complex cell will fire strongly to matches of

either polarity. Finally the matched even and odd donations are
summed. (b) An equivalent circuit with full-wave rectification.

less horizontal disparity), the cell registers a less perfect
match and is not as strongly activated.

Inhibitory interactions between the complex cells
represent the second mechanism by which they achieve
disparity tuning (Figure 8). These inhibitory interactions
suppress false binocular matches as well as the mono-
cular representations that occur within binocularly fused
regions. The developmental principle that cells that fire
together wire together is implemented to help explain
how the wiring pattern of these inhibitory connections
develops. In particular, only cells that receive input from
a common simple cell compete. There is a nice temporal
correlation between the development of ocular domi-
nance columns, the pruning of horizontal excitatory
and inhibitory connections, and the onset of stereopsis
in the monkey visual cortex (Shimojo et al., 1986;
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Schatz, 1992; Katz & Callaway, 1992; Lowel &
Singer, 1992). We postulate that this pruning of connec-
tions results in selective inhibitory connections between
cells which share a common simple cell input. In other
words, cells that responded to a common input prior to
the onset of stereopsis stay wired together in an inhibi-
tory manner.

Additional evidence for such suppressive interactions
come from the psychophysical studies of McKee and
colleagues (McKee et al., 1990; McKee & Harrad,
1993) which found that monocular positional informa-
tion is corrupted if a disparate stimulus is presented to the
other eye. They suggest ‘‘a kind of local competition
among neural units serving the same retinal location.
The neural units with a strong response...inhibit the
neurons with a weak response’” (McKee & Harrad,
1993, p. 1646). These inhibitory interactions are gener-
ated only when a cell is sufficiently active (over its firing
threshold). This property correlates with the idea of there
being a fusion threshold, which has recently gained
considerable support from the work of McKee and col-
leagues (McKee, 1993; McKee et al., 1994) on dichoptic
masking, and from the work of Liu et al. (1992) on
stereopsis at low contrast. In both cases, binocular
fusion was found to be contrast-sensitive. The binocular
matching process of the current model is also contrast-
sensitive. A complex cell must exceed its firing threshold
if it is to be registered by the subsequent processing
stages. When a complex cell exceeds its firing threshold,
it engages the inhibitory interactions described above to
kill off all weaker matches.

The competition between cells coding different
disparities at each position enables FACADE theory to
circumvent the uniqueness principle of classical stereopsis
algorithms. The uniqueness principle, simply stated, is
the idea that each point in the left view of a stereogram
can have one and only one match in the right view.
A recent study by McKee et al. (1994) suggests that
in certain circumstances the uniqueness principle is
indeed violated. These data, among others, have been
simulated using the present model (McLoughlin &
Grossberg, 1995, 1997).

In the current simulation, the smaller spatial scale con-
tains four separate disparity-sensitive pools of cells. One
pool corresponds to zero disparity (disp00), another pool
to the disparity of the far wall and window (dispOl),
another to an intermediate disparity (disp02), and the
final cell pool to the disparity of the near surface
(disp03). The larger spatial scale contains five pools of
disparity tuned cells. The first four groups are tuned to
the same disparities as the smaller scale (disp10, displ1,
disp12, disp13). The final pool is tuned to a larger dis-
parity than that of the near wall (disp14).

Poggio et al. (1988) have proposed that disparity selec-
tivity is pooled into six groups of cells. Tuned excitatory
(TO) and tuned inhibitory (TI) cells, which respond
sharply to stimuli at zero disparity (in excitatory and
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FIGURE 8. Inhibition occurs only between cells that attempt to code the same input. This principle has been called “inhibition along line-
of-sight”. (a) Keplerian schematic of this matching process. Left and right eye inputs are represented as black and white bars and are
projected along hypothetical input lines representing their various binocular and meonocular combinations. Zero disparity is delineated
by the broken horizontal line. Monocular left eye complex cells are displayed as filled (black) circles, monocular right eye complex celis
are displayed as unfilled (white) circles, and binocular complex cells are displayed as striped (black and white) circles. Cells at locations
2-5 attempt to encode the incoming signals as monocular events. (Zero disparity binocular complex cells also present at these locations
are omitted for clarity.) Cells at location 1 and locations 6-8, attempt to encode the incoming signals at various binocular disparities.
Inhibition occurs between all cells residing on the common input lines: left input,; left input,; right input,; and right input,. This figure
oversimplifies the problem of binocular matching, however, as it neglects cells other than those at locations 1-8 which also attempt to
encode the inputs. (b) A more complete description of the selection process. Cells are active at each possible binocular disparity
(including zero disparity) along the input signal lines. These additional cells, not present in (a), receive strong input from one eye,
with little or no input from the other, and need to be suppressed. Cross-disparity inhibition occurs between all cells that receive input
from the same input line and helps to localize the complex cells response in depth. This includes the monocular complex cells (the
completely filled and unfilled circles). Within-disparity inhibition occurs within each complex cell pool and helps to localize the complex

cells response to inputs within a given disparity plane.

inhibitory fashions), near (NE) and far (FA) cells, which
respond to crossed and uncrossed disparities of relatively
large magnitude in an excitatory manner, and tuned near
(TN) and tuned far (TF) cells, which respond to smaller
crossed and uncrossed disparities in an excitatory
manner. Both TO and TI cells have sharper tuning func-
tions than the other cell pools, NE and FA cells having
the most shallow falloff. Richards (1971) had previously
predicted the existence of such pools based on clinical
studies of humans.

The disparity-tuned filter of the model is consistent
with Poggio’s physiological results on pooling. The dis-
tribution of disparity cells within the filter is biased
towards zero disparity. In other words, the disparity dif-
ference between each pool increases from disp00 to
disp01, and so on. This increase in distance between
pools translates into a shallower falloff for pools tuned
to larger disparities. This filter does, however, make use
of more pools than Poggio lists. More cell pools are
required to ensure that the fused surfaces are represented
correctly. Physiological evidence from the cat (LeVay

& Voight, 1988) and psychophysical evidence from
adaptation studies in humans (Stevenson et al., 1992)
suggest that there may, in fact, be a continuum of pools
in these species.

As in Grossberg (1994), cells sensitive to horizontal
boundaries are projected in parallel to all disparity-
sensitive pools of cells in order to help complete con-
nected boundaries. Strictly monocular cells were not
incorporated into the Grossberg (1994) model, which
distinguished nonzero disparity cells (for computing hor-
izontal disparities) from near-zero disparity cells (for
registering horizontal and monocularly viewed features).
The present extension of the model posits monocular
cells that are distinct from near-zero disparity cells.
Separate pools of left and right eye monocular units
represent unfused monocular stimuli. Unfused monocu-
lar stimuli may be grouped with fused binocular stimuli
at any depth plane, hence the need for distinct monocular
cell pools. These monocular cell pool activities (monL0,
monRO) and (monL1, monR1) are topographically added
to each of the binocular disparity-sensitive cell pools
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FIGURE 9. Output of the disparity filter for the large spatial scale:
(a) No vertical boundaries are represented in the disp14 cell pool.
(b) The near surface boundary representation (AB) resides in the
disp13 cell pool. (¢} No vertical boundaries are fused within the
disp12 cell pool. (d) The right-hand side of the far wall and win-
dow are represented in disp11. (e) The picture frame is correctly
fused at zero disparity in the disp10 cell pool. (f) No vertical
monocular boundaries remain unfused in the left eye monocular
cell pool. (g) Finally, the left-hand side of the far window passes
through the disparity filter without being suppressed. It is repre-
sented in the monocular right eye cell pool.

(disp00-disp14) in a scale-specific manner. This conver-
gence of signal pathways occurs between the disparity
filter and model hypercomplex cells. McKee and Harrad
(1993) have shown that subjects are unable to access
monocular information when it is part of a fused bino-
cular percept. They named this phenomenon ‘‘fusional
suppression’’, since the fusional process appears to sup-
press the monocular representations, as in the current
model.

Figure 9 summarizes the output of the large spatial
scale disparity filter after processing the da Vinci stereo-
gram. The vertically and horizontally tuned cell activity
profiles are displayed together to aid in comprehension.
The large spatial scale does an excellent job of segment-
ing the scene into its relative depth planes. The cell pool
tuned to the largest disparity (disp14) remains inactivated
{Figure 9(a)]. No vertical boundaries are fused at this
depth. Displ3 cells fuse the vertical boundaries of the
near lefthand surface [Figure 9(b)]. In so doing, they
suppress all false matches associated with these bound-
aries within the large spatial scale via mutual complex
cell inhibition. Hence, no vertical boundaries corre-
sponding to the near surface are registered in Figure
9(a), or in Figure 9(c)-(g). The next disparity-sensitive
vertically oriented cell pool, displ2, is also inactive
[Figure 9(c)]. Once again no surfaces exist within this
depth plane of the stimulus. Disp11 cells fuse the vertical
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boundaries of the far wall and window [Figure 9(d)]. The
left-hand side of the window is presented monocularly
due to occlusion and so is registered in the monocular
right (MonR1) cell pool [Figure 9(g)]. Finally the vertical
boundaries of the background are fused at zero disparity
(disp10) in Figure 9(e), and the monocular left (MonL1)
vertical cell pool is silent [Figure 9(f)].

Figure 10 presents the outputs of the small spatial
scale’s disparity filter obtained after processing the
da Vinci stereogram. Only four disparity selective
pools exist within this spatial scale. Due to the size-
disparity correlation, the small spatial scale is not
capable of fusing surfaces present at disparities greater
than disp03. This restriction introduces the possibility of
a surface being fused within a large spatial scale’s disparity
filter while remaining outside the fusional range of smaller
spatial scales. If this phenomenon were to occur, one
would expect either a fuzziness at the boundaries of the
large disparity surface or a combination of rivalry and
fusion at the same spatial location (Grossberg, 1987b,
1994). Both phenomena have been reported for suitable
stimuli (McKee, personal communication; Kulikowski,
1978).

However, in the case of the da Vinci stereogram, the
nearest surface is within the fusional range of the
small spatial scale and is represented at the same dispar-
ity as in the large spatial scale [disp03, Figure 10(a)]. As
in the large spatial scale, no vertical boundaries are regis-
tered in the monocular left (MonLO, Figure 10(e)] or
disp02 cell pools [Figure 10(b)]. Vertical boundaries of
the far wall and window are represented at disp01 [Figure
10(c)], the background is registered at disp00
[Figure 10(d)], and the right-hand side of the window
is represented in the monocular right cell pool
[Figure 10(f)].

(a) (b)

(d) (e} (f)

FIGURE 10. Output of the disparity filter for the small spatial
scale. (a) As in the larger scale, the disparity sensitive disp03
cell pool fuses the near surface (AB). (b) No vertical boundaries
are fused at disp02. (c) The disp01 representation once again
codes the right-hand side of the far wall and window. (d) The
picture frame is fused at zero disparity, namely disp00. (e) No
vertical boundaries from the left eye are unfused. (f) Additionally,
as in the larger spatial scale, the left-hand side of the far window
is unfused and represented in the monocular right eye cell pool.
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The dynamics of the complex cell stage are defined
mathematically as follows:

de ijkd
dt

= (cijra + L) Z h(ciij+ pyeDi + pykde (16)
(. e) ’

= —aCijkg + (Uy = cijjua)Miiq

In eqn (16), «; is the decay rate (0.01); U, bounds a cell’s
maximum activity (1); My, defines the simple-to-
complex cell filter (defined below); L, bounds the
cell’s minimum activity (1); Zh(cij4pye) is the total
inhibitory signal from cells that receive the same
simple cell (s;;) inputs tuned to disparity e. The signal
function 4 is a half-wave rectified analog signal with
threshold I,

Cijke - Fe uLe > F
17
™,

otherwise

Term D4 in eqn (16) represents the inhibitory con-
nections between the cells that code disparity e and the
cells that code disparity_d. These are assumed to be
pruned by adaptive inhibitory learning during develop-
ment so that only cells that receive a common input are
connected. In particular, D 10 # D i1 piked:

The simple-to-complex cell filter combines simple cell
output signals in the following way:
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In eqn (18), M, is the total input to the complex cell
centered on location ij, of orientation &, and tuned to
disparity d; W;Z,?;‘,’k are weighting functions corre-
sponding to disparity d, distance (I/r), and orientation
k; .S‘fj‘f"’“/ is the even symmetric simple cell input of
positive or negative polarity at location ij and orientation
k; ,J,(d“ is the corresponding odd-symmetric simple
cell input; L, R correspond to the size of the simple cell
input fields in the left and right eye (scale 1, L: 20, R: 20;
scale 2, L: 28, R: 28). By eqn (18), complex cells that
receive input from disparity d pools of opposite-polarity
simple cells will not be activated, while those that receive
input from disparity d pools of like-polarity simple cells
will be strongly activated. 8, == 15.

In the current implementation, the disparate monocu-
lar weights Wf,’f,,,)k and W in eqn (18) are set propor-
tional to the strength of the simple cell responses to a

binocular step edge presented at disparity d. Thus
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where as in eqns (8)-(13)
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Terms X;” in eqn (20) are defined similarly. Finally, the
1nh1b1tory connections D ;s between complex cells
of the same spatial scale that are tuned to different
disparities were implemented as follows:

Dy pyde = AeXp( — pge(p + 54 )) ford # e (23)
and

Dy 1 pyaa =Aualexp( — p5p?) — exp(— pipH)]  (24)

In eqns (23) and (24), A, corresponds to a scale para-
meter for the strength of inhibition between disparity d
and disparity e (see Table 1-2) p,, is the spatial para-
meter that determines the width of the inhibitory
gaussian between cells coding disparities d and e (see

TABLE 1
All tables demonstrate new binocular interactions introduced in
Grossberg (1994). Scale values Ag, for scale 1

Amon Ao Ay Az As
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TABLE 2
Scale values A gea for scale 2

Amon AO A1 A2 A3 A4

Amon
Ao
Ay
Az
Ay
Aq
TABLE 3
Shift parameters sde for scale 1
smonL SmonA Sy 54 52 83
SmonL -
SmonR 0
So 0
Sy +1
L7 +2
S3 +5
TABLE 4
Shift parameters sde for scale 2
Smonl.  SmonR  So Sj Sz S3 S4
SmonL -
SmonA 0
Sp 0
8§y +1
Sz +2
83 +5
Sy +7

below); s, determines the shift in the center of the
Gaussian between disparity d and disparity e (see
Tables 3-4). Ay is the scale parameter for the spatial
inhibition kernel Dyqq; pg determines the width of the
excitatory center for the within disparity interaction; and
pz determines the width of the inhibitory surround for the
within disparity interaction. For scale 1: ptguen = 0.075,
Bde = 0.05, pimone = 0.075; (d € {mon, 0, 1 }) u§ = 0.015,
ug =0.5; (d € {2, 3}) u§ = 0.005, u5 = 0.5. For scale
2:scale 2: pamon = 0.075, pge = 0.05, fmone = 0.075; (d €
{mon,0,1}) ug=0.015, 3 =05, (d € {2,3,4) p§ =
0.005, u = 0.5.

Cells sensitive to horizontal boundaries are spatially
sharpened using the following on-center off-surround
network:

dc..k
5 = ~ s+ (Us =) 2. CigapMig+ e
4

= (L3 +ciw) Z Eyj v pyMiG 4 pye (25)
P

The Gaussian center Cy and surround E; kernels are
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defined as follows:
Ciyemy =A1expl = up°], and Ejj sy =Asexpl = p'p’]
(26)
In eqn (25}, oy is the activity of the horizontal complex
cell at position & (all disparities are the same); e; is the
decay parameter (0.1); My is defined in eqn (18); p
determines the size of this spatial imeraction (15); Cj
and Ej are the center and surround Gaussian kernels
(ke = 6.9, p, = 069, A4 = 2, A3 = 1); U; and L,
bound the activity of the horizentally twned cells (1, 1).
The half-wave rectified, steady-state output of eqn (25} is

Z i“—'r'jcr'[f +p) ‘F—J-E.-L- & ) ]-MuL.'-| J--|.'.] .
Cipg = = ; - {27)
: @i+ 2 Cigrort Errao Mo

4.4. Hypercomplex Cells: Spatial Competition

The rectified output from each complex cell pool excites
a like-oriented hypercomplex cell corresponding to its
location and inhibits like-oriented hypercomplex cells
corresponding to nearby locations. This spatial inhibition
occurs in a center-surround manner between cells coding
the same scale, disparity and orientation. It models the
end stopping process, whereby hypercomplex cell recep-
tive fields are derived from interacting complex cell out-
put signals (Hubel and Wiesel, 1965; Orban et al., 1979).

Each hypercomplex cell activity y;, also receives
feedback from the final stage of the cooperative grouping
network (called the SOCC Loop) and has a baseline or

tonic activity level 7. Hypercomplex cell dynamics are
defined by

dy;;
dutkd = —ogYira + (Us — yua)Cy

— Oijd +LOEs + T +8(0ja)  (28)

The center C4 and surround signals E, are defined as
follows:

C4 = Z thci+h'f+v,k,d

(h,v)
with
1/ W +v?
Aexp| — | —5—
8, = 2\ o /| 29
. Z exp[ l<hz+vz>]
&) 2\ o2
and
Ey= Z EnCivnjtvkd
(h,v)
with

1 hz—f-v2
B‘”‘"[“i( ﬂ
Ehv_

ST
exp| — = 5
(hv) 2 Os

(30)
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where — P! < h, v < P% (scale 1) and . & <hv<P
(scale 2).

In eqn (28), a4 is the decay parameter (0.1); U, and
—L, are the upper and lower bounds of hypercomplex
cell activity (1, — 1); T is the tonic activity of the cell
(0.0000189); g(Ojy) is the feedback activity from the
SOCC loop, where g(x) = Gx, with G a scale constant
(). In eqns (29) and (30), Cjyy is the complex cell
activity at location ij, orientation k and disparity d; P',‘
and P’z’ define the size of the spatial interaction for scale 1
and scale 2, respectively (4, 4); A and B are scale con-
stants (1, 1); and o. and ¢, are the standard deviations of
the center and surround Gaussians (scale 1: 0.15, 1; scale
2: 0.15, 1). Solving eqn (28) at equilibrium and half-
wave rectifying the result yields the steady-state hyper-
complex cell output signal:

Yira

@31

4.5. Hypercomplex Cells: Orientational Competition

The next stage of hypercomplex cells compete across
orientation  at each position, with the greatest inhibition
occurring between cells that code perpendicular orienta-
tions. This competition is a push—pull opponent process
whereby, if one orientation is excited (or inhibited), then
the cell coding the perpendicular orientation at the same
spatial location is inhibited (or excited by disinhibition).
Spatial competition causes vertically tuned cells just
beyond the end of a thin vertical line to be inhibited.
Horizontally tuned hypercomplex cells that code the
same spatial position are then disinhibited by orienta-
tional competition. This mechanism of completing line
ends, called endcutting, helps to explain, for example,
how illusory contours can be formed perpendicular, or
oblique, to line ends (Grossberg & Mingolla, 1985b).
Such endcuts may be grouped together by subsequent
stages of the SOCC loop to form an illusory contour,
as in the Ehrenstein illusion; see Gove et al. (1995) for
a simulation. Cross-orientation inhibition occurs
between vertically and horizontally tuned cells in the
present simulations. These cells also receive feedback
from the monocular FIDOs (Figure 2, pathways 7).

These properties of hypercomplex cell activities » iikd
were modeled as follows:

dn ijkd
dr

= - oz5n,-jkd + (U5 - "ijkd)CS

— (g +Ls)Es— D Fv)  (32)

ex=d

1597

. c 1/r—k\?
Cs—- Z CkrYijrd with Ckr= R-exp[._ E( 5 ) }

aC
33)
and
. s 1/r—k\?
Es = E,.Y~~, thEr= Tt RS
5= 3 Bt vit By = 2| - 3 |
(34)

In eqn (32), «s is the decay parameter (1); Us and —L;
are the upper and lower bounds of hypercomplex cell
activity (1, —1); Fi (vije) corresponds to the FCS to BCS
inhibitory feedback pathways where F(x) = Fx, with F a
scale constant (10). In eqns (33) and (34), Yiuq is the
hypercomplex cell output (31) from the first competitive
stage at location ij, orientation k and disparity d; ¢ and s
are scale constants of the center and surround Gaussians
(1, L.5); o. and o are the standard deviations of the
center and surround Gaussians (scale 1: 0.5, 0.75; scale
2: 0.5, 0.75); and r and k denote orientation indices (re
{0, 1}, k € {0, 1}). Solving at equilibrium and half-wave
rectifying the result yields the steady-state higher-order
hypercomplex cell output signal:

+
[Z (Ukar —LSEkr)Yljkd - Z F(vijk‘)
N 3 e=d
ijkd == 7
i as+ D (Co+Eu)¥ia
(35

4.6. Cooperative Bipole Cells

Outputs from the second hypercomplex cell stage are fed
into a long-range cooperative boundary completion pro-
cess which is responsible for the long-range grouping
capabilities of the BCS (Figure 4). The long-range
cooperation cells that receive this input are called bipole
cells, so called because their receptive field is composed
of two oriented lobes. Each lobe receives input from a
range of orientations and positions along the oriented
axis of the lobe. If both bipole lobes (or the cell itself)
receive large enough inputs, the cell will fire. This
restriction ensures that bipole cells do not extend bound-
aries beyond line ends unless there is evidence for such a
linkage, for example from a second aligned line end.
Bipole cells hereby behave like statistical AND gates.
Bipole cell outputs are fed back to the hypercomplex
cells to initiate boundary completion. The existence of
bipole cells was predicted (Grossberg, 1984; Cohen &
Grossberg, 1984) at around the time von der Heydt et al.
(1984) reported analogous cell properties in monkey
visual area V2.

Bipole cells receive inputs from all cells coding the
same relative depth from the observer across all hyper-
complex cell spatial scales. These converging signals
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(a) (b) (c)

d (e)

FIGURE 11. Open loop response of the bipole cells. (a) The
disp04 representation contains only the monocularly viewed
left-hand side of the far window. No compietely enclosed sur-
taces exist at this depth plane. (b) The near surface (AB) is repre-
sented by a completely enclosed boundary structure. This
completely enclosed structure traps filling-in signals within the
monocular FCS filling-in domains associated with this depth. (c)
Once again no completely enclosed surfaces exist at disp02. (d)
The window remains the only enclosed surface at disp01 since
the left-hand side of the far wall is currently only represented at
disp03. The window will nevertheless trap filled-in signals within
the monocular FCS filling-in domains associated with disp01. (e)
Finally the picture frame represents a completed structure within
the zero disparity disp00 bipole cell pool.

transform the multiple-scale BCS computations into
multiple-depth BCS computations. This transformation
enables each BCS copy to use all the available evidence
to compute the most accurately positioned boundaries
possible within its depth range. The resultant depth-
sensitive BCS copies control the filling-in of FCS
surfaces at the corresponding relative depths from the
observer.

The bipole cells implemented here refine the tradi-
tional bipole. Firstly, they receive input from multiple
spatial scales. In the current simulation, each pool of
bipole cells, except that which codes the largest disparity
(disp14), sums inputs from both spatial scales. In addi-
tion, perpendicular hypercomplex cells inhibit each
bipole cell receptive field. This cross-orientation compe-
tition realizes the property of spatial impenetrability
(Grossberg, 1987a; Grossberg & Mingolla, 1987) that
helps to prevent boundaries from being colinearly com-
pleted over regions that contain mutually perpendicular
boundaries, or other nonparallel orientations.

Another innovation is direct input from hypercomplex
cells at the location of the bipole cell itself. This term
allows bipole cells that receive input from their own
location and at least one lobe to trigger outputs, while
still preventing boundaries from completing outwards.
As a result, the ends of lines can receive feedback from
the bipole cells. Gove et al. (1995) and Grossberg et al.
(1995) simulate related uses of this refined bipole cell.

Figure 11(a)—(e) shows the open loop response of the
bipole cell stage for both the horizontal and vertically
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tuned cells of disp4, disp3, disp2, displ, and disp0,
respectively. These profiles represent BCS activity
before the SOCC loop or monocular FIDOs provide feed-
back.

Each bipole cell, except those which code the largest

disparity (disp14), receives input from both spatial scales
as follows:

dfl%’% = Zjua + HIG(AS +A) + 8(B21 + B + Nl
(36)
In eqn (36), g(x) bounds each lobe’s activity as follows:
x1* '
o~ DA 37

whereas the threshold I in h{x] ensures that both lobes
must be active before the bipole cell fires; namely,

hix]=[x-T1* (38)

Terms A?,, A‘,’z and Bf, . B‘,’z in eqn (36) correspond to the
summed inputs from each bipole cell’s two lobes for each
spatial scale. They are defined generically as follows:

Ab"_' Z ((Ni+p.j+q,rd- i+p,j+q,Rd)[Zijkr]+) 39

P.q.n)
and
b
B = Z (WNigp,j+rqrd— iepj+a k)= Zije) T)
P.q.r)

(40)
where — Pll’ =p,q= P'l’ (scale 1), and — P'z’ =p,q= P‘z’
(scale 2).

In eqn (36), z;a is the bipole cell activity at position ij,
orientation k, and disparity d. In eqn (37), D is a para-
meter of the lobe activity squashing function (0.1). In eqn
(38), T is the firing threshold of the bipole cells (d € {0, 1,
2,3}, T=1;d=4,T =.5). Ineqns (39) and (40), N, is
the activity of the hypercomplex cells in eqn (35) and
orientation R is perpendicular to orientation r. Terms Zy,
and —Z, define the lobes of the bipole cell receptive
field (see below); P',’ and Pg define the size of the input
fields of the bipole cells for each spatial scale (5, 5); r €
{0, 1} determines the orientation tuning of the cell; and
[x]* denotes half-wave rectification. The central input
term Ny in eqns (39) and (40) ensures that the ends of
lines also strongly activate bipole cells.

In the current implementation, the lobes of the bipole
cell receptive field obey the Gaussian weighting operator
used by Gove et al. (1995):

Zijpr = Zsgn[ilexp(T, + Ty + T,] 41)

where
— (Vi +j+p)
T,= ( 220212 P) “2)
2
(k-;—' —tan~ ‘(i/j))
T,
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and
('T’r— tan“(i/j))2

2
207

T,= (44)
In eqns (41)~(44), Z is a scale constant (1); p determines
the peak of the Gaussian term T, ( — 2.5); o,, 0, and o,
are the standard deviations of the T,, T, and T, Gaussian
terms (1, 0.15, 0.15); and T determines the shape of the
lobes (2).

Bipole cells can support boundary grouping and com-
pletion within a band of orientations, some of which
receive weaker support from image contrasts than others.
Competitive interactions help to remove this uncertainty.
Orientational and spatial competition are applied to the
outputs of the bipole cells as they are fed back to the first
hypercomplex cell stage. This feedback pathway mirrors
the competitive stages of the feedforward path. Positive
feedback from the bipole cells goes back to hyper-
complex cells that code the same disparity and position,
across all scales (see Figure 2, pathways 4). These feed-
back opérations are defined as follows.

Cross-orientation competition is achieved using a
membrane equation:

dity
ar =~ %etika + (Us — ra)Co = (Mia + Lg)Es
(45)
where
2
Co= Zr: CirZjjrg With Gy, = ﬁCXp[— %(r;k) ]
(46)
and

Es= E E with E| =:-4i—ex - l o ’
6 - krijrd kr M 's7 p 2 1
(4 ] )

In eqn (45), u iy is the activity of the hypercomplex cell
at position ij, orientation k and disparity d; o is the decay
parameter (1); and Ug and —Lg are the upper and lower
bounds of hypercomplex cell activity (1, —1). In egns
(46) and (47), z;u4 is the bipole cell activity at location
ij, orientation k and disparity d; ¢ and s are scale con-
stants (1, 1.5); 0. and o, are the standard deviations of the
center and surround Gaussians (scale 1: 0.5, 0.75; scale 2:
0.5, 0.75); and r and k denote orientation (r € {0, 1}, k €
{0, 1}). Solving at equilibrium and half-wave rectifying
yields the output:
> (UsCi = LeEr)tjna

!.'r..lhn = r—_— — 48

f s D ACo+ E ein (48)

Spatial competition then occurs in a center-surround
manner between cells coding the same relative depth
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and orientation. Hence
d0jja
3 =" 710kq + (Uz = Ojja)Cy = (Ojxg + L7)E;
(49)
where C, and S are defined as follows:
G = Z Colishjsvna
(h,v)
1/ 12 412
Clw =Aexp [ - -(I_'t)L>:| (50)
2\ ¢
E;= Z EwUiinjsvka
(h,v)
1R+
E,. =B - —
I CXP[ 2( p )] 619

where — P} <h, v=< P (scale 1),and —=P{<h, <P}
(scale 2).

In eqn (49), Oy is the activity of the hypercomplex
cell at position ij, orientation k and disparity d; o is the
decay parameter (0.1); and U; and —L; are the upper and
lower bounds of hypercomplex cell activity (1, —1). In
eqns (50) and (51), U, is the hypercomplex cell activity
from the previous feedback stage at location ij, orienta-
tion k and disparity d; P} and P} define the size of the
spatial interaction for scale 1 and scale 2, respectively (4,
4); A and B are scale constants (1, 1); and ¢, and o are
the standard deviations of the center and surround
Gaussians (0.15, 1). Solving at equilibrium and half-
wave rectifying yields the output

+
[Z U1Ch = LiEW Ui g hj4vikod
(h,v)

a;+ Z Crne +En)Ui b jsvkd
(h,v)

Ojia = (52)

4.7. Output of the BCS

After several (typically no more than three) iterations
through the BCS feedback pathways, the activities of
the SOCC loop cells converge. The boundary segmenta-
tions that are created in this way have no color or bright-
ness qualities, since the complex cells pool signals from
simple cells of opposite contrast polarity. The filling-in
process within the FCS creates visible surface percepts,
including the visible percepts of single dots and lines,
which are processed as small surface regions. The BCS
organizes these FCS filling-in events by topographically
interacting with the FCS filling-in domains, or FIDOs, as
in Figure 2. The BCS — FCS signals play two roles. (1)
They activate filling-in within FIDOS whose FCS inputs
are topographically aligned with a BCS boundary, and
suppress other FCS inputs. In this capacity, they are
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called filling-in generators. (2) They act as barriers to
filling-in and thereby create surface regions within
which filling-in is restricted. In this capacity, they are
called filling-in barriers (Grossberg, 1987b, 1994).

4.8. Monocular FIDOS: Surface Capture and
Filling-In

The projections from the binocular BCS segmentations
to the monocular FIDOs generate filling-in (see Figure 2,
pathway 6) by selecting those monocular FCS signals
(transmitted along pathways 5 in Figure 2) that are
spatially coincident with the binocular BCS boundaries,
while suppressing those that are not. They thereby selec-
tively capture FCS brightness or color signals at different
depth planes to initiate depthful surface completion.
Boundary outputs also create resistive barriers to this
diffusive process. Filling-in obeys the following

equations:
dF, ld m g
dtl M F, Z ( pgd ~ ud) paijd +X,-}'[,
C.9eN
(53)
and
dF4 - - g -
d—','d— —M"Fig+ D (Fpea—Fia)¥psa+Xia
P eN
(34)

where diffusion occurs with respect to nearest neighbor
cells N={G,j— D, Gj+ 1)+ 1), G~ 1)} and
boundaries attenuate the diffusion permeability coeffi-
cients as follows:

- é
paijd = K+ G(qud + Zijd )

In eqns (53)-(55), F ,}Z is the filled-in activity and output
signal at position ij and disparity d of the ON FIDO; F,
is the filled-in activity at position ij and disparity d of the
OFF FIDO; M™ is a decay (0.1); X,-}; is the ON channel
output from the monocular preprocessing stage; Xy is
parameter the OFF channel output from the monocular
preprocessing stage; « is a parameter of the boundary
squashing function ¥, (1); & is a spread-scale para-
meter (100,000); and e is a blocking scale parameter
(1000). At equilibrium, each Fj; was computed as the
solution of a set of simultaneous equations:

with Zjy= D zjga (59
k

n
ud Z qd‘I'pqijd
Ft (p.q)EN
jd = m
M + Z ¥y pqijd
».q)EN

and

Xja + (,,%NF":""P:"W
Fi= = (56)
M" + z ;’nqijd
@.QEN

S. Grossberg and N. P. McLoughlin

These simultaneous equations were solved at equilibrium

using the Y12M matrix inversion package of Zlatev et al.
(1981).

4.9. Output Signals from the Monocular FIDOS

Output signals from FCS to BCS are generated only from
successfully filled-in regions within the monocular
FIDOS, since only these regions can generate contrast-
sensitive output signals. An on-center off-surround net-
work suppresses uniformly filled-in regions so that only
spatial contrasts within each FIDO are passed on for
further processing:

dr,*;

—f —ogriy + (Us — rj)Cs — (rja + L)Eg™ (5T)
and

drig _ e _ _

_d%'__ ~agrijg + (Us — rjg)Cq — (rijg + Lg)Eg  (58)
where

—P<p, g<P,
C{- = Z CpoF i:+p.i +4.d
».q)

with

_ 1
v =C270c) ‘exp{ - 5@ +q2>/a3)}
and
Eg: z qu i:+p,j+q.d 61)
@9
with

pe=EQ70;)” 'exp{ o %«pz +q2)/0§)} (62)

In eqns (57) and (58), r d and r;j; are the activity of ON
and OFF monocular FIDO cells at position ij and dis-
parity d; as is a decay parameter (0.01); and Ug and Ly
are upper and lower bounds on the FCS cells activity
(1, 1). In eqns (59)-(62), Fjq is the output (56) of the
corresponding monocular FIDO filling-in stage; C and E
are scale parameters (0.0398, 0.0181); P determines the
size of the spatial interaction (7); and ¢, and o, are
the standard deviations for the center and surround
Gaussians (2, 3). At equilibrium, the ON and OFF
activities converge to

2. UsCyg

+ @9
ag + Z (Cpq + EpgdF, it—p,iﬂ-d
.9

+p1+qd L8E Fl+p1+qd

ri= (63)

ana

Z Uscqui:-p.j+q.d _LsquFi-_i-p,j+q,d
X
Tijd = = (64)
ag+ O (Cpg+Ep)Fipjtaua
@9
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These monocular FIDO outputs were then subtracted and
rectified to generate double opponent output signals:

R=[rfz —rl* and Ry =[rjg—ri1* (65
The monocular FIDO output signals act by inhibiting the
hypercomplex cell activities of more distant boundaries
in eqn (32). By reorganizing boundaries, and the surfaces
that they contain, in a near-to-far manner, FCS-to-BCS
feedback shows how filling-in of surface properties can
also occur in a near-to-far manner. In the current imple-
mentation, the nearest depth plane was filled in first. Any
negative feedback arising from the monocular FIDOs
was fed back into the BCS representations of more
distant surfaces. Each SOCC loop was again allowed to
converge in response to the new boundary configuration
before filling-in of the next-to-nearest depth plane
occurred. This process was continued until all the
depth representations equilibrated.

In order to map the unoriented FIDO activities onto
oriented hypercomplex cell activities, they were first pro-
cessed by -oriented filters. -The total signal from each
position ij, orientation k and disparity d is defined by:

dd— e\en+ even —
Vg = bt + b5 + b ijkd (66)
where
- "+
odd+/— _ +1= -
bijd = Z R: -pj-qd Z qukR:+p.1+q d
L. 9) @.q
(67)
- +
even+/—~ __ even p+/— evenp —/+ W
bijxa - (pZ Bogk RiZpj-q.a - & qu i+pj+q.d
2

(68)

. (20K 1{p* &
odd _ il £ _4 1 69
Bogi =A;sin ( T )exp [ 3 < ng + ng (69

and
2K 1P ¢
even
. =A2cos(-———)exp -5+ (70
i T 2\ a4 o

with — S, =p,q=§, (scale 1),and — §; =
(scale 2).

In eqns (67) and (68), R,Jd is the FCS ON cell response
at position ij and disparity d, and R, is the FCS OFF cell
response; see eqn (65). In eqns (69) and (70), A; and A,
are scale constants (1, 1); T determines the periodicity of
the cell (scale 1: even T = 7, odd = 2m; scale 2: even =
w, odd = 37); §; and S, define the size of the hypercom-
plex cells input field (4, 6); o, and o4 define the standard
deviations of the x- and y-dimensions of the hypercom-
plex cell input field for orientation k (scale 1: vertical: o,
= 2, ¢, = L.5; horizontal: 0, = 1.5, 0, = 2. Scale 2:

P9g=$;
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vertical: 0, = 2.5, o, = 2; horizontal: g, = 2, g, =
2.5).

Figure 12(a)-(d) show the simulated output of the
monocular ON and OFF left and right eye FIDOs in
response to the da Vinci stereopsis display. ON and
OFF activities are graphed together in each figure. No
activity is registered in the FIDOs corresponding to
disp04. Figure 12(a) displays the ON and OFF activities
associated with the near surface which is registered in the
FIDOs corresponding to disp03. The left eye’s represen-
tation differs slightly from that of the right. This is due to
a difference in the filling-in signal strength associated
with the left edge of the window. Figure 12(b) displays
the monocular FCS outputs for depth plane 2. Although
no connected figures were present within the BCS disp02
representation, a small filled-in signal is trapped by one
or two of the nonconnected boundaries. This spurious
noise, which is dependent on the parameters of the
FCS filling-in process, does not cause any subsequent
problems for the FACADE segmentation. Figure 12(c)
displays the monocular FIDO outputs for the far wall and
window. Although the far wall does not form a connected
figure within the monocular FCS, ON and OFF signals
are registered for the right-hand wall. This is a property
of the FCS flow parameters and is eliminated by the
subsequent stages of the FIDO processing. Finally,
Figure 12(d) displays the ON and OFF FIDO representa-
tion of the background. A small amount of noise is also
seen in both displays.

4.10. The Binocular FIDOS: FACADE Representation

The binocular FIDOs represent the final level of surface
processing in the FACADE model, as in Figure 2. Their
filled-in representations multiplex properties of surface
form, color, depth, orientation, position, and brightness.
Grossberg (1994) has compared these receptive field pro-
files with analogous neurophysiological data from extra-
striate area V4 (Zeki, 1983a, 1983b; Desimone et al.,
1985). In the da Vinci stereogram percept, the monocu-
larly viewed region BC in Figure 1 has its surface proper-
ties filled-in within the same depth-selective FIDO as the
binocularly fused boundaries of region CD.

Figure 13(a)-(c) displays the final output of the
FACADE model. Figure 13(a) displays the FACADE
representation of the near surface which is correctly filled
in within the FIDOs that correspond to disparity 3. Figure
13(b) displays the FACADE representation of the filled-
in surfaces at disparity 1. Both the window and the far
wall are represented at this disparity. Finally Figure 13(c)
represents the background which is correctly rendered as
a filled-in surface at zero disparity. The FCS representa-
tions associated with disparities 2 and 4 contain ganz-
felds of activity as no connected regions exist at these
depths. :

Several factors make this result possible. Perhaps the
most important one is boundary enrichment. If the
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FIGURE 12. Outputs from the monocular ON and OFF left and
right eye FIDOs. Disp04 is not represented as no output signais
were generated at that disparity. (a) The near surface (AB) is
represented within the outputs of the disp03 FIDOs. (b) Some
spurious noise occurs within the outputs of the disp02 FIDOs.
This noise is caused when feature signal are trapped within BCS
boundary signals. This system noise does not cause any pro-
blems for the binocular FIDOs because monocular FCS signals
are binocularly matched before visible filling-in occurs. (¢) The
far window is clearly represented in the outputs of the left and
right eye FIDOs. We can also see some feature signal trapped by
the right-hand side of the far wall. (c)) The window frame is cor-
rectly represented in the outputs of the ON and OFF monocular
FIDOs. Again a small amount of noise is registered within the
outputs of the disp00 FIDOs.

binocular boundary at B were processed only as part of
the connected region AB, then, as in Figure 14(a), there
would be nothing to stop the surface properties of region
BD from filling-in behind AB, since BD does not possess
a connected boundary. FACADE theory remedies this
problem by asserting that the boundaries corresponding
to nearer objects are added to the boundaries correspond-
ing to farther objects at the binocular FIDOs. As a result,
region BD is surrounded by a connected boundary and its
surface properties do not spill out, as shown in Figure
14(b). This restriction upon FCS filling-in does not,
however, prevent BCS boundaries from being amodally
completed behind occluding figures (Grossberg, 1994).
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FIGURE 13. Final outputs from the FACADE model.The disp04
and disp02 representations are not displayed. Since no con-
nected regions exist within these depth planes, the disp04 and
disp02 representations resemble ganzfelds. (a) The near surface
AB is filled-in with its surface properties at disp03. (b) The far wal!
and window is filled-in within the disp01 syncytia. (c) The picture
frame and background are filled-in with their surface properties
at disparity 0 (disp00).

The binocular FIDOs receive their FCS inputs from
both the left and right eye monocular FIDOs and the
monocular preprocessing stage. Input from the pre-
processing stage is excitatory, while surface pruning
inhibitory signals are produced by the monocular
FIDOs. Both excitatory and inhibitory signals are bino-
cularly matched via the following membrane equations
before they trigger filling-in:

dat

d_'f= — agajy + Uy —agy)Efy — (Lo +ai)lf; (71)

s
~S—

! N
Unconnected Region

B C (o]

Fillin‘g-in of connected
Regions

(a) ®

FIGURE 14. Filling-in produces visible percepts only within con-
nected regions. (a) When a region is not fully connected, the
featural signal can flow out. (b) Only a fully connected region
can trap the FCS signal and produce a visible percept.



Cortical Dynamics of Three-Dimensional Surface Perception

and

da;, ‘e £ .
—d‘tlz -— a9aijd + (U9 - aUd)Eijd - (L9 +aUd)Iljd (72)

Efi=Xi +X5F, Ep=Xb +X57 (73)

Ii= D Ri, and I = > Ry, (74)
e>d e>d

In eqns (71) and (72), a,}t, and a;j; net inputs to the ON
and OFF binocular FIDO cells at position ij and disparity
d; a9 is a decay parameter (0.01); and U, and —Lg are the
upper and lower bounds of activity (1, —1). In eqns (73)
and (74), X{;j’ and ng“" are the matched monocular
inputs (10) from the ON channel monocular prepro-
cessing stage; inputs X,!jd" and X,{fd‘ come from (11),
the OFF channel monocular preprocessing stage; R,-jf, is
the output (65) of the monocular FIDO ON cell channel
at position ij and disparity d; and Ry, is the correspond-
ing output of the monocular FIDO OFF cell channel.
Solving at steady state yields

UsEfy — Lol UsEjy — Lol
= 9 ’d+L9fanda,~j'd= 9 _/d_L91_d 75)
oz9+Eijd+Iijd a9+E,-jd+lijd

These signals trigger filling-in of binocular FIDOs just as
in the monocular FCS filling-in process [eqns (53) and
(54)] stage. The diffusive spread of activity is defined by
the following equations:

anj;
= MG 3 Q= O+ a
P.9)EN
(76)
dﬂ,'-'— - » 7, vy
drjd = - Mbﬂijd + Z O QUJ)‘I’z‘IW +aja
P, q)¥N
an

where N = {(ij — 1),(ij + 1),G + 1/),(i = )}, and

¥ = —— with Z,, = Zike (78)
paijd K+ e(qud + Zl]d) U k,ezz d ke

In eqns (76)—(78), Q,-}; is the filled-in value at position if
and disparity d of the ON FIDO; Q is the corresponding
OFF value; M’ is a decay parameter (0.1); a,-}‘} ineqn (76)
is the ON channel filling-in signal; a,}} in eqn (77) is the
OFF channel signal; « in eqn (78) is a parameter of the
boundary squashing function ‘I'zqijd (1), & is a spread
scale parameter (10,000), and e is a blocking scale para-
meter (100).

At equilibrium, each §;; is computed as the solution of
a set of simultaneous equations:

+ + b
am+ D b
0t — . 9EN
ijd = b
Mb"" Z ‘I’pqr‘id
(p,q)EN

and

- - b
Ajja + Z Qpga¥pgiia
o . 9)EN

ijd = y b
M+ D
P.q)EN

These simultaneous equations were also solved using the
Y12M matrix inversion package.

S. PARAMETER ROBUSTNESS

As in any complex modeling endeavor, the FACADE
simulation contains many parameters. The complexity
of such a model is evaluated, not in terms of the number
of its parameters, but in terms of how many processing
stages it includes, what perceptual principles are realized
by these stages, how much empirical evidence supports
each stage, and how robustly the parameters that define
each stage generate that stage’s desirable qualitative
properties. Grossberg (1994, 1997) summarized percep-
tual principles and data to argue that each stage is
needed. The present refinements further develop these
stages. Most of the parameters defining these stages
were hand-set to produce realistic looking receptive
field profiles; for example, the parameters defining the
ON and OFF center-surround receptive fields. A wide
variety of parameter choices reproduced similar
responses. A decision to implement only near (positive)
disparity sensitive complex cells, along with zero dis-
parity and monocular complex cells, was taken as the
simulated scene contains only near surfaces when the
model fixates the image frame. This decision, along
with the choice of the explicit disparities that were
coded, set our binocular combination parameters.

The binocular filter is perhaps the most parameter-
sensitive aspect of the model; however, an appropriate
set of matching parameters can be leamned (Grunewald &
Grossberg, 1997). The parameters involved in the final
stages of the model are also valid within wide ranges of
parameters. Important parameters involved in this pro-
cess include T, the tonic activity of the hypercomplex
cells in eqn (28), which must be set to be greater than
zero for the endstopping process to have its desired
effect, and T' in eqn (38), which if incorrectly set can
allow contours to complete outward from line ends in
an unrealistic manner. The parameters chosen in both
the monocular and binocular FCS simulations were
also robust. In fact, as Figure 12 shows, this choice of
parameters allowed spurious BCS activity to trap minor
quantities of FCS signal. As the binocular FIDOs remove
this noise, we did not deem it necessary to search for
more ideal parameter settings. A wide range of values
exist that produce comparable responses. If, however,
parameters 0, x and ¢ from eqns (55) and (78) are set to
extreme values, for example to zero, filling-in can be
stopped altogether or allowed to pass through BCS
boundaries without any obstruction.
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6. GENERAL DISCUSSION

The present article develops the first rigorous imple-
mentation of the three-dimensional FACADE model
and shows how it can combine binocularly fused and
monocularly unfused boundaries within the BCS to
generate a three-dimensional surface representation of
the visual scene within the FCS. The addition of bound-
aries from monocular to binocular cell pools suggests
how monocularly viewed regions might be incorporated
into a global three-dimensional percept. However, if this
is the case, then why do we not see double images
corresponding to the monocular representations of
binocularly fused boundaries? Qur answer is that the
activities within the monocular, zero disparity, and non-
zero-disparity cell pools that are used to form the final
percept are emergent properties of the boundary seg-
mentation process. Cell pools interact in a competitive
manner to ensure that false or weak matches are sup-
pressed whenever possible. This inhibition is assumed
to be between cells that attempt to code the same inputs
and is tuned developmentfally such that cells that fire
together (or to the same input pattern) wire together (in
an inhibitory manner).

The model includes a new multiscale simple-to-
complex cell filter that reconciles the need to binocularly
match left and right eye images of the same contrast
polarity with the equally important need to form bound-
aries around objects whose relative contrasts with their
backgrounds reverse along their perimeter. The model
also notes how pooling inputs from even and odd sym-
metric simple cells at complex cells eliminates some
spurious binocular matches.

Perhaps the most important general contribution of
the model is its rigorous exposition of how early
mechanisms of stereo matching interact with the later
mechanisms of three-dimensional boundary segmenta-
tion and surface representation that lead to visual per-
cepts. This link clarifies how percepts of occluding and
occluded objects may form in response to both three-
dimensional scenes and two-dimensional pictures, and
how visual illusions may be generated by the same
mechanisms that produce our emergent percepts of the
real world.
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