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Complementarity: A Global View of Brain Organization

In order to discuss the role of filling-in in the brain, it is helpful to caste this issue within a
larger framework that clarifies more global properties of brain organization. This is useful
because, I would contend, filling-in can only be fully understood within such a global
framework. In one traditional view, our brains are proposed to possess independent
modules, as in a digital computer. For this view, we see by processing perceptual qualities
such as visual form, color, and motion using different modules. This view's supporters
sometimes turn to the well-known fact that the brain is organized in parallel processing
streams. Figure I schematizes how at least three such processing streams within the visual
cortex are activated by light impinging on the retina. One such stream goes from the retina
through a processing stage called LGN parvo (classified due to its "parvocellular" cell type)
to the cortical processing stages VI blob, then V2 thin stripe, then V4, and then
inferotemporal cortex. Another such stream goes from retina thrqugh LGN parvo, then
through VI interblob, V2 interstripe, then V 4, and again on to inferotemporal cortex. A
third stream goes from retina through LGN magno (classified due to its "magnocellular"
cell type) to cortical processing layer 4B in area V I, then to V I thick stripes, then MT, and
then parietal cortex. More will be said about the role that these streams play in vision, and
more specifically in filling-in, in a moment.
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Figure 1. Schematic diagram of anatomical connections and neuronal selectivities of early
visual areas in the macaque monkey brain. LGN = lateral geniculate nucleus (parvocellular
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[parvo] and magnocellular [magno] divisions. Divisions of cortical visual area VI: blob =
cytochrome oxidase blob regions, interblob = cytochrome oxidase-poor regions
surrounding the blobs, 4B = layer 4B. Divisions of cortical visual area V2: thin = thin
(narrow) cytochrome oxidase stripes, interstripe = cytochrome oxidase-poor regions
between the thin and thick stripes, thick = thick (wide) cytochrome oxidase stripes. V3 =
cortical visual area 3. V4 = cortical visual area(s) 4. MT = cortical Middle Temporal area.
Areas V2, V3, V 4, and MT have connections to other areas not explicitly represented here.
Area V3 may also receive projections from V2 interstripes or thin stripes. Heavy lines
indicate robust primary connections, and thin lines indicate weaker, more variable
connections. Dotted lines represent observed connections that require additional
verification. Icons indicate the response selectivities of cells at each processing stage:
rainbow = wavelength selectivity, angle symbol = orientation selectivity, spectacles =
binocular selectivity, and right-pointing arrow = selectivity to motion in a prescribed
direction. [Adapted with permission from E.A. DeYoe and D.C. van Essen. (1988).
Concurrent processing streams in monkey visual cortex. Trends in Neurosciences, 11,
219-226).]

The existence of such streams certainly supports the idea that brain processing is
specialized, but it does not, in itself, imply that these streams are independent modules that
are able to fully compute their particular processes on their own. In fact, much perceptual
data argue against the existence of independent modules, because strong interactions are
known to occur between perceptual qualities. For example, changes in the perceived form
or color of an object can cause changes in its perceived motion, and vice versa, while
changes in the perceived brightness of an object can cause changes in its perceived depth,
and vice versa (Egusa, 1983; Faubert and von Gronau, 1995; Kanizsa, 1974; Pessoa, Beck
and Mingolla, 1996; Smallman and McKee, 1995). The existence of such interactions
suggests that the mechanisms whereby we perceive the geometry of the world do not obey
the classical geometrical axioms on which a lot of mathematics is based. How and why do
these qualities interact? What is the geometry by which we really see the world? An answer
to these questions is needed to determine the functional and computational units that govern
behavior as we know it.

A great deal of theoretical and experimental evidence suggests that the brain's
processing streams compute complementary properties. Each stream's properties are
related to those of a complementary stream much as a lock fits its key, or two pieces of a
puzzle fit together. Weare all familiar with complementarity principles in physics, such as
the famous Heisenberg Uncertainty Principle of quantum mechanics which notes that
precise measurement a particle's position forces uncertainty in measuring its momentum,
and vice versa. As in physics, the mechanisms that enable each stream in the brain to
compute one set of properties prevent it from computing a complementary set of properties.
Due to the complementarity of the brain's processing streams, each stream exhibits
complementary strengths and weaknesses. How, then, do these complementary properties
get synthesized into a consistent behavioral experience? It is proposed that interactions
between these processing streams overcome their complementary deficiencies and generate
behavioral properties that realize the unity of conscious experiences. In this sense, pairs of
complementary streams are the functional units because only through their interactions can
key behavioral properties be competently computed. Said in another way, one needs to
study how pairs of complementary streams interact together in order to understand how the
brain computes unambiguous information about various aspects of the world. These
interactions may be used to explain many of the ways in which perceptual qualities are
known to influence each other. Thus, although analogies like a key fitting its lock, or
puzzle pieces fitting together, are suggestive, they do not fully capture the dynamism of
what complementarity means in the brain.
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It is also well-known that each stream can possess multiple processing stages. For
example, in Figure 1, there are distinct processing stages in the lateral geniculate nucleus
(LGN) followed by the cortical areas VI, then V2, and then V4 on their way to the
inferotemporal and parietal cortices. Why is this so? Accumulating evidence suggests that
these stages realize a process of hierarchical resolution of uncertainty. 'Uncertainty' here
means that computing one set of properties at a given stage can suppress information about
a different set of properties at that stage. Uncertainty principles are also familiar in physics,
such as the Heisenberg Uncertainty Principle. In the brain, these uncertainties are proposed
to be overcome by using more than one processing stage to form a stream. Overcoming
informational uncertainty utilizes both hierarchical interactions within the stream and the
parallel interactions between streams that overcome their complementary deficiencies. The
computational unit is thus not a single processing stage; it is, rather, an ensemble of
processing stages that interact within and between complementary processing streams.

According to this view, the organization of the brain obeys principles of uncertainty
and complementarity, as does the physical world with which brains interact, and of which
they form a part. These principles reflect each brain's role as a self-organizing measuring
device in the world, and of the world, and may better explain the brain's functional
organization than the simpler view of computationally independent modules. How filling-in
is controlled in the brain provides an excellent example of such complementary computing.

All Boundaries Are Invisible

To begin, let us recall that visual processing utilizes parallel processing streams (Figure 1).
What evidence is there to suggest that these streams compute complementary properties,
and how is this done? A neural theory, called FACADE (Form-And-Color-And-DEpth)
theory (e.g., Grossberg, 1994, 1997), proposes that perceptual boundaries are formed in
the LGN-Interblob-Interstripe-V4 stream, while perceptual surfaces are formed in the
LGN-Blob-Thin Stripe-V4 stream. Many experiments have supported this prediction (e.g.,
Elder and Zucker, 1998; Lamme, Rodriguez-Rodriguez and Spekreijse, 1999; Rogers-
Ramachandran and Ramachandran, 1998).

FACADE theory suggests how and why perceptual boundaries and perceptual
surfaces compute complementary properties. Filling-in is proposed to occur within the
surface processing stream. Due to the proposed complementarity of the boundary and
surface streams, one needs to analyze both streams to fully understand the way in which
either stream normally functions. One also needs to analyze how the streams interact to
understand properties of the filling-in process per se. Figures 2a and 2b illustrates three
pairs of complementary properties using visual illusions that are induced by variants of a
Kanizsa square. For example, in response to viewing Figure 2a, our brains construct a
percept of a square even though the image contains only four black pac-man, or pie-
shaped, figures on a white background. As noted below, this percept is due to an
interaction between the processing streams that form perceptual boundaries and surfaces.

You might immediately wonder why our brains construct a square where there is
none in the image. There are several functional reasons for this. One is that there is a blind
spot in our retinas; namely, a region where no light-sensitive photoreceptors exist. This
region is blind because of the way in which the pathways from retinal photoreceptors are
collected together to form the optic: nerve that carries them from the retina to the LGN in
Figure 1. We are not usually aware of this blind spot because our brains complete
boundary and surface information across it. The actively completed parts of these percepts
are visual illusions, because they are not derived directly from visual signals on our retinas.
Thus many of the percepts that we believe to be "real" are visual illusions whose boundary
and surface representations just happen to look real. I suggest that what we call a visual
illusion is just an unfamiliar combination of boundary and surface information. This
hypothesis is illustrated by the per(;epts generated in our brains from the images in Figure
2.
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Figure 2. Visual boundary ,and surface interactions: (a) The emergent Kanizsa square can
be seen and recognized because of the enhanced illusory brightness within the illusory
square relative to the background brightness outside the square. (b) The reverse-contrast
Kanizsa square can be recognized but not seen: We are aware of the square boundary even
though the gray color inside and outside the square is approximately the same. (c) The
boundary of the gray disk can form around its entire circumference, even though the
relative contrast between the disk and the white and black background squares reverses
pcriodically along the circumference. (d) The vertical illusory contour that forms at the ends
of the horizontal lines can be consciously recognized even though it cannot be seen by
virtue of any contrast difference between it and the background. ( e) In this example of neon
color spreading, the color in the gray contours spreads in all directions until it fills the
square illusory contour. This percept illustrates the three complementary properties of
boundary completion and surface filling-in that are summarized below the figure: The lines
in the square boundary are completed using a mixed cooperative-competitive process
whereby boundaries can form inwardly and in an oriented manner between pairs or
greater numbers of image inducers. The output of this boundary system is also insensitive
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to contrast polarity because it pools signals from opposite contrasts at each position, as
illustrated by Figures (2b) and (2c). The gray surface color fills-in the square outwardly
and in an un oriented fashion by a diffusive mechanism. It is sensitive to contrast polarity
because it creates visible percepts of brightness and color. Boundaries are predicted to form
within the interblob stream, whereas surfaces are predicted to form within the blob stream;
see Figure 1.

In response to the images in Figures 2a and 2b, illusory contours form inwardly between
~ooperating pairs of colinear edges of the four pac man, or pie shaped, inducers in the
Image. ~our such contours form the boundary, of the perceived Kanizsa square. (If
boundarIes formed outwardly from a single inducer, then any speck of dirt in an image
could crowd all our percepts with an outwardly growing web of boundaries.) This
boundary completion process is oriented to form only between like-ori.ented and (almost)
colinear inducers. Both of these properties are useful to complete edges in a scene which
are not fully detected at the retina due to the blind spot. The square boundary in Figure 2a
can be both seen and recognized because of the enhanced illusory brightness of the Kanizsa
square relative to its background; see below for an explanation. In contrast, the square
boundary in Figure 2b can be recognized even though it is not visible; that is, there is no
brightness or color difference on either side of the boundary. Figure 2b shows that some
boundaries can be recognized even though they are perceptually unseen, or invisible.
FACADE theory predicts that all boundaries are invisible within the boundary stream,
which is proposed to be the interblob cortical processing stream (Figure 1).

Why are all boundaries invisible? The invisible boundary in Figure 2b can be traced
to the fact that its vertical boundaries form between black and white inducers that possess
opposite contrast polarity with respect to the gray background; that is, the black inducers
have a black-to-gray, or dark-to-light, polarity with respect to the background, whereas the
white inducers have a white-to-gray, or light-to-dark, polarity with respect to the
background. The same is true of the boundary around the gray circular disk in Figure 2c.
In this figure, the gray disk lies in front of a black and white textured background whose
contrasts with respect to the disk reverse across space. In order to build a boundary around
the entire disk, despite these contrast reversals, the boundary system pools, or adds,
signals from pairs of simple cells that are sensitive to the same orientation and position, but
to opposite contrast polarities. This pooling process occurs in the VI interblob stream at the
complex cells. This is how the square boundary in response to Figure 2b, and the circular
boundary in response to Figure 2c, start to form in our brains. This pooling process
renders the boundary system output insensitive to contrast polarity. The boundary system
hereby loses its ability to represent visible colors or brightnesses, since its output cannot
signal the difference between dark and light. It is in this sense that "all boundaries are
invisible". The inward and oriented boundary completion process that forms the illusory
square is activated by these pooled signals in the V2 interstripe area (V on der Heydt,
Peterhans, and Baumgartner, 1984; Peterhans and Yon der Heydt, 1989). These three
properties of boundary completion are summarized at the bottom of Figure 2. Figure 2d
illustrates another invisible boundary that can be consciously recognized.

Such a boundary formation process in the brain is a key mechanism whereby we
perceive geometrical objects such as lines, curves, and textured objects. Rather than being
defined in terms of such classical units as points and lines, these boundaries arise as a
coherent pattern of excitatory and inhibitory signals across a mixed cooperative-
competitive feedback network that is defined by a nonlinear dynamical system which
describes the cellular interactions from the retina through LGN and the VI interblob and V2
interstripe areas (Gove, Grossberg, and Mingolla, 1995; Grossberg, 1999b; Grossberg
and Raizada, 2000; Grossberg and Williamson, 2000). In such a network, spatially long-
range excitatory, or cooperative, interactions try to build the boundaries across space, while
interacting with shorter-range inhibitory, or competitive, interactions that suppress incorrect
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boundary ~rou.pings. Th~se interactions select. th~ best bol;lnda:Y grouping from among
ma~:>: P?ssible .interpretatIons of a scen~. T~e wInnIng groupIng IS represented either by an
equIIIbnum pOInt or a synchronous oscIllatIon of the system, depending upon how system
parameters are chosen. Classical geometry is hereby replaced by nonlinear neural networks
that do a type of on-line statistical inference to select and complete the statistically most
favored bo~ndary groupings of a scene, w~ile.suppressing noise and incorrect groupings.
The emergIng patterns of boundary excItation obey the three boundary completion
properties (inward, oriented, insensitive) that are summarized above. Our model for how
such perceptual boundaries are formed has been called the Boundary Contour System, or
BCS.

Surfaces Are For Seeing

If boundaries are invisible, then how do we see anything? FACADE theory predicts that
visible properties of a scene are represented by a surface processing stream, which is
predicted to occur within the Blob cortical stream (Figure 1). A key step in representing a
visible surface is the filling-in process. What is filling-in and why and how does it occur?
An early stage of surface processing compensates for variable illumination, or discounts
the illuminant. Otherwise, illuminant variations, which can change from moment to
moment, could seriously distort all percepts. Discounting the illuminant attenuates color
and brightness signals except near regions of sufficiently rapid surface change, such as
edges or texture gradients, which are relatively uncontaminated by illuminant variations.
Neural models have proposed how later stages of surface formation fill in the attenuated
regions with these relatively uncontaminated color and brightness signals (Cohen and
Grossberg, 1984; Gove, Grossberg, and Mingolla, 1995; Grossberg and Todorovic',
1988; Grossberg and Kelly, 1999; Pessoa, Mingolla, and Neumann, 1995). Remarkably,
the same process can also allocate brightness and color signals to their perceived depths on
a 3-D surface, through a process called surface capture, whereby the boundaries formed
within the V2 interstripes interact with the V2 thin stripes and area V4 (see Figure 1) to
trigger depth-selective filling-in processes there (Grossberg, 1994, 1997; Grossberg and
McLoughlin, 1997; Grossb(~rg and Pessoa, 1998; Kelly and Grossberg, 2000). This multi-
stage filling-in process is an example of hierarchical resolution of uncertainty, because the
later filling-in stage overcomes uncertainties about brightness and color that were caused by
discounting the illuminant at: an earlier processing stage. How surface capture may occur in
the brain is summarized below.

Before discussing depthful surface capture, we first need to understand a more
basic property: How do the illuminant-discounted signals fill-in an entire region? Filling-in
behaves like a diffusion of brightness across space. For an example, consider the percept
of neon color spreading that is elicited by Figure 2e (Redies and Spillmann, 1981). This
figure consists of circular annuli, part of which are black and part gray. In response to this
figure, we can see an illusory square filled with a gray color. FACADE theory suggests
that this percept is due to an interaction between the boundary and surface systems. In
particular, the black boundaries cause small breaks in the gray boundaries where they join;
see Grossberg and Mingolla (1985) and Grossberg (1994, 1999a) for further discussion of
how this happ~ns. The gray color can hereby spread through these breaks from the annuli
into the illusory square. In this percept, filling-in spreads outwardly from the individual
gray inducers in all directions. Its spread is thus unoriented. How is this spread of
activation contained? FACADE theory predicts that signals from the boundary stream to the
surface stream define the regions within which fIlling-in is restricted. These boundaries
surround the annuli (except for their small breaks) and also form the square illusory
contour. Thus, filling-in is a form of anisotropic diffusion in which boundary signals
nonlinearly gate, or inhibit, the diffusive flow of signal. Without these boundary signals,
filling-in would dissipate across space, and no surface percept could form. Invisible
boundaries hereby indirectly assure their own visibility through their interactions with the
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