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may not exist. The cooperative interaction may, for ex-
ample, alter bound~ry contours at positions that lie within
the receptive fields of the initiating orientation-sensitive
cells, as in Figure 8b. The final percept, even at posi-
tions that directly receive image contrasts, may be strongly
influenced by cooperative interactions that reach these p0-
sitions by spanning positions that do not directly receive
image contrasts. This property is particularly important
in situations in which a spatial distribution of statistically
determined image contrasts, such as dot or letter densi-
ties, form the image that excites the orientation-sensitive
cells.
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11. The Primacy of Slope
Figure 11 illustrates this type of interaction between

bottom-up direct activation of orientationally tuned cells
and top-down cooperative interaction of such cells. Beck
and his colleagues have constructed many images of this
type to demonstrate that orientation or .'slope is the most
important of the variables associated with shape for
producing textural segmentation. ...A tilted T is judged
to be more similar to an upright T than is an L. When
these figures are repeated to form textures.. .the texture
made up of Ls is more similar to the texture made up of
upright Ts than to the texture made up of tilted Ts" (Beck
et al., 1983, p. 7). In our theory, this fact follows from
several properties acting together: the elongated recep-
tive fields in the BC System are orientationally tuned. This
property provides the basis for the system's sensitivity
to slope. As collinear boundary completion takes place
due to cooperative-<:ompetitive feedback (Figure 9), it can
group together approximately collinear boundary contours
that arise from contrast differences due to the different
letters. Collinear components of different letters are
grouped just as the BC System groups image contrasts'
due to a single scenic edge that excites the retina on op-
posite sides of a retinal vein. The number and density of
inducing elements of similar slope can influence the
strength of the final set of boundary contours pointing in
the same direction. Both Ls and Ts generate many
horizontal and vertical boundary inductions, whereas tilted
Ts generate diagonal boundary inductions.

Figure 10. Emergent features: The collinear linking of short line
segments into longer segments is an "emergent feature" which sus-
tains textural grouping. Our theory explains how such emergent fea-
tures can contribute to perceptual grouping even if they are not visi-
ble. (Reprinted, by permission, from Beck, Prazdny, & Rosenfeld,
1983.)

prevents featural filling-in of dark and light contrasts from
crossing the boundaries corresponding to the shon lines.
On the other hand, the output from the BC System to the
object-recognition system reads out a long-line structure
without regard to which subsets of this structure will be
perceived as dark or light.

This example points to a possible source of confusion
in the Beck model. Beck et al. (1983) claim that "there
is an encoding of the brightness, color, size, slope, and
the location of each textural element and its parts" (p. 31).
Figure 10 illustrates a sense in which this assenion is
false. The long BC structure can have a powerful effect
on textural segmentation even if it has only a minor ef-
fect on the brightness percepts corresponding to the shon
lines in the image, because an emergent boundary con-
tour can generate a large input to the Object Recognition
System (OR System) without generating a large bright-
ness difference. The Beck model does not adequately dis-
tinguish between the contrast sensitivity that is needed to
activate elongated receptive fields at an early stage of
boundary formation and the effects of completed bound-
aries on featural filling-in. The outcome of featural filling-
in, rather than the contrast sensitivity of the BC System's
elongated receptive fields, helps to determine a bright-
ness or color percept (Cohen & Grossberg, 1984a; Gross-
berg & Mingolla, 1985a).

A related source of ambiguity in the Beck model arises
from the fact that the strength of an emergent boundary
contour does not even depend on image contrasts, let alone
brightness percepts, in a simple way. The Beck model
does not adequately distinguish between the ability of elon-
gated receptive fields to activate a boundary contour in
regions where image contrast differences do exist and the
cooperative interactions that complete the boundary con-
tour in regions where image-contrast differences mayor

Figure 11. The primacy of slope: In this classic figure, textural
segmentation between tbe tilted and upright Ts is far stronger than
between the upright Ts and u. The figtlre illustrates that grouping
of disconnected segments of similar slope is a powerful basis for tex-
tural segmentation. (Reprinted, by penn~on, from Beck, Prazdny,
& Rosenfeld, 1983.)
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The main paradoxical issue underlying the percept of
Figure II concerns how the visual system overrides the
perceptually vivid individual letters. Once one understands
mechanistically the difference between boundary comple-
tion and visibility, and the role of boundary completion
in forming even individual edge segments without regard
to their ultimate visibility, this paradox is resolved.

contrast of light and dark on either side of their axis of
preferred orientation.

Both the Xs studied by Beck (1966a) and the multiple
parallel lines studied by Schatz (1977) reduce this rela-
tive contrast. These images therefore weaken the relative
and absolute sizes of the input to any particular orienta-
tion. Thus, even the "front end" of the BC System be-
gins to regroup the spatial arrangement of contrast differ-
ences that is found within the scenic image.

13. Competition between Perpendicular
Subjective Contours

A hallmark of the Beck approach has been the use of
carefully chosen but simple figural elements in arrays
whose spatial parameters can be easily manipulated. Ar-
rays built up from U shapes have provided a particularly
rich source of information about textural grouping. In the
bottom half of Figure 12, for example, the line ends of
the Us and of the inverted Us line up in a horizontal direc-
tion. Their perpendicular end cuts can therefore cooper-
ate, just as in Figures 7 and 8, to form long horizontal
boundary contours. These long boundary contours enable
the bottom half of the figure to be preattentively distin-
guished from the top half. Beck et al. (1983) note that
segmentation of this image is controlled by "subjective
contours" (p. 2). They do not use this phrase to analyze
their other displays, possibly because the "subjective"
boundary contours in other displays are not as visible.

The uncertainty within Beck et al. (1983) concerning
the relationship between "linking operations" and "sub-
jective contours" is illustrated by their analysis of
Figure 13. In Figure 13a, vertical and diagonal lines al-
ternate. In Figure 13b, horizontal and diagonal lines al-
ternate. The middle third of Figure 13a is preattentively
segmented better than the middle third of Figure 13b.
Beck et al. (1983) explain this effect by saying that "the
linking of the lines into chains also occurred more strongly

12. Statistical Properties of Oriented Receptive
Fields: DC Filters

Variations on Figure 11 can also be understood by
refining the above argument. In Beck (1966a), it is shown
that Xs in a background of Ts produce weaker textural
segmentation than a tilted T in a background of upright
Ts, even though both images contain the same orienta-
tions. We agree with Beck et al. (1983) that "what is im-
portant is not the orientation of lines per se but whether
the change in orientation causes feature detectors to be
differentially stimulated" (p. 9). An X and a T have a
centrally symmetric shape that weakens the activation of
elongated receptive fields. A similar observation was
made by Schatz (1977), who showed that changing the
slope of a single line from vertical to diagonal led to
stronger textural segmentation than changing the slope of
three parallel lines from vertical to diagonal.

Both of these examples are compatible with the fact that
orientationally tuned cells measure the statistical distri-
bution of contrasts within their receptive fields. They do
not respond only to a template of an edge, bar, or other
definite image. They are sensitive to the relative contrast
of light and dark on either side of their axis of preferred
orientation (Appendix, Equation AI). Each receptive field
at the first stage of boundary contour processing is divided
into two halves along an oriented axis. Each half of the
receptive field sums the image-induced inputs it receives.
The integrated activation from one of the half-fields in-
hibits the integrated activation from the other half-field.
A net output signal is generated by the cell if the net acti-
vation is sufficiently positive. This output signal grows
with the size of the net activation. Thus, each such
oriented cell is sensitive to amount of contrast (size of
the net activation) and to direction of contrast (only one
half-field inhibits the other half-field), in addition to be-
ing sensitive to factors such as orientation, position, and
spatial frequency.

A pair of such oriented cells corresponding to the same
position and orientation, but opposite directions of con-
trast, send converging excitatory pathways to cells defin-
ing the next stage in the network. These latter cells are
therefore sensitive to factors such as orientation, position,
spatial frequency, and amount of contrast, but they are
insensitive to direction of contrast.

Together, the two successive stages of oriented cells
define a filter that is sensitive to properties concerned with
orientation and contrast. We therefore call this filter an
OC filter. The OC filter inputs to the CC loop. The BC
System network is a composite ofOC filter and CC loop.
The output cells of the OC filter, being insensitive to direc-
tion of contrast, are the ones that respond to the relative

Figure 12. Textural grouping supported by subjective contours:
Cooperation among end cuts generates horizontal subjective con-
tours in the bottom half of this figure. (Reprinted, by permission,
from Beck, Prazdny, & Rosenfeld, 1983.)
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