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Between the retinal ganglia and the higher centres of vision, visual
information divides into several independent pathways each passing
through physiological structures specialized for the analysis of differ-
ent visual attributes. This paper first discusses the relative inputs of
color and luminance information to these visual pathways and then
examines the coding primitives available in each of the pathways.
Finally, the capacities of the individual pathways are evaluated by
examining which perceptual tasks—for example, shape from shading,
relative depth from occlusion—can be performed on representations in
each pathway.

There has been a great deal of interest in multiple visual representa-
tions recently, in both biological and artificial vision: the specialized
regions in monkey prestriate cortex identified by Zeki and others (see
Zeki, 1978, van Essen, 1985), the independent feature maps proposed
in cognitive psychology (Treisman & Gelade, 1980; Treisman &
Souther, 1985), and the intrinsic images used in computer vision
(Barrow & Tenenbaum, 1978). The representations described in each
of these fields varies but there is little disagreement concerning the
potential importance of multiple representations to visual function.
How can we examine these multiple representations in humans?
Psychophysical techniques do not permit us to access individual
visual areas directly but we may be able to restrict information to
particular pathways through the visual areas by using stimuli de-
fined by a single attribute. The stimulus information of a figure de-
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fined by relative motion, for example, may pass preferentially
through the prestriate region MT (van Essen, 1985) and so can probe
its characteristics while a stimulus defined only by color may probe
a different area (visual area V4, Zeki, 1978).

Physiological studies have produced a sketch of the pathways
followed by various types of information in the visual system (see
Maunsell & Newsome, 1987). At the level of the retina, only lumi-
nance and color appear to be coded and they follow separate neural
channels through the lateral geniculate bodies and on to the cortex.
The opponent-color information is transmitted by the parvocellular
layers of the LGN and the luminance information by the magno-
cellular layers. More recent studies show that the actual situation is
somewhat more complex with the red/green opponent-color informa-
tion and the high spatial resolution luminance information being
combined in the activity of R/G cells of the LGN and being decoded
by cortical areas (Ingling & Martinez-Uriegas, 1985). In the first visu-
al cortex V1, orientation, spatial frequency, motion, and binocular
disparity emerge as new properties derived from the luminance and
opponent-color information. The cells responsible for this derivation
are often multidimensional, responding to preferred values of sever-
al attributes. There does appear to be some spatial clustering, how-
ever, of non-oriented, color-selective cells, surrounded by oriented
luminance cells (Livingstone & Hubel, 1983). This initial, local spe-
cialization becomes progressively accentuated as color cells project
to specific regions of V2 and then to V4, while oriented cells project to
other areas. There is a similar segregation of directionally selective
cells projecting from the lower layers of V1 to MT, an area spe-
cialized for motion, and from V1 to specific areas of V2 and then to
MT. There is, in addition to this motion-specific pathway, a subcor-
tical pathway through the superior colliculus and then to MT. Many
aspects of these pathways remain to be determined and some may
be organized according to response factors rather than stimulus fac-
tors. Several areas of the parietal cortex, for example, are known to
be involved in eye movements (Andersen, Essick & Siegel, 1985). A
simplified version of the various visual pathways is presented in
Figure 1. (Of the attributes that we will examine here, only two, color
and motion, have clearly defined physiological pathways. The oth-
ers, luminance, binocular disparity, and texture may be involved in
several pathways or none at all. Until further evidence is available,
they can only be considered as reasonable candidates for path-
ways.) Following the multiple representations of the prestriate re-
gion in Figure 1, a combined representation of stimulus shape is
proposed that then serves as input to high-level inference processes.
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Figure 1. Pathways in the visual system. Luminance (non-opponent) and
color (opponent) pathways bring information from the retinal ganglia to the
striate cortex where multifunction cells begin the analysis of orientation,
motion and binocular disparity. Following the striate cortex, information is
routed to areas performing specialized analyses of various attributes: color
(area V4, Zeki, 1978) and motion (area MT. van Essen, 1985), for example.
Luminance, binocular disparity. and texture are other stimulus attributes
that may receive specialized analyses in separate areas of prestriate cortex.
Each of these specialized areas generates a two-dimensional representation
of the attribute being analyzed. contributing to an overall representation of
stimulus shape—external and internal contours—from which higher level
attributes such as shading. occlusion and surfaces can be derived.

The first issue that we have addressed is the relative inputs of the
color and luminance pathways coming from the lateral geniculate to
the various pathways that start out in area V1 and then diverge.
Since there is an area specialized for the analysis of color (V4, Zeki,
1978), it is often thought that color information only contributes to the
pathway leading to this area and not at all to other pathways that
are involved in the analysis of motion or binocular disparity. Howev-
er, we will see that color does contribute to motion (Cavanagh,
Boeglin, & Favreau, 1985; Cavanagh, Tyler, & Favreau, 1984, Cav-
anagh & Favreau, 1985; Cavanagh & Anstis, 1986) and binocular
disparity (de Weert & Sadza, 1983; Grinberg & Williams, 1985), al-
though only weakly.

The next question we have examined is the coding primitives
available in the different pathways. There have been many papers
that have demonstrated orientation and size preferences for cells in
area V1 and related these preferences to the spatial organization of
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the cells’ receptive fields. Receptive field shapes can therefore sug-
gest likely dimensions of encoding for stimulus shape. We can exam-
ine coding dimensions in other pathways by determining receptive
field shapes for cells that respond to stimuli defined by attributes
such as relative motion or texture, for example. In addition to using
receptive field shape as a physiological index of coding primitives,
we can also use aftereffects to psychophysically probe the underlying
dimensions of encoding. Tilt and size aftereffects have been used to
support the notion of orientation and size coding and these tests can
be extended to other stimulus representations such as random dot
stereograms (Tyler, 1975), equiluminous colors (Favreau & Cav-
anagh, 1981) and kinematograms to evaluate whether size and orien-
tation are encoded for these representations.

Finally, we will examine the abilities of each pathway to support
various perceptual tasks. The first research on the perceptual capac-
ities of what I would call individual pathways was by Julesz (1971) on
images defined only by binocular disparity. (Prestriate areas V3 and
V3A may be involved in stereopsis, according to Zeki, 1979, but this
is not well established.) Julesz not only asked what were the neces-
sary conditions for depth to be visible in a random dot stereogram
when ne monocular cues were present, but more important, he asked
what sorts of things could be seen with images defined this way.
That is, the analysis of binocular disparity does not lead simply to
the extraction of depth but also to the representation of the shapes of
regions defined by their different depths. Julesz examined whether
such shapes could produce classical visual illusions, identifiable
letters and various other perceptual phenomena. We have extended
Julesz's approach to an additional set of pathways and made com-
parisons across these pathways (Cavanagh & Leclerc, 1985; Cav-
anagh, 1985a, 1985b, 1987). Other laboratories have followed related
programs examining vision for shapes defined solely by color (Gre-
gory, 1877; as had Gestalt psychologists Lehmann, 1904, and Lieb-
mann, 1927), texture (Nothdurft, 1985; Prazdny, 1986), and motion (Re-
gan & Beverley, 1984; Prazdny, 1985, 1986).

COLOR INPUT TO VISUAL PATHWAYS

Motion

If motion and color are analyzed by different areas in the prestriate
cortex, the perception of the motion of stimuli defined only by color
should pose problems for the visual system. We found, first, that
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motion could be seen, although somewhat degraded, for equi-
luminous colored stimuli. We then asked whether this motion per-
ception was mediated by a separate pathway specialized for colored
stimuli or by a single motion pathway responding to both color and
luminance information.

Ramachandran and Gregory (1978) had initially reported that mo-
tion could not be seen for equiluminous stimuli. Their stimuli were
produced by alternating two fields of random dots, both containing a
square region of identically organized dots whose position differed
slightly in the two fields (Figure 2). The background regions were
identical in the two fields. Rapid alternation between the two fields
gives the impression of an oscillating square, floating above the
background if black and white dots are used. Ramachandran and
Gregory (1978) reported that when the black and white dots were
replaced with red and green and adjusted to be of equal luminance,
the oscillating central square was no longer visible. The reduced
acuity of the color pathway did not seem to be a factor as, in all
cases, the individual red and green dots were clearly seen. They
suggested that there was a functional independence of color and
motion analyses in the visual system and that the motion pathway
responded only to luminance information.

Figure 2. A kinematogram is generated by alternating the left and right
random dot fields shown here. They are superimposed spatially and ex-
changed at a rate of about 3 Hz. There is a background area of dots that
remains fixed in the two fields and a central square area of dots that is
displaced slightly from one field to the next. The kinematogram produces
the impression of a sharply defined square that floats above the back-
ground.
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It is not clear why the visual system would want to analyze motion
only for luminance information and, certainly, physiological record-
ings do suggest some response of color-selective cells to motion
(Michael, 1978, reports color-opponent, complex cells in V1)—al-
though these findings are controversial (Lennie, Sclar & Krauskopf,
1985, report only nonoriented, color-opponent cells in V1). We there-
fore tried to replicate Ramachandran and Gregory's (1978) findings
and found that motion was visible for equiluminous kinematograms
although over a more restricted range of displacements and alterna-
tion rates (Cavanagh, Boeglin & Favreau, 1985). In fact, Ramachan-
dran and Gregory had used a blank interval of 50 msec between the
two random dot fields. The display during the interstimulus interval
was black and the flicker that this produced when alternating with
the random dot fields had masked the weaker motion signal from the
colored stimuli. We were able to reproduce their findings for their
condition and show that when the dark ISI was removed the percep-
tion of motion returned.

We also studied the perception of motion in simple stimuli: drifting
equiluminous sinewave gratings (Cavanagh, Tyler, & Favreau, 1984).
These appeared to be significantly slowed and occasionally stopped
when compared to stimuli having luminance contrast. Relative speed
judgements as a function of luminance contrast of a drifting,
red/green or blue/yellow sinewave grating are shown in Figure 3.
Observers were presented with a drifting color grating in the top half
of the field and a comparison luminance grating in the bottom half.
They adjusted the speed of the luminance grating until it appeared to
match that of the color grating. When the relative luminance of the
two colors approached equality, the apparent speed decreased to 40
to 60% of the actual speed. If we used stimuli that were moving quite
slowly (less than 0.5° of visual angle per second), they could even
appear to stop moving at equiluminance. The colored bars could be
seen clearly and although it was apparent that the bars occasionally
changed position this produced no subjective impression of motion.
For any stimulus that could produce this stopped-motion phe-
nomenon, the perception of motion could be reinstated by increasing
the speed of the stimulus. We concluded that the input of color to
motion was simply weaker, so that a particular stimulus could be
above its pattern threshold and be seen clearly as colored bars, but
below its motion threshold so that the bars did not appear to move
(Figure 4).

Evidently, motion could be seen for colored stimuli, but it was not
clear which pathway was involved in the response. Could there be
cortical areas specialized for the motion of equiluminous, colored
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Figure 3. The apparent speed of a drifting. colored grating decreases at
equiluminance (luminance contrast 0%). The observer adjusted the speed of
a 15% contrast, 0.5 cpd luminance grating to match the apparent speed of a
0.5 cpd. colored grating (red/green or blue/yellow) for several luminance
contrasts between the two colors. This setting is then divided by the actual
speed (1° of visual angle per second) to determine relative speed. The dis-
play subtended 8° of visual angle and the central 2° was masked in the case
of the blue/yellow grating.

stimuli (Figure 5)? Using a motion aftereffect paradigm, we (Cav-
anagh & Favreau, 1985) showed that this was not the case. Following
adaptation to drifting luminance gratings, motion after-effects could
be seen on equiluminous colored tests, and vice versa, implying a
single, common site for motion adaptation. In addition, following
adaptation to a luminance grating, the motion aftereffect seen on a
colored test could be nulled by moving the colored test in the op-
posite direction, an interaction that required a motion pathway ac-
cessed by both color and luminance information.

We next measured the strength of input of colored stimuli to this

20
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Figure 4. Perceived velocity as a function of actual velocity. If a colored
grating is above its threshold for form perception but below that for motion
perception (T), its bars can be seen but its motion is not visible (Test A). If
the grating’s velocity is then increased above its threshold, its motion be-
comes visible but it appears to move more slowly than a luminance grating
drifting at the same speed (Test B). This independence between form (de-
fined by color) and motion perception implies separate analyses of form and
motion. T; and T are the threshold velocities for luminance and color stim-
uli, respectively.
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Figure 5. Parallel systems: one specialized for the motion of luminance-
defined stimuli and the other for color-defined stimuli. Parallel input: a
single motion system responding to both luminance and color.
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common motion pathway using a motion nulling paradigm (Cav-
anagh & Anstis, 1986). We can measure the contrast of an unknown
grating by varying the contrast of an otherwise identical grating
moving in the opposite direction (Figure 6). The direction of per-
ceived motion of the combined gratings is determined by the grating
with the higher contrast. When the two gratings have equal contrast,
a motion null—counterphase flicker—is obtained. We asked observ-
ers to adjust the contrast of a luminance grating until it just nulled
the motion of a color grating moving in the opposite direction. This
contrast setting was taken as the “equivalent luminance contrast” of
the color grating. The equivalent contrast for color stimuli was, at
best, about 10%, one tenth the maximum contrast possible for lumi-
nance stimuli. When these strengths were expressed as multiples of
the respective color and luminance thresholds, however, the two
types of stimuli had approximately equal influence on the percep-
tion of motion.

Although we had shown that color stimuli influenced the motion
system, we had not proven that they did so through the opponent-
color pathways. The luminance pathway responds to the relative
luminance difference between two colors so it should be possible to
adjust the luminance of one of the colors relative to the other until
there is no response in the luminance pathway. However, if the cells
in the luminance pathway have a variety of equiluminance points
(Derrington, Krauskopf & Lennie, 1984) then no color pair can be
simultaneously equiluminous for all cells. The motion seen for an
equiluminous stimulus may therefore be due either to the contribu-
tion of the opponent-color input to a motion pathway or to this
residual noise response in the luminance pathway. To test the pos-
sibility of opponent-color input, we presented a green/purple stimu-
lus that fell along the tritan confusion line, differentially stimulating
only the blue-sensitive cones (these cones have no input to the lumi-
nance pathway, Eisner & MacLeod, 1980; Cavanagh, Anstis &
McLeod, 1987). We found an equivalent luminance contrast of about
4%. Moreover, following bleaching of the blue-sensitive cones, this
stimulus had zero equivalent contrast. Since bleaching the cones
eliminates their response to the stimulus, and eliminated the motion
as well, we concluded that the input had passed through the blue-
sensitive cones and, therefore, through the opponent-color pathway.

Overall, these studies indicate that there is a common motion
pathway for opponent-color and luminance information and that the
color input to the motion system is as effective, when considered in
terms of threshold contrast multiples, as luminance input. On the
other hand, the speed of equiluminous color stimuli is seriously mis-
judged. An understanding of this misperception of color velocity may
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Figure 6. Opposing motion paradigm. On top: if two luminance gratings
with the same spatial and temporal frequencies are superimposed and drift-
ed in opposite directions. motion is seen in the direction of the grating
having the higher contrast. If both gratings have the same contrast. no
motion is seen, only counterphase flicker. The contrast of the rightward
moving grating can therefore be measured by adjusting the contrast of the
leftward moving grating until no motion is seen: the contrast setting to
obtain the motion null would be 10%. Similarly. on the bottom, a chromatic
grating drifting to the right is superimposed on a luminance grating drifting
to the leit and the contrast of the luminance grating is adjusted until a
motion null is obtained. The resulting contrast is the “equivalent luminance
contrast” of the chromatic grating.
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provide an important test of the several models of velocity judge-
ment (Watson & Ahumada, 1985; Adelson & Bergen, 1985; van Santen
& Sperling, 1985).

Stereopsis

Initial studies by Lu and Fender (1972), Gregory (1977), and others
demonstrated that depth in random stereograms was lost at equi-
luminance even though depth was not lost for figural stereograms.
However, de Weert and Sadza (1983) showed that observers actually
could judge depth in equiluminous random dot stereograms even
though the subjective impression was very weak. De Weert and I
have made some preliminary measurements showing, in addition,
that the difference between random dot stereograms and figural
stereograms may be due only to a ditfference in spatial frequency
content and not to any qualitative difference. Our measurements
showed that the depth perceived in a stereogram decreased as the
colors approached equiluminance in much the same way that the
apparent speed of drifting colored gratings decreased at equilumi-
nance. Grinberg and Williams (1985) showed that depth could be
seen in random dot stereograms that only stimulated the blue-sen-
sitive cones. Since these stimuli are restricted to the opponent-color
pathway, they concluded that color information did contribute to
stereopsis.

Overall, evidence points to a color contribution to at least color,
motion, and binocular disparity pathways. Whether or not color in-
fluences all pathways, it is certain that its influence on motion, ster-
eo, and texture is less than that of luminance information. This may
be simply a function of the higher thresholds for color. As was seen
for motion, the contribution of color was equivalent to that of lumi-
nance in terms of threshold multiples but since the maximum ob-
tainable color saturation was only about 40 times the threshold val-
ue while the maximum luminance contrast was approximately 400
times its threshold, the effect of color is typically much less than that
of luminance.

CODING PRIMITIVES

How is image information coded in each representation? The visual
areas that we have discussed, V1, V2, V3, and V4 and MT, are reti-
notopically organized, preserving adjacency. Image information
could be coded simply in terms of local value, such as a point by
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point color value (perhaps both hue and saturation). This type of
coding requires sampling the retinal array for only small, local
areas and suggests that physiological studies would find only cir-
cular receptive fields of a fixed size. Studies have shown circular
receptive fields for retinal and LGN cells but most cortical cells show
quite a different structure. Hubel and Wiesel (1968) described ori-
ented fields (Figure 7) that prefer a particular orientation and width
of a line as the optimal stimulus. Moreover, many cortical cells re-
spond to stimuli within the same retinal region, with different cells
responding to different orientations and sizes. Thus, at each retinal
location, the stimulus information is represented by the pattern of
activity across a set of cells that code, among other things, orienta-
tion and size.

Others have tried to identify the receptive field structure, and thus
coding primitives, for stimuli defined by color and by binocular dis-
parity. The evidence concerning color is contradictory. Michael
(1978) has reported that many cortical cells with oriented receptive
fields that respond best to color contrast in the absence of luminance
contrast. Lennie, Sclar, and Krauskopf (1985), however, have not
been able to find any oriented cells responding principally to color
and not luminance. Poggio, Motter, Squatrito & Trotter (1985) have
studied neurons that respond to bars defined by random-dot ster-

Figure 7. Coding primitives can be established physiologically by demon-
strating that there are many cells responding along different stimulus di-
mensions for each retinal area. Recordings in the striate cortex show that for
each retinal area there are cells tuned to several different sizes and orienta-
tions.
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Figure 8. Coding primitives can be established by psychophysical tech-
niques demonstrating size- and orientation-specific aftereffects.

eograms and claim much reduced or absent orientation sensitivity
for these cells.

Psychophysical techniques have also been used to identify the
underlying coding primitives. Blakemore and Sutton (1969) and
Campbell and Matffei (1971) as well as many others have demon-
strated size and orientation specific aftereffects that demonstrate
encoding of size and orientation for stimuli defined by luminance. In
general, if an observer is exposed to a stimulus having a specific
size or orientation for several minutes, subsequently viewed stimuli
of slightly different values will change their perceived size and ori-
entation (Figure 8).

Olga Favreau and I (Favreau & Cavanagh, 1981) were able to
show that luminance and color stimuli could induce simultaneous
size aftereffects in opposite directions. This demonstrates that there
must be parallel encoding of size information for both color and
luminance. Eisner (1978) also showed that a tilt aftereffect could be
induced for equiluminous stimuli, implying orientation coding for
color. Since the evidence concerning oriented color-selective cells in
V1 is contradictory, the site of the adaptation producing these size
and orientation-specific aftereffects may be further along the color
pathway. Zeki (1978) has shown that many cells in area V4 that are
selective for color also show orientation preferences.

Tyler (1975) has tested the possibility that binocular disparity may
be coded according to size and orientation. He claimed to find tilt
and spatial frequency aftereffects for gratings defined by random-
dot stereograms. These effects are not dependent on the size and
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orientation tuning of the binocular cells responding to retinal dispar-
ity. In a random dot stereogram, many cells will respond to the
texture elements having various disparities between the two retinal
images. These texture elements may have random orientations and
sizes. Tyler's effects, however, were specific to the bars defined by
disparity over a large spatial extent. Any cells responding to these
areas must integrate over many first-order cells responding to reti-
nal disparity. Although Tyler's data are suggestive, Wolfe and Held
(1982) found only small tilt aftereffects when attempting the same
experiment. No published reports have appeared for stimuli defined
by texture or motion but our initial tests indicate that, if these after-
effects exist, they may be very weak.

To summarize, size and orientation coding may be present for
motion, binocular disparity, and texture representations but this is
not as firmly established as it is for color and luminance.

IMAGING CAPABILITIES

In order to study the capacities of each pathway for shape analysis,
our computer graphics system constructs images defined by a single
attribute: color, relative motion, binocular disparity, texture, or lumi-
nance. Starting from a video image of a black and white stimulus,
the black areas are replaced with, for example, a random texture
moving in one direction, and the white areas with a similar texture
moving in the opposite direction. Figure 9 demonstrates this at-
tribute replacement for texture and binocular disparity.

The areas of the prestriate cortex may restrict their input informa-
tion in order to perform a highly specialized analysis of one particu-
lar attribute, such as, for example, color constancy in the case of
area V4 (Zeki, 1978). However, these areas, in addition to performing
specialized analyses, are also capable of representing shape: a two-
dimensional map of regions differentiated by the attribute in ques-

b
=]

Figure 9. Attribute replacement generates figures defined by texture (b) or
binocular disparity (c) from an original figure (a) defined by luminance.
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tion. Gregory (1977, 1979) has suggested that each attribute may pro-
vide a rough map of the visual stimulus and that these maps may be
aligned to the luminance representation which he considers the
master map.

We were interested in examining what perceptual abilities were
supported by the shape information in a single representation in the
absence of any luminance “master map.” In particular we found that
information signalled by stimuli having explicit contours, for exam-
ple, T-junctions indicating occlusion (Figure 10), was etfective no

---------------

T
T

Figure 10. Stimuli with explicit contours. These stimuli are defined by a
difference in texture and should be invisible if you squint your eyes. The
stimuli: a Necker cube seen as a wire frame—the background can be seen
through the areas between the cube contours; an occlusion figure with one
square, opaque sheet covering one corner of a similar sheet—the areas
between the contours hide the background: a smiling face: the letter E. In
general, the same interpretations are reported for these stimuli whether
defined by luminance. texture, color, relative motion or binocular disparity.
However, large individual differences are found in the latter two cases when
there are conflicts between depth implied by the picture and depth indicated
by relative motion or binocular disparity.
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matter which visual pathway was used (Cavanagh, 1985a), Simple,
two-dimensional letter shapes could be easily identified. Three-di-
mensional objects defined by complete contours in line drawings
involving occlusion and perspective were interpreted in the same
fashion whether represented by luminance, color, or texture. When
relative motion or random dot stereograms were used to present
these same drawings, the depth suggested by stimulus shape (due to
occlusion and perspective, for example) sometimes conflicted with
the depth indicated by the relative motion or binocular disparity
used to present the figure. Many observers could see the depth im-
plied by the drawing despite the conflict, although others could not.
In cases where there was no conflict between the depth inferences in
the picture and the depth used to present the picture (based on either
relative motion or binocular disparity), the pictures were interpreted
in the same manner as for luminance, color, or texture presenta-
tions. Shape information involving explicit object contours therefore
appears to be represented equally well in any of the pathways. The
depth and surface inferences based on these shape representations
probably occur after this level of separate pathways and accept
shape descriptions from any pathway. There was no indication that
luminance information had any priviledged role to play in these
images.

The results for stimuli involving implicit contours were strikingly
different. We studied two stimuli of this type: shadows (Cavanagh &
Leclerc, 1985) and subjective contours (Cavanagh, 1985b). In both
cases, a luminance difference was necessary between the two im-
age areas (e.g., the open grid and the fine dot areas of the E in Fig.
gb). If the parts of the stimuli were presented without a luminance
difference, they were interpreted as separate, unconnected islands
of color or texture (see Figure 11). If a luminance difference was then
introduced, the overall global organization of the stimulus would
become visible. Moreover, it was not sufficient for the mean lumi-
nance of the two image areas to be different; this luminance dif-
ference also had to be in the same direction all along the edge
between the regions. Studies of filtered images showed that any
frequency band signaling inappropriate or inconsistent edge polar-
ity could veto the edge as a potential shadow border or suppress a
subjective contour. Thus the luminance pathway is essential for
shadows and subjective contours but it appears that it is the edges
that are signaled at this low level and not the entire shadow region
or subjective surface. We verified that the reduced resolution and
contrast inherent in texture or color representations were not the
cause of the failure to see shadows and subjective contours.
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Figure 11. Stimuli with implicit contours: shadows. Many of the contours of
these figures are shadow contours. not object contours and many of the
object contours, both external and internal self-occlusions, are implicit. The
interpretation of these figures changes when an appropriate luminance dif-
ference is present between the shadowed and non-shadowed areas (top row)
compared to when no luminance difference is present (bottom row). The
interpretation of surface relief due to shadows occurs for stimuli defined by
luminance and but not for stimuli defined by texture (shown here), color.
relative motion or binocular disparity.

It might seem self-evident that shadows would require luminance
information to be properly interpreted: a real shadow is always
darker than the adjacent nonshaded region. Shadow analysis may
therefore be part of the specialized luminance analysis just as
seeing colors is part of the specialized colour analysis. This is not a
convincing argument, however, since the inference of depth from
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shadows must be based on their shape (necessarily in our stimuli
which did not have any luminance gradients), not on their darkness.
Rainbows can be identified in black and white images because of
their shape but depth from shadows is not perceived in images de-
fined only by color even though all the essential shape information
is there. Moreover, it seems unlikely that an early level of the visual
system such as the luminance pathway would be independently ca-
pable of the depth and surface inferences involved in interpreting
shadows. It is reasonable to assume that higher level analyses are
participating in these inferences but perhaps these analyses access
only luminance information and, in particular, the location of appro-
priate luminance borders having consistent polarity. By ignoring
shape information in other pathways, the visual system would give
up opportunities to reject areas as shadows because of impossible
colors or inappropriate depths, motions or textures. This is what our
data showed as observers saw depth in shadow images having ap-
propriate luminance patterns even when they violated the color,
depth, motion, and texture contraints of natural shadows (Cavanagh
& Leclerc, 1985).

Luminance may be a natural aspect of shadows, but this is not the
case with figures producing subjective contours. Theories of subjec-
tive contours are generally based on high-level inferences of occlud-
ing surfaces. Gregory (1972), Rock and Anson (1979) and Kanizsa
(1979) all suggest that the occluding surface is hypothesized to sim-
plify the interpretation of the image. Thus, in Figure 12 (top lett), it is
easier to see eight circular disks covered by two square, opaque
sheets (one disk completely covered) than seven, irregular, three-
quarter pie shapes. These cognitive explanations are based entirely
on stimulus shape and therefore should be unaffected by the manner
in which the shapes are presented. On the contrary, subjective con-
tours were only visible when there was a luminance difference be-
tween the regions defining the shapes (Cavanagh, 1985b; Pradzny,
1985: Brussell, Stober, & Bodinger, 1977). In this case, the lack of
equivalence between the different pathways when presenting the
same stimulus shapes contrasts with the equivalence of the path-
ways for explicit shapes presented as line drawings (Figure 10). It is
evident that the perception of subjective contours cannot be a shape-
based phenomenon. This conclusion is also supported by the physio-
logical studies of von der Heydt, Peterhans and Baumgartner (1984)
who report cells in area V2 that respond to subjective contours. It
may be that low level analyses (based on these area V2 cells that,
according to our findings, should respond only to luminance) signal
contours in areas of the figures where there are no physical contours.
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Figure 12. Stimuli with implicit contours: subjective contours. When there
is a luminance difference between the inducing elements and the back-
ground, subjective contours can be seen in these figures (top row). When
these same figures are presented without a luminance difference (bottom
row), subjective contours are weak or absent.

Higher level analyses may then use these contours to assert appro-
priate subjective occluding surfaces.

CONCLUSIONS

The results of the work that [ have described here are summarized in
Figure 13. Color information appears to contribute to motion and
binocular disparity analyses. This can only improve the adap-
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Figure 13. Pathways in early vision. Color information contributes to mo-
tion and binocular disparity analyses in addition to color analysis. Both
color and luminance analyses make use of size and orientation coding prim-
itives. Shape defined by explicit contours is signaled by all pathways but
shape defined by implicit contours is only signaled by the luminance path-

way. most likely in terms of assertions of constant polarity edges in the
stimulus.

tiveness of the visual system by allowing some motion and depth
responses to stimuli defined only by color or only by binocular dis-
parity. The responses are, however, rather weak so that reducing
luminance differences between a stimulus and its background re-
mains a very effective camouflage technique. Coding primitives in-
volving size and orientation are used in the color and luminance
pathways and perhaps in the other pathways as well, although this
remains to be demonstrated convincingly.

Shape information was equally well signaled by all the pathways
but shadows and subjective contours appeared to depend on a spe-
cial purpose process in the luminance pathway. It is possible that
this process involves signaling appropriate luminance borders that
maintain a consistent contrast polarity all along their length.

The ability to probe individual pathways in the visual system
opens many new possibilities for understanding vision. Each path-
way may be thought of as a pared down visual system, less complex
than the whole and easier to understand. On one level, much of the
visual research done using luminance-defined stimuli needs to be
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repeated on the remaining pathways to determine their capabilities
and this work is underway in several laboratories. On another level,
new experiments testing how information is integrated across the
individual representations will identify important principles in im-
age understanding.

In the research that I have reported, I have assumed that the
stimuli used were able to isolate visual pathways. A basic goal of
this research is to examine to what extent this isolation is actually
achieved. Possible techniques include identifying cortical magni-
fication factors for these stimuli and comparing them to physiologi-
cal data (Gattass, Sousa & Covey, 1985) for the visual areas in-
volved.

REFERENCES

Adelson, E. H., & Bergen, ]. R. (1985). Spatiotemporal energy models for the
perception of motion. Journal of the Optical Society of America A, 2,
284-299.

Andersen, R. A., Essick, G. K., & Siegel, R. M. (1985). Encoding of spatial
location by posterior parietal neurons. Science, 230, 456-458.

Barrow, H. G., & Tenenbaum, J. M. (1978). Recovering intrinsic scene charac-
teristics from images. In A. Hanson and E. Riseman (Eds.) Computer
vision systems, 3-26. New York: Academic Press.

Blakemore, C., & Sutton, P. (1969). Size adaptation: A new aftereffect. Sci-
ence, 166, 245-247.

Brussell, E. M., Stober, S. R., & Bodinger, D. M. (1977). Sensory information
and subjective contour. American Journal of Psychology, 90, 145-156.

Campbell, F. W., & Maffei, L. (1971). The tilt after-effect: A fresh look. Vision
Research, 11, 833-840.

Cavanagh, P. (1985a). Depth and surface inferences in line drawings. Jour-
nal of the Optical Society of America A, 2, P51.

Cavanagh, P. (1985b). Subjective contours signalled by luminance, vetoed
by motion or depth. Bulletin of the Psychonomics Society, 23, 273.

Cavanagh, P. (1987). Reconstructing the third dimension: Interactions be-
tween color, texture, motion, binocular disparity and shape. Computer
Vision, Graphics and Image Processing, 37, 171-195.

Cavanagh, P., & Anstis, S. M. (1986). Do opponent-color channels contribute
to motion? Investigative Ophthalmology & Visual Sciences Supple-
ment, 27, 291.

Cavanagh, P., MacLeod, D. I. A., & Anstis, S. M. (1987). Equiluminance:
spatial and temporal factors and the contribution of blue-sensitive
cones. Journal of the Optical Society of America A, 4, 1428-1438.

Cavanagh, P., Boeglin, J., & Favreau, O. E. (1985). Perception of motion in
equiluminous kinematograms. Perception, 14, 151-162.



260 CAVANAGH

Cavanagh, P., & Favreau, O. E. (1985). Color and luminance share a com-
mon motion pathway. Vision Research, 25, 1595-1601.

Cavanagh, P., & Leclerc, Y. (1985). Shadow constraints. Investigative Oph-
thalmology and Visual Sciences Supplement, 26, 282.

Cavanagh, P., Tyler, C. W., & Favreau, O. E. (1984). Perceived velocity of
moving chromatic gratings. Journal of the Optical Society of America,
A 1, 893-899.

de Weert, C. M. M., & Sadza, K. J. (1983). New data concerning the contribu-
tion of colour differences to stereopsis. In J. D. Mollon & L. T. Sharpe
(Eds.), Colour Vision: Physiology and Psychophysics. (553-562). London:
Academic Press.

Derrington, A. M., Krauskopf, J., & Lennie, P. (1984). Chromatic mechanisms
in lateral geniculate nucleus of macaque. Journal of Physiology., 357,
241-265.

Eisner, A., & MacLeod, D. I. A. (1980). Blue sensitive cones do not contribute
to luminance. Journal of the Optical Society of America, 70, 121-123.

Eisner, A. (1978). Hue difference contours can be used in processing orienta-
tion information. Perception & Psychophysics, 24, 451-456.

Favreau, O. E., & Cavanagh, P. (1981). Color and luminance: Independent
frequency shifts. Science, 212, 831-832.

Gattass, R., Sousa, A. P. B., & Covey, E. (1985). Cortical visual areas of the
macaque: Possible substrates for pattern recognition mechanisms. In
C. Chagas, R. Gattass, & C. Gross (Eds.), Pattern recognition mecha-
nisms (1-21). Berlin: Springer.

Gregory, R. L. (1972). Cognitive contours. Nature, 238, 1972, 51-52.
Gregory, R. L. (1977). Vision with isoluminant colour contrast: 1. A projection
technique and observations. Perception, 6, 113-119. <
Gregory, R. L. (1979). Stereo vision and isoluminance. Proceedings of the

Royal Society of London, B 204, 467-476.

Grinberg, D. L., & Williams, D. R. (1985). Stereopsis with chromatic signals
from the blue-sensitive mechanism. Vision Research, 25, 531-537.

Hubel, D. H., & Wiesel, T. N. (1968). Receptive fields and functional architec-
ture of monkey striate cortex. Journal of Physiology, 195, 215-243.

Ingling, C. R., & Martinez-Uriegas, E. (1985). The spatio-temporal properties
of the r-g X-cell channel. Vision Research, 25, 33-38.

Julesz, B. (1971). Foundations of Cyclopean perception. Chicago: University
of Chicago Press.

Kanizsa, G. (1979). Organization in vision. New York: Praeger.

Lehmann, A. (1804). Die irradiation als Ursache geometrisch-optischer Tau-
schungen. Archiv fiir die gesamte Physiologie (Pfligers) CIII.

Lennie, P., Sclar, G., & Krauskopf, J. (1985). Chromatic sensitivities of neu-
rons in striate cortex of macaque. Investigative Ophthalmology and
Visual Sciences Supplement, 26, 8.

Liebmann, S. (1927). Uber das Verhalten farbiger Formen bei Helligkeits-
gleichheit von Figur und Grund. Psychologische Forschung, 9, 300-353.

Livingstone, M. S., & Hubel, D. H. (1983). Specificity of cortico-cortical con-
nections in monkey visual system. Nature, 304, 531-534.



VISUAL PATHWAYS 261

Lu, C., & Fender, D. H. (1972). The interaction of colour and luminance in
stereoscopic vision. Investigative Ophthalmology, 11, 482-489.

Maunsell, J. H. R., & Newsome, W. T. (1987). Visual processing in monkey
extrastriate cortex. Annual Review of Neuroscience, 10, 363-401.

Michael, C. R. (1978). Colour sensitive complex cells in monkey striate cor-
tex. Journal of Neurophysiology, 41, 1250-1268.

Nothdurit, H. C. (1985). Orientation sensitivity and texture segmentation in
patterns with different line orientation. Vision Research, 25, 551-560.

Poggio, G. F., Motter, B. C., Squatrito, S., & Trotter, Y. (1985). Responses of
neurons in visual cortex (V1 and V2) of the alert macaque to dynamic
random-dot stereograms. Vision Research, 25, 397-406.

Prazdny, K. (1985). On the nature of inducing forms generating perceptions of
illusory contours. Perception & Psychophysics, 37, 237-242.

Prazdny, K. (1986). Psychophysical and computational studies of random-dot
Moire patterns. Spatial Vision, 1, 231-242.

Ramachandran, V. S., & Gregory, R. (1978). Does colour provide an input to
human motion perception? Nature, 275, 55-56.

Regan, D., & Beverley, K. I. (1984). Figure-ground segregation by motion
contrast and by luminance contrast. Journal of the Optical Society of
America, A 1, 433-442,

Rock, 1., & Anson, R. (1979). Illusory contours as the solution to a problem.
Perception, 8, 655-681.

Treisman, A., & Gelade, G. (1980). A feature-integration theory of attention.
Cognitive Psychology, 12, 97-136.

Treisman, A., & Souther, J. (1985). Search asymmetry: A diagnostic for preat-
tentive processing of separable features. Journal of Experimental Psy-
chology: General, 114, 285-310.

Tyler, C. W. (1975). Stereoscopic tilt and size aftereffects. Perception, 4, 187-
192.

von der Heydt, R., Peterhans, E., & Baumgartner, G. (1984). Illusory contours
and cortical neuron responses. Science, 224, 1260-1262.

van Essen, D. C. (1985). Functional organization of primate visual cortex. In
A. Peters & E. G. Jones (Eds.), Cerebral cortex (259-329). New York:
Plenum Publishing.

van Santen, J. P. H., & Sperling, G. (1985). Elaborated Reichardt detectors.
Journal of the Optical Society of America, A 2, 300-321.

Watson, A. B., & Ahumada Jr., A. ]. (1985). Model of human visual-motion
sensing. Journal of the Optical Society of America, A 2, 322-342.
Wolfe, ]J. M., & Held, R. (1982). Binocular adaptation that cannot be measured

monocularly. Perception, 11, 287-295.

Zeki, S. M. (1978). Functional specialization in the visual cortex of the rhesus
monkey. Nature, 274, 423-428.

Zeki, S. M. (1979). Functional specialization and binocular interaction in the
visual areas of rhesus monkey prestriate cortex. Proceedings of the
Royal Society London, B 204, 379-397.



