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ABSTRACT
The cyclopean paradigm introduced by Bela Julesz remains one of the richest probes into the neural organization of
sensory processing, by virtue of both its specificity for purely stereoscopic form and the sophistication of the processing
required to retrieve it. The introduction of the sinusoidal stereograting showed that the perceptual limitations of human
depth processing are very different from those for monocular form. Their use has also revealed the existence of
hypercyclopean form channels selective for specific aspects of the monocularly invisible depth form. The natural
extension of stereogratings to patches of stereoGabor ripple has allowed the measurement of the summation properties
for depth structure, which is specific for narrow horizontal bars in depth. Consideration of the apparent motion between
two cyclopean depth structures reveals the existence of a novel surface correspondence problem operating for
cyclopean surfaces over time after the binocular correspondence has been solved. Such concepts imply that remains to
be discovered about cyclopean stereopsis and its relationship to 3D form perception from other depth cues.
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1. CYCLOPEAN DEPTH PERCEPTION
The cyclopean paradigm introduced by Bela Julesz is a technique for presenting a stereoscopic depth image
to the brain in the absence of correlated form information in the luminance images on the retina. This
technique thus allows us to probe of the properties of depth processing independently of the processing of
luminance information, and remains one of the richest probes into the neural organization of sensory
processing, by virtue of both its specificity for purely stereoscopic form and the sophistication of the
processing required to retrieve it. In its basic form, the cyclopean paradigm consists of a field of random dots
presented to each eye. The dots are the same in the two eyes except for horizontal disparity shifts in the dots
in one eye relative to those in the other where the depth is to be specified as different from the background.
Because the dot specification is random, any change in the location of the dots again results in a random
field with no detectable structure relating to the dot shifts.

Fig. 1. Classic Julesz random-dot stereogram of a square defined by a disparity from its background. Inspection
makes it clear that there is no monocular information about the disparity structure. Free-fuse this three-panel format
by either converging or diverging the eyes across two panels to see a protruding and a receding square in depth.
(Note the depth-micropsia effect that the receding square appears larger than the protruding one.)

Fig. 2. Depiction of the visual system under
stereoscopic stimulation. The stimulus is
presented in the plane at the top of the figure
with separate images to the two eyes (left eye
image, full lines, right eye image, dashed line.
The projection lines to the eyes represented the
optical rays from particular points in the left and
right images corresponding to the disparate
square of Fig. 1, as indicated by the black dots.
These dots occur at the intersections of the
appropriate rays for the left and right images.
The rays all enter the pupil of their respective
eyes and form arrays of black elements on the
retinas as the back of the eyes (not shown). The
information then travels up the optic nerve and
the optic tract to the occipital cortex at the back
of the brain. The left cortex and its associated
fibres are coded as black, while the right ones
are coded as white.
Note that there are many other intersections
among these rays, providing a set of spurious
correspondences that could be interpreted as
many other depth forms in the space before the
eyes. Within some disparity range, they could all
generate equally acceptable local matches, an in
inherent confusion in the optical projection of
stereoscopic images that is known as the
‘correspondence problem.’ The job of the brain is
to disambiguate the wealth of possible binocular
correspondences into a unique set of matches
that form a plausible structure in space based on
prior knowledge of structures that we encounter
in the world. Consistent errors may be made in
this process, generating paradoxical or illusory
depth percepts under either real-world or artificial
binocular stimulation conditions.

The stereoscopic form is therefore invisible in the monocular images presented to either eye, and can be
appreciated only by comparison of the images in the two eyes in what Julesz called the ‘cyclopean retina’
because it forms a single representation analogous to the single eye of the mythical giant Cyclops. The
visual system performs this comparison as depicted in Fig. 2. Complex neural processing is required in the
occipital lobes at the back of the brain to disambiguate the form defined by the particular intersections
corresponding to the computed figure from the spatial locations of all the other intersections of light rays from
equivalent stimulus elements in the same horizontal line. This ambiguity is known as the ‘binocular
correspondence problem’ and has been addressed in many ways, including computation approaches (Marr,
1982) and physiological models (Tyler, 1983).

2. THE CYCLOPEAN STEREOGRATING
The cyclopean stereograting is a long-established stimulus for evaluating the spatial processing of the
stereoscopic depth system. Because identification of the stereoscopic form requires distinguishing the
elements of the intended depth form from the much greater number of spurious correspondences. To solve
this problem, the visual system requires substantial constraints that may be revealed by assessment of the
limits of stereoscopic vision. A key tool in understanding the neural disambiguation process is the cyclopean
probe consisting of sinusoidal disparity corrugations (see Fig. 3). Originally developed to characterize the
spatial limits of the stereoscopic surface representation (Tyler, 1974), sinusoidal stereogratings have proved
a durable paradigm for psychophysical investigation. They were used by Rogers & Graham (1982) for the
study of the perceived depth of surfaces, by Rogers & Graham (1983) and Bradshaw & Rogers (1999) to
identify a vertical/horizontal anisotropy in stereoscopic form processing, by Schumer & Ganz (1979) and
Tyler (1975a, 1983) for the study of the channel structure of stereoscopic surface processing, by Schumer &
Julesz (1984) to characterize surface perception away from the horopter, by Kingdom, Simmons & Rainville
(1999) to reveal a specific deficit in stereoscopic form processing at isoluminance and by Prince & Rogers
(1998) to study stereospatial processing in the periphery. Sinusoidal and triangular stereogratings were used
by Norman, Lappin & Zucker (1991) to obtain evidence of specialized processing for smooth compared with
noisy sinusoidal surface structure. Moreover, Nakayama & Tyler (1981) introduced the sinusoidal surface
paradigm to the motion domain to show that there are similar frequency limitations for seeing the form of the
sinusoidal kinetic gratings. The similarities in stereoscopic and kinetic surface perception were amplified by
Rogers & Graham (1982, 1983). Although we have billions of neurons, the multifold processing demanded of
them limits the number available for the task of both binocular disparity and local motion registration in
complex form fields. The stereoscopic limitation has recently bee confirmed over a wide range of conditions
by Banks, Gepshtein & Landy (2004).

Fig. 3. Depiction of a random-dot sinusoidal disparity surface, as developed
by Tyler (1974) for the measurement of spatial disparity processing.

In the visual processing of objects, evidence is accumulating from many sources for a surface-level
representation lying between the early filter stages and the higher object-level representations. Surface
representations are often discussed in terms of brightness propagation and texture segmentation, but these
are weak inferences toward a true surface representation. Perceptual, psychophysical, neurophysiological
and computational evidence is building in support of a surface-level description operating in the brain.
Surface-specific neural coding appears to be a feature of both the temporal-lobe and parietal-lobe streams of
spatial representation in cortex. In the temporal-lobe stream, neurons responsive to stereoscopic surface
orientation have been reported in visual areas V4 (Hinkle & Connor, 2002), MT (Nguyenkim & DeAngelis,
2003) and MST (Sugihara et al., 2002). Deeper into the temporal lobe, many neurons in the inferior bank of
the superior temporal sulcus (STS) are selective for the complex shape of stereoscopic surfaces (Sakata et

al., 1999; Janssen et al., 1999, 2000, 2001; Tanaka et al., 2001; Liu et al., 2004). Moreover, a large
proportion of neurons in the caudal intraparietal sulcus (CIPS) at the junction between occipital and parietal
cortex are selective for stereoscopic surface orientation (Shikata et al., 1996; Taira et al., 2000; Tsutsui et al.,
2001, 2002). Generalization of the surface-orientation specificity for other depth cues, such as perspective
and texture gradients, is found in MSTd (Sugihara et al., 2002) and in the CIPS (Taira et al., 2000; Tsutsui et
al., 2001, 2002). Corresponding activation in human parietal cortex is found for a task of surface orientation
discrimination (Shikata et al., 2001). This wealth of studies makes it clear that multimodal surface
representation is an important component of the neural hierarchy in both the ventral and dorsal processing
streams.
Now, Nienborg et al. (2004) have provided compelling evidence that surface representation as early as
cortical area V1 is truly three-dimensional, in the sense of a specificity for disparity-defined surfaces. The
most complete description of a surface is in terms of a two-dimensional manifold in a three- (or higher-)
dimensional space. To qualify as a surface representation, the neural substrate has to exhibit the properties
of such a two-dimensional manifold – a contiguous subspace lying within an array of higher dimensionality.
The stereoscopic representation qualifies as such as manifold in the response to random-dot stereograms.

3. CYCLOPEAN CHANNEL STRUCTURE
Given a frequency-specific probe into the domain of cyclopean surface processing, it is natural to ask
whether there is any specificity to the spatial or spatiotemporal structure of the mechanisms processing the
varying surface shapes. Are they generic, capable of focusing on any structure present in the surface, or
specific to the spatial frequency of the corrugation over some range? Cyclopean adaptation studies (Tyler,
1975b; Schumer & Julesz, 1984), and masking studies Tyler (1983) show substantial specificity to the
spatial-frequency content of the stereoscopic surface, implying the presence of channels processing the
cyclopean form information. The Nienborg et al. (2004) paper describes a neurophysiological study of
processing for cyclopean stereogratings as a function of the spatial frequency of the corrugations. They find
that about half of the cells in area V1 respond well to drifting stereogratings, establishing a neural basis for
the local specificity of responses of these corrugated surfaces. As corrugation frequency is increased, the
upper limit of the cell responses occurs at low corrugation frequencies of the order of 1 cy/de, providing
assurance that the cells are not responding to the range of disparities passing through the receptive field
(which still occurs above the cut-off frequency). It must be the spatial arrangement of the disparities into a
coherent surface that generates the neural responses. Moreover, Nienborg et al find that the V1 neurons
constitute local mechanisms tuned to different spatial frequencies of corrugation for the drifting sinusoidal
stereograting. This finding provides a neural basis for the psychophysical channel structure found by Tyler
(1975b), Tyler (1983) and Schumer & Julesz (1984).

4. THE CYCLOPEAN GABOR FUNCTION
Just as for luminance Gabors, one can ask what is the range over which the visual system sums spatial
information as a function of spatial frequency and orientation of the sinusoidal depth modulation. Are the
summation properties generic, of a form implying an attentional process limited by an attentional window of
some kind, or are the summation properties specific to the spatial-frequency or orientation of the cyclopean
ripples, implying the existence of specific channels for particular types of cyclopean form? Tyler & Kontsevich
(2001) introduced the concept of cyclopean Gabor patches for the measurement of stereoscopic form
summation.
Summation properties were measured for both horizontal and vertical modulations as a function of
horizontal, vertical and isotropic extent of the Gabor envelope. The summation properties were, remarkably,
uniform across spatial corrugation frequency. There was no summation beyond one corrugation cycle except
for horizontal extent of horizontal stripes (vertical modulation). The implied receptive field structure for
disparity corrugations is depicted in Fig. 3. This pattern of summation behavior is compatible only with the
existence of specialized receptive fields selective for the orientation of disparity corrugations. It excludes the
following alternatives:

Fig. 2. Three-panel stereogram showing an example of a stereoscopic Gabor function .of high amplitude, with an
envelope of 1 cycle at half-height in the vertical direction and four cycles in the horizontal direction, illustrating the full
extent of disparity corrugation summation. Free-fuse by either converging or diverging the eyes across two panels to see
a peak-convex and peak-concave pair of horizontal stereoGabors.

a) An adaptive attentional mechanism summing all available disparity information. If the attentional
mechanism were adaptive to all stimulus extents, summation should improve with Gabor envelope size for all
stimulus types, which does not occur.
b) Limited attentional summation with a particular field extent. If the summation were attentive, it
should have the same summation field shape for both orientations of disparity corrugation, which does not
occur. The orientation specificity implies specialized neural summation mechanisms, for which the receptive
field is the standard model.
c) Corrugation-specific attentional summation. One could envisage an attentional mechanism that is
influence by the direction of corrugations – spreading, for example, further along the grooves than across
them. Such a process would have the same elongation properties relative to the corrugation orientation.
Since the summation property is elongated horizontally for horizontal corrugations, it would predict the
corresponding vertical elongation for vertical corrugations, which does not occur.
d) Probability summation. Physiological implementation of probability summation implies gradual
summation properties with increasing field size regardless of configuration, which does not occur.
Thus, the pattern of the summation fields excludes many models of the summation behavior, and
implies that there exist specialized summation fields for form processing of the information present in the
cyclopean depth map.
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Fig. 3. Depiction of the two-dimensional summation fields for disparity for horizontal (H) and vertical (V) disparity
corrugation. The summation-field structure was similar over the full range of corrugation frequencies from 0.2 to 2 cy/deg.
For horizontal corrugations, the summation field is horizontally elongated, but it is about one cycle in both directions for
vertical corrugations.

5. HYPERCYCLOPEAN FORM PROCESSING
The structure of the cyclopean Gabor summation is very specific and confirms the concept of
hypercyclopean form processing developed to account for cyclopean adaptation and masking behavior
(Tyler, 1975a; 1983). The idea is that the processing of stereoscopic is not an adaptive flexible process that
can operate to detect the presence of any stereoscopic form with equal efficiency, but a specialized, hardwired mechanism with particular properties and limitations. At least over the time scale of a laboratory
experiment, the stereoscopic system is not capable of developing a template for the efficient detection of
even so simple an object as a multicycle Gabor corrugation. It has to operate with prior mechanisms that can
integrate over no more than one cycle of corrugation, except for one specialization for horizontal
stereoscopic bars. This specialized behavior appears to be consistent only with the concept of hard-wired
filter mechanisms operating on the stereoscopic form information at the level of the ‘cyclopean retina’. ‘Hardwired’ does not mean that such mechanisms are not adapted to the properties of the stereoscopic
environment, but that if such adaptable is responsible, it operates over a longer time scale than the duration
of the experiment (which was of the order of several hours). It is possible that the horizontal elongation is a
specialization to overcome the weakness of the stereoscopic system for encoding depth in horizontal
objects, since their horizontal boundaries would support no disparity information. However, this restriction
does not apply to patterned objects, such as branches, so it does not seem to be a very extensive deficiency.
The specialization may therefore derive from the depth structure in the vicinity of the horizon, which is always
horizontal and contains important depth information, especially when one is driving a vehicle.
Typically, if a stereoscopic sinusoid is alternated between two nearby phases, we will perceive it as moving
laterally (as illustrated in Fig. 4A). In order to see lateral motion of the cyclopean surface, the system must be
performing a surface-based correspondence match, for a surface jumping between a t1 (gray) configuration
and a t2 (black) configuration. The center arrow in Fig. 4A may plausibly be making correspondence with a
close portion of the second (black) position of the waveform, but the upper and lower points at the
intersections must break correspondence with the closest (identical) point in order to correspond in the
horizontal direction. The principle of matching to the closest point in a Euclidean metric would generate nonrigid motion (Fig. 1B). Indeed, all the closest points in any Euclidean metric (regardless of the relative
horizontal/vertical scaling) must be reassigned in order generate a uniform lateral motion.
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Fig. 4. Two phases of a stereoscopic sinusoid showing the matching locations on the waveform required for a percept of
lateral motion (A). Only the center match could be nearest in 3-space (B). A surface orientation constraint would provide
the requisite matches (C). Counterphase alternation is consistent with either non-rigid stereomotion (arrows in D) or rigid
180° (ambiguous) lateral motion, while adding a mean disparity enforces pure (rigid) stereomotion (E).

This reassignment may be regarded as the valid signature of some global process in operation for
generating the lateral motion percept. For example, a surface-based match would be selective for surface
slant, and hence would disambiguate the matches by matching only to neighbors of the same surface slant
(Fig. 4C). Thus, a surface-based match would enforce lateral cyclopean motion because the nearest patch of
surface with the same slant is always in the pure lateral direction (for a purely lateral displacement of the
computed structure). In particular, the surface slant principle would interdict the stability of any intersection
point between the surfaces because the surfaces at the intersection points have opposite slants.
Counterphasing the amplitude (Fig. 4D) eliminates the motion bias and may produce motion in depth but it
would require non-rigid distortion of the surface, so the surface correspondence system may prefer to
choose one of the two ambiguous motion directions. Nevertheless, a pure motion in depth can be achieved

simply by changing all the disparities by the same amount (Fig. 4E). Note that the average local changes in
disparity may be equated for all these manipulations, but the global percepts are very different. Within the
cyclopean paradigm, this set of manipulations may therefore be used to evaluate the processing of lateral
motion, rigid stereomotion and non-rigid stereomotion.
The surface correspondence problem recapitulates the local correspondence problem for the motion of
luminance edges at the level of the cyclopean (monocularly invisible) surface representation. In the motion
domain, this is known as the aperture problem. Fig. 5 depicts the basic configuration for the aperture
problem, with a slanted bar moving behind an aperture. In the aperture problem, the motion is completely
unconstrained along the length of the straight bar, within the 180° that is compatible with the overall ‘upward’
direction of the bar motion. In principle, the aperture obscures the line ends so they provide no information
about the direction of motion – although in practice the visual system may use this cue to influence the
perceived direction of the bar motion. In the curved-line version introduced by Nakayama & Silverman
(1988a, b), the direction is constrained by the local angle of the line contour and other global features. Their
smooth line has no features that could constrain the motion direction locally.

Fig. 5. The classic aperture problem. Is the bar moving up, to
the left, obliquely to the right, or any of the other options
indicated by the arrows?

A related issue is Braddick’s (1974) ‘motion correspondence problem’ of matching the features of two image
related over time. In the motion correspondence problem, the random dot field has a plethora of local
features, and the correspondence problem becomes one of identifying the relevant match among all the false
matches. Thus, for random-element paradigms such as the motion or stereo correspondence problems, the
issue become one of feature identification of the local dot clusters and matching them over time, in terms of
local receptive field properties. Many different types of receptive fields are activated in different locations and
the brain has to sort out which ones of this multidimensional array should be paired together. The surface
correspondence problem, on the other hand, returns to the issue of the ambiguous matching of a smooth
function because the noise is replaced in each frame and generates the abstracted percept of a smooth
surface at different locations over time. In this sense it is more reminiscent of the aperture problem: the
matches are not constrained by the dot structure, which is uncorrelated over time, but must make a motion
match based on a balance between the factors of Euclidean distance, surface orientation and the global
configuration of the depth figure. These principles are all operating at the level of the cyclopean
representation of the depth structure rather than the luminance cues of the conventional correspondence
problem. It is of interest to determine whether the correspondence principles operate in the same way at the
two levels of processing or whether there are functional differences between the two levels.
Indeed, Lu & Sperling (2001) have provided evidence that stereoscopic motion is processed not by hardwired filter mechanisms akin to neurophysiological receptive fields, which appear to underlie the neural

solution to the motion correspondence problem, but a “third-order” mechanism of salience matching,
operating at the level of abstract features or events. It is unclear from their treatment what features of a
sinusoidal corrugation support a salience map, or whether there are hard-wired filter mechanisms for
salience of other stereoscopic properties or across visual modalities. (Salience is defined as the property of
standing out from a background, regardless of whether the domain of analysis is texture, motion, disparity,
color, etc.) The Lu & Sperling proposal does not appear to be well-formulated with regard to these questions;
indeed, it reiterates the concept of texton gradient enunciated by Julesz (1986). Textons are primary texture
elements encoded by the visual system (as opposed to all possible texture elements that could be defined in
principle). The concept was generalized to features in any domain of visual analysis not just that of spatial
textures. Julesz soon realized that the important factor in perception was not just the local textons but their
arrangement in relation to each other, forming texton gradients from uniform to sharp local discontinuities.
The steeper the gradient, the more salient was the texton discontinuity in terms of its attentional attraction.
Thus, Julesz was proposing operational principles of much the same type now championed by Lu & Sperling
(2001).
In terms of disparity-based structure, this level of analysis corresponds to the hard-wired mechanisms of
hypercyclopean processing of Tyler (1975a,1983,1991). Moreover, Patterson (1999) has summarized
evidence that the processing of cyclopean motion also incorporates hard-wired elements at this
hypercyclopean level. Thus, there are two proposals for the processing of stereoscopic structure: that is has
hard-wired elements (for both lateral stereomotion and static stereoscopic structure) and that it is developed
by a third-order system of some kind. However, the neurophysiological evidence cited above makes it clear
that V1 neurons have preferences for a variety of corrugation frequencies for drifting stereogratings. This
evidence of hard-wired specificity early in the processing stream is hard to reconcile with the Lu & Sperling
concept that only third-order mechanisms are involved. There may be an adaptive, attentional mechanism
available to process more elaborated 3D structures, but it seems clear from both the neurophysiological and
psychophysical evidence that a limited set of hard-wired mechanisms form the first stage of hypercyclopean
form processing.
6. CONCLUSION
This paper has highlighted only a small sample of the variety of structures underlying the stereoscopic
processing of form and motion. The specificity of these structures makes it clear that, far from relying on
general-purpose mechanisms analogous to our verbal descriptions of the stimulus structures, the brain has
incorporated numerous specialized mechanisms operating on the information content beyond the level of
local binocular combination. It is this capability that was opened by Julesz’ development of the random-dot
stereogram, with its dissociation of the cyclopean form from the monocular form of the dot matrix, and which
he investigated in so many studies. His work is covered in the masterly overview in his book, ‘Foundations of
Cyclopean Perception” (Julesz, 1971) from which a large body of work on stereoscopic form perception has
emanated (in addition to parallel branches for preattentive texture processing and for symmetry processing).
Much of the subsequent stereoscopic work is ably reviewed in the two-volume compendium of Howard &
Rogers (2001). The present survey has focused on one sub-branch of this effort relating to the spatialfrequency content of the cyclopean form. There is a host of others that remain to be explored, and which will
form the continuing legacy of the deep insights of Bela Julesz into the workings of the human brain.
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