Linear and non-linear mechanisms
in the perception of stereoscopic

slant and transparency

Paul B. Hibbard
University College London

August 3, 1997

THESIS SUBMITTED FOR THE DEGREE OF DOCTOR OF PHILOSOPHY



ProQuest Number: 10010388

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10010388
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



Abstract

This thesis explored the role of contrast disparities in stereopsis, and the nature of the
encoding of surface slant from stereoscopic cues. Contrast disparities may be deﬁned
as interocular differences in the position of image regions éorresponding in terms of
image contrast, rather than luminance. It was found that, for simple plaid stimuli,
stereoscopic slant thresholds could be predicted from disparities in the plaid's
components. Further, the perceived slant of grating.and plaid stimuli was found to be
underestimated, with the -degree of underestimation for plaids depending on the
orientation of their component gratings. These results may be explained in terms of the
orientation and spatial frequency disparities in the Fourier components of the stimuli,
and are consistent with the notion that orientation disparities provide the primary cue to
stereoscopic slant (Rogers and Graham, 1983).

For plaids with orthogonal components, differing in contrast and spatial frequency,
stereoscopic transparency was observed. Transparency was also observed in stimuli
for which depth was defined by contrast modulation disparities. Transparency was only .
perceived for crossed disparities of the contrast modulation, such that the modulation
appeared to lie in front of its carrier. This asymmetry was not evident if additional
luminance disparities were introduced to the image. These results support the view that
stereopsis has access to independent, linear and nonlinear channels (Hess and Wilcox,
1994). However, it was found that adaptation to the carrier of a contrast modulated
stimulus increased the minimum contrast at which contrast disparities could be detected,
suggesting that significant nonlinearities in stereopsis are preceded by a stage of linear
filtering.

These results were explained using a model in which luminance and contrast disparities
are processed by independent linear and nonlinear mechanisms,s haring a common
linear filtering stage early in processing.
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1. Introduction

1 General Introduction

One of the more interesting features of many visual systems is their ability to infer
depth information from differences in the images projécted to the left and right
eves. These differences are introduced by the two eyes viewing the same scene from
different locations. A different geometric relationship will exist between objects in
the visual scene, and the two retinae. This geometric relationship will determine
the mapping of the three dimensional coordinate frame to the image formed on each
retina. It follows that the two binocular images will not be identical. The differences
between the two images are known as binocular disparities, and may be specified in
terms of the differences in either the optic arrays subtended by each point to the

two eyes, or the positions of the projections of corresponding image points.

The disparity associated with a point is determined by the position of the point

relative to the observer, and the observer’s viewing geometry. If a viewer fixates a

20



1. GENERAL INTRODUCTION

point, such that both eyes are pointed directly towards it, the point will have zero
disparity. Other points will have disparities determined in part by their distance in
depth away from this fixation point. Disparities thus provide a source of information

relating to the distance to points in the image. Wheatstone (1838) first demdnstyated
that depth may be perceived when two slightly different photographs or drawings

are presented to the two eyes.

To determine the binocular disparity associated with a point, it is necessary to
establish which points in the two retinal images correspond to the same point in
three-dimensional space. This is known as the correspondence problem (Marr and
Poggio, 1979). Once correspondence has been determined, it is possible to compare
thie positions of points in the two images, and to infer the binocular disparity. In
the stereograms used by Wheatstone, features were visible monocularly which were
thought to have been used to solve the correspondence problem (Sherrington, 1906).
However, Julesz (1960) demonstrated that extensive pre-processing of monoculaf im-
ages is not required to solve the correspondence problem. Julesz devised a stimulus
known as a random dot stereogram, consisting of a binocular pair of images, both
of which consist of random visual noise. The noise in the two images of a random
dot stereogram is identical, except that some points are shifted between left and
right images, so as to produce a binocular disparity. Depth is perceived in these
stereograms consistent with these disparity cues. These stimuli are interesting due
to the ambiguity inherent in the correspondence problem. For any given point in
the left image, there will be a number of points in the right image with the same
luminance, to which the point may be matched. These stimuli demonstrate that the
correspondence problem may be solved in the presence of point-wise ambiguity in

left- and right-eye matches.

Once correspondence has been achieved, it is possible to determine binocular dis-

parity, and from this to infer depth. Depth supplies information relating to the

21



1. GENERAL INTRODUCTION

distance to objects, and to their shape. This thesis addresses two questions related
to the representation of surface shape on the basis of stereoscopic cues. The first
question is what types of mechanisms are used to infer surface shape from stereo-
scopic disparity. While it is in principle possible to determine the depth of individﬁal
points from horizontal disparities, it has been rsuggested that the analysis of higher
order properties of shape, such as depth discontinuities, and surface orientation and
curvature, exploits corresponding higher order properties of image diéparities (e.g.
Rogers and Graliam, 1983; Gillam, Flagg and Finlay, 1984; Stevens and Brookes,
1987; Brookes and Stevens, 1989; Rogers and Cagenello, 1989). The second ques-
tion relates to the types of monocular information which may be used for binocular
matching to establish correspondence. Conventional models of stereopsis (e.g. Marr
and Poggio, 1979; Grimson, 1980; Mayhew and Frisby, 1980), developed in light of
the correspondence problem in random dot stereograms, match points on the basis
of their luminance. However, it has been suggested that contrast envelopes may
present another source of monocular information which may be used for binocular
matching, and which may support depth perception (Liu, Schor and Ramachandran,
1992; Sato and Nishida, 1993; 1994; Hess and Wilcox, 1994; Wilcox and Hess, 1995;
1996).

In this chapter, the theoretical and empirical backgrounds of these issues are dis-
cussed. In section 2, The geometry of binocular image projection, the relationships
between three dimensional shape, depth, and binocular disparity are discussed. Sec-
tion 3, Stereoscopic slant, presents evidence that, in the representation of surface
slant, stereospsis is able to exploit binocular differences other than the positional dis-
parities associated with individual points. Section 4, Nonlinear channels in stereop-
sis, is concerned with the suggestion that contrast envelopes may serve as primitives

for stereospsis. Finally Section 5, Overview, outlines the goals of the thesis.
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2. THE GEOMETRY OF BINOCULAR IMAGE PROJECTION

(0,0,R)

Figure 1.1: The coordinate system used. For details, see text.

2 The geometry of binocular image projection

Disparities occur in binocular image pairs as a result of the projection of a single
visual scene to two image planes, horizontally separated in space. An analysis of
how points in three-dimensional space project independently to the two retinae
may be used to understand these disparities. Longuet-Higgins and Prazdny (1981)
analysed the general problem of the projection of a moving three-dimensional scene
to a single image plane; Mayhew and Longuet-Higgins (1982) applied this analysis
to the specific problem of binocular vision. The geometry presented below is based

on this latter analysis.

Figure 1.1 represents the geometry of binocular viewing. The p'l'oblem addressed

23



9. THE GEOMETRY OF BINOCULAR IMAGE PROJECTION

is that of the disparities introduced as a result of the projection of the three-
dimensional world coordinate system XY Z to the two-dimensional left- and right-
image coordinate systems, zy and z'y’. The world coordinate system used has an
origin at O, the midpoint of the line joining the optical centres of the eyes (O; and
O,). The Z axis is defined by the line joining O to the fixation point, (0,0, R). The
distance R, in the direction of the Z axis, gives the fixation distance. The X axis lies
in the plane containing the line 0;0, and the fixation point; the Y axis is normal to
this plane. The gaze angle, g, is given by the angle between the X axis and the line
0,0,. The interocular distance O;0, is given by I. The following analysis refers to
the projection of the plane Z = PX + QY + R, which refers to any plane passing
through the fixation point. It is assumed that the fixation distance R is sufficiently
larger than the interocular distance I that terms in the second order of % may be
ignored. The horizontal and vertical disparity of each point in the scene is given by
(dy,d,) = (2" — z,y" — y), which describes the shift in the projected image of the

point between left and right images. This disparity is given by:

I
dp = [(P cos g + sing)z + Qy cos g + (cosg — Psing)z? — Qzy sing] 7 (1)

) I
d, = [y sing 4 (cos g — Psin g)zy — Qy? smg] I (2)
Assuming g is small, then sin g and cos g may be replaced by g and 1, respectively,

and Pg and Qg may be neglected. (1) and (2) then become:

G = [Pt Qytgete] g 3

d, = [gy+¢y]é | (4)

For the approximations given in equations (3) and (4), both horizontal and vertical
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2. THE GEOMETRY OF BINOCULAR IMAGE PROJECTION

disparities vary spatially. However, only horizontal disparities are affected by sur-
face shape, which is here determined by P and Q. Slant about a vertical axis will
introduce a horizontal grédient of horizontal disparity. Similarly, slant about a hori-
zontal axis will introduce a vertical gfadient of horizontal disparity. Both horizontal
and vertical dispérities are scaled by é, the ratio of the interocular distance to the

viewing distance.

This analysis suggests a method of computing the unknown parameters P and Q,
which determine the slant of the surface about a vertical and a horizontal axis,
respectively. Equation (3) shows that slant about a horizontal axis introduces a ver-
tical gradient of horizontal disparity which is directly proportional to the magnitude
of slant. A measurement of the vertical gradient of disparity could thus be used to
estimate the magnitude of slant about a horizontal axis. This estimate would need
to be scaled by the quantity %; Longuet-Higgins (1982) suggested that this latter
quantity may be estimated from vertical disparities. Similarly, equation (3) shows
that slant about a vertical axis introduces a horizontal gradient of horizontal dis-
parity, which is again directly proportional to the magnitude of slant. However,

disparity also changes horizontally as a result of eccentricity.

A gradient of horizontal disparity may be represented using matrix notation by:

dh Gh GU z
= (5)
d, 0 0 y

where G, and G, give the horizontal and vertical components of the gradient, re-
spectively. A vertical gradient of disparity may be described as a horizontal shear
between left and right images. Similarly, a horizontal gradient of disparity repre-
sents a horizontal expanéion or compression of the left image relative to the right

image. These transformations are illustrated in figure 1.2. In principle, measure-
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Shear Expansion-compression

| igure 1.2: Binocular transformations resulting fi'om. gradients of horizontal dis-
parity. A horizontal shear is introduced by slant about a horizontal axis, while a
horizontal expansion-compression is introduced by slant about a vertical axis. Per-

spective figures represent slant about these axes.

inents of horizontal and vertical gradients of horizontal disparity may be used to
estimate surface slant. However, disparity gradients are also introduced by other
image transformations, unrelated to slant. These include two dimensional rotation
of an image, as may occur if the eyes are torsionally misaligned, and unequal image
magnification, or aniseikonia. In general, gradients of disparity may be described as

an affine transformation:
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2. .THE GEOMETRY OF BINOCULAR IMAGE PROJECTION

which may be rewritten:

[dh} [)\1 0] 0 --Az] [o /\3} [-)M 0}
- + + + (7)
d, 0 Nz Ay 0 As 0 0 A

where Ay = 2(a 4+ d), Ay = 2(c—b), A3 = (b+¢) and Ay = }(d — a). Equation

(7) represents an irreducible representation of the affine transformation, in terms
of its geometrical invariants (Koenderink and van Doorn, 1975). The first term in
(7) represents a uniform expansion of magnitude \;. The second term represents a
rotation. The final two terms in (7) represent the deformation component. Rotation

through a small allgle a is given by:

dy, l—cosa 1—-sina T
= (8)
d, Ll-}-sina 1—cosa Y
0 —A2 T
(9)
| A2 0 y

where A, = sin @ and the small angle approximation cosa & 1 is used.

2

The deformation component represents a stretching-of the image in one direction,
accompanied by a compression in the orthogonal direction. Koenderink and van
Doorn (1976) showed that the deformation component is directly related to surface

slant. This may be seen by substituting the transformation in (5) into (7):
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dy Gn 0 0 -G, Gr 0 0 G,
+ - + (10)

d, 0 G G, 0 0 G| -G, 0

Slant about a horizontal or a vertical axis will introduce a component of rotation,
or of dilation, respectively. Both will introduce a component of deformation. In
the same way, rotation and dilation of an image will both introduce horizontal and
vertical gradients of disparity. The advantage of the representation in equation (10)
is that deformation is unaffected by rotation and dilation, and is directly related to
surface slant. A mechanism sensitive to the magnitude and direction of deformation
would therefore have direct access to the magnitude and direction of surface slant

(the magnitude being subject to a scaling factor).

3 Stereoscopic Slant

The geometric analysis presented above describes how disparities are related to sur-
face orientation. This section reviews empirical research into the use of stereoscopic
information in the perception of shape. As in the geometric analysis, the main
focus of the studies described here is the representation of surface slant. Addition-
ally, only the role of horizontal disparities is discussed; the question of how vertical
disparities may be used to scale depth estimates (Longuet-Higgins, 1982; Mayhew
and Longuet-Higgins, 1982; Garding, Porrill, Mayhew and Frisby, 1996; Rogers and
Bradshaw, 1996) is not addressed. -
Equations (3) and (4) show that, in a local neighbourhood, spatial variations in dis-
parity are related to the orientation of a viewed surface. This analysis assumes that
viewed points lie on a continuous planar surface. If, however, there is a depth dis-

continuity in the image, and neighbouring points lie at different depths, there will be
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3. STEREOSCOPIC SLANT

a corresponding disparity discontinuity in the binocular images. While such discon-
tinuities cause problems for models of stereopsis (Nelson, 1975; Mayhew and Frisby,
1980), they also present a potentially efficient strategy for encoding surface slant
(Gillam, Flagg and Finlay, 1984). For planar surfaces, disparities on a surface are
redundant once the disparities at its boundaries have been determined, as they will
vary linearly between the boundaries. Gillam et al. (1984) found that subjects were
able to report the slant of a surface more quickly and accurately if the boundaries of |
the slanted region were defined by disparity discontinuities. Gillam, Chambers and
Russo (1988) provided further examples of how stereoscopic efficiency is improved
by the presence of disparity discontinuities. In addition, they reported similar fa-
cilitation of the identification of surface slant by the presence of discontinuities in

disparity gradients, as occur when two surfaces meet on a common line.

Gillam et al. (1988) argued that, once correspondence has been achieved, additional
processing, making use of higher order properties of disparity, is required to recover
surface structure (fusion being achieved in their experiments up to several seconds
before subjects were able to identify the slant of a surface). Ryan and Gillam
(1993) argued that surface slant may be directly estimated from disparity gradients.
The representation of slant would not then rely on the prior representation of the
horizontal disparities associated with individual points. Prolonged exposure to a
slanted surface will cause a subsequently presented frontoparallel surface to appear
to slant in the opposite direction (Kohler and Emery, 1947; Bergman and Gibson,
1959; Wenderoth, 1970). Ryan and Gillam (1993) explored this aftereffect in stimuli
containing discrete disparate elements. By maintaiﬁi;}g the disparities associated
with individual elements, but varying their separation, they showed that the strength
of the aftereffect depended not on relative disparities themselves, but on the gradient
of disparity that existed between points. Fusional limits may be equally dependent
on the magnitude of the gradient of disparity. While it has been suggested that fusion

is only possible within the range of disparities known as Panum’s fusional area (Ogle,
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1950), it has been demonstrated that fusion of a point is less likely if other points
are present which are close in visual direction, but which lie at a difference distance
(Volkmann, 1864; Helmholtz 1909). Burt and Julesz (1980) suggested that fusion
1s determined by the gradient of disparity, rather than its magnitude. They found
that fusion does not occur for disparity gradients greater tilan around 1. Again,

these results suggest that disparity gradients play an important role in stereospsis.

The magnitude of the disparity gradieﬁt generated by a slanting surface depends
directly on the magnitude of slant, and is unaffected by direction. It follows that a
procedure by which slant was represented on the basis of dispafity gradients would
be unaffected by the direction of slant. Images with equal magnitudes of disparity
gradient would be perceived as surfaces with equal slant, regardless of direction.
There exists, however, an anisotropy in the perception of slant about horizontal
and vertical axes. Surfaces slanting about a horizontal axis have more apparent
slant, and exhibit lower slant thresholds, and faster resolution, than do surfaces

slanting about a vertical axis (Wallach and Bacon, 1976; Rogers and Graham 1983;

" Gillam et al., 1984, 1988; Michison and McKee, 1990; Mitchison and Westheimer,

1990; Gillam and Ryan, 1992; Cagenello and Rogers, 1993). It is possible that the
visual system interprets vertical disparity gradients as resulting from surface slant
more readily than it does horizontal gradients. Rogers and Bradshaw (1994) argued
that this may be a deliberate strategy, since horizontal gradients will exist even for
frontoparallel surfaces extending into the periphery (as is evident in equation (3)).
A horizontal gradient of disparity cannot therefore be taken to be the result of slant
about a vertical axis, in the same way that a verticzil/ gradient of disparity may be
taken to result from slant about a horizontal axis. This strategy may account for the
relatively poor perception of slant about a vertical axis. In -addition, Gillam (1968)
demonstrated that slant about a vertical axis is more influenced by perspective
conflict than is slant" about a horizontal axis. For these reasons, Mitchison and

McKee (1990) argued that an internal reference may exist for slant about a horizontal
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Eigure 1.3: Orientation disparity, plotted against orientation, for equal magnitudes
of shear (solid line) and expansion-compression (dashed line). Orientation dispar-
ities for the two transformations have equal magnitudes only for orientations of
+45°. Overall, more orientation disparity is introduced by horizontal shear than by

(xpansion-comp ression.

axis, that is not available for slant about a vertical axis. This reference would allow

for increased sensitivity to slant about a horizontal axis.

As an alternative, Rogers and Graham (1983) suggested that the anisotropy may be
explained if slant perception is based on orientation disparities, rather than gradients
of positional disparities. Orientation disparities were defined by Blakemore, Eioren-
tini and Maffei (1972) as interocular differences in the orientation of corresponding
images contours. Eigure 1.2 shows that vertical and horizontal disparity gradients

may be described as a horizontal shear, and a horizontal expansion-compression.
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respectively. Béth transformations introduce orientation disparities. Orientation
disparities for an image contour depend both on the type and magnitude of trans-
formation, and on the orientation of the contour. Here, the orientation of a contour
is defined in terms of its absolute (cyclopean) orientation, rather than the individual
orientations present in the binocular images. For example, figure 1..2 shows that a
horizontal shear does not affect the orientation of horizontal lines, and produces
a maximum orientation disparity for vertical lines. For an expansion-compression,
orientation disparities are evident for neither horizontal nor vertical lines, and have
the greatest magnitude for lines at £45°. Figure 1.3 shows how orientation disparity
depends on orientation, for both shear and expansion-corﬁpression transformations.
Integration of these graphs reveals that, on average, orientation disparities are 57%
greater for a shear than for an expansion-compression of the same magnitude (Ca-
genello and Rogers, 1993). If orientation disparities provided the primary cue to
surface slant, one would predict that slant about a horizontal axis would be more

readily perceived than slant about a vertical axis.

Figure 1.3 shows that shear and expansion-compression introduce equal magnitudes
of orientation disparities to lines oriented at £45°. Cagenello and Rogers (1993)
found that, while the anisotropy between slant about horizontal and vertical axes
was observed for random dot stereograms, and stimuli consisting of grids of horizon-
tal and vertical lines, it was not apparent for grids of diagonal lines. These findings
provide evidence that the anisotropy in slant thresholds is a result of the role of
orientation disparities in the encoding of slant. However, Mitchison and McKee
(1990) found an anisotropy in slant thresholds for both grids of horizoﬁtal and ver-
tical lines, and grids of diagonal lines. Cagenello and Rogers (1993) argued that this
difference was due to the size of the stimuli used in the two studies. Mitchison and
McKee used stimuli with a diameter of 0.75 degree, whereas those of Cagenello and
Rogers had a diameter of 10.66 degrees. Orban, Vandenbussche and Vogels (1984)

demonstrated that line orientation discrimination is based on positional rather than
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orientational differences for small (< 2degrees) stimuli. Cagenello and Rogers sug-
gested that orientation disparities may similarly be used as a cue to slant only for
sufficiently large stimuli. Gillam and Ryan (1992), however, reported anisotropic

slant perception for diagonal lines, even for large stimuli.

Rogers and Graham (1983) showed that there is an analogous anisotropy in the
perception of surfaces defined by motion parallax. For horizontal head movements,
motion parallax information may be described as a horizontal shear for surfaces
slanting about a horizontal axis, and as a horizontal expansion-compression for slant
about a vertical axis. For vertical head movements, slant about a horizontal axis re-
sults in a vertical expansion-compression, whereas slant about a vertical axis results
in a vertical shear. Rogers and Graham found that slant about a horizontal axis
was more readily perceived for horizontal head movements. Coﬁversely, slant about
a vertical axis was more readily perceived with vertical head movements. These
results demonstrate that it is a shear transformation that is more readily perceived
than an expansion-compression transformation, rather than the axis of slant per se
which is responsible for the anisotropy. These results may again be explained in
terms of the orientation changes associated with the two transformations, which are
unaffected by the directions of the transformations. Finally, the anisotropy is also
evident for stereoscopically defined curved surfaces (Rogers and Graham, 1983; Ca-
genello and Rogers, 1988; Rogers and Cagenello, 1989). The analysis of orientation
changes may thus represent a general strategy in the encoding of shape from both

motion and stereo cues.

—_—

Other evidence has been forwarded to support the role of orientation disparities in
stereoscopic slant. von der Heydt, Hanny and Diirsteller (1981) examined binocular
pairs of one dimensional noise images. They found that, even when a different
noise sample was presented to éach eye, so that the stimulus appeared rivalrous,

an inclined surface was peiceived if there existed a difference in the orientation
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of lines between the two eyes. In these stimuli, the luminances of corresponding
points in left- and right-eye images are uncorrelated, and it is not possible to match
points between images to determine horizontal disparities. Orientation disparities
therefore provide the only cue to slant. Ninio (1985) investigated slant perceptionAin
line stereograms containing different amounts of orientation and positional disparity.
He found that a smooth surface was more likely to be observed in stimuli containing

orientation disparities, than in those without.

The role of orientation disparities in stereopsis is also supported by physiological
evidence. Blakemore et al. (1972) found binocular cells in cat primary visual cortex
that showed a difference in the orientation tuning of their left- and right-eye monocu-
lar receptive fields. Blakemoreet al. argued that this difference in orientation tuning
made the cells ideally suited as orientation disparity detectors, and suggested they
may play a role in stereopsis. Nelson, Kato and Bishop (1977) have also described
binocular cells in cat visual cortex which were tuned to different orientations in left
and right eyes, and which responded to binocular orientation disparities. Hanny, von
der Heydt and Poggio (1980) found cells similarly tuned to orientation disparities

in the prestriate cortex of monkeys.

Interocular differences in spatial frequency have also been proposed as a cue to slant
(Blakemore, 1970; Tyler and Sutter, 1979). Blakemore (1970) showed that slant
about a vertical axis is perceived if vertical gratings with a difference in spatial fre-
quency are presented to left and right eyes. This difference in frequency introduces a

horizontal gradient of disparity. Slant may result from positional disparities, or from

—_—

the frequency difference directly. Tyler and Sutter (1979) conducted experiments
in which vertical sinusoidal gratings, drifting in opposite directions, were presented
to left and right eyes. At slow drift rates, this stimulus appeared to move in depth
either towards or awéy from the observer, depending on the direction of drift. Above

a certain drift rate, however, motion in depth was no longer perceived. When this
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stimulus was presented with a difference in frequency between left- and right-eye
gratings, at a drift rate sufficient to déstroy the perception of motion in'depth,
slant was observed. In addition, it was reported that slant was evident in dichoptic
displays of uncorrelated vertical one-dimensional noise, differing between left- and
right- eyes in mean spatial frequency. It was proposed that this slant percept was

based on spatial frequency differences.

However, evidence exists that would appear to refute the notion that orientation
and spatial frequency disparities play a central role in the perception of strereo-
scopic slant. The first, and most significant evidence against the orientation dispar-
ity account of slant perception, is the finding of Cagenello and Rogers (1993) that
horizontal axis slant thresholds are smaller for random dot stimuli than for grids
of horizontal and vertical lines. As vertical lines provide the greatest orientation
disparities, stimuli containing vertical lines would be expected to provide the most
powerful cue to horizontal axis slant. Rogers and Bradshaw (1994) argued that
interocular spatial frequency differences may not provide a reliable cue to surface
slant, due to the frequency differences introduced by eccentricity, even for frontopar-
allel surfaces. Halpern, Wilson and Blake (1996) have also argued that stereopsis
from frequency differences is not robust. Their subjects failed to perceive slant in
two-dimensional bandpassed random noise stimuli if the noise had an orientation
bandwidth greater than +14°; neither did they observe slant in oppositely drifted
uncorrelated one-dimensional random noise stimuli with an interocular spatial fre-
quency difference. Halpern et al. argued that slant may be perceived on the basis
of positional disparities, even for uncorrelated nois-e/patterns. Stereopsis in this
case would be supported by local correlations in images. They used a computer
simulation to show that this strategy may produce performance above chance in a
slant discrimination task. They argued that the unrobust nature of stereopsis from
frequency differences found in their empirical observations may be.explained if the

process relied on positional disparities measured on the basis of chance local corre-
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lations in globally uncorrelated stimuli. Similarly, although the stimuli of von der
Heydt et al. (1981) are based on one dimensional, uncorrelated monocular signals,

it is possible that sufficient local correlations may have existed to support stereopsis.

Horizonfal disparities may also play a role in the representation of surface slant. For
a vertical grating, with an interocular difference in orientation or spatial frequency,
analysis of positional disparities, and of orientation or frequency disparities, would
predict the perception of the same ‘sla‘nt.‘ However, an analysis of positional dispari-
ties would also predict that, for a sufficiently large difference in orientation or spatial
frequency, the surface would appear as a series of slanted patchés, separated by hor-
izontal or vertical depth discontinuities, introduced by aliasing. This discontinuous
percept has been reported for both orientation (Piggins, 1978) and frequency (Tyler
and Sutter, 1979; DeValois and DeValois, 1990; Halpern, Wilson and VBlake, 1996)
differences, and was described by Tyler and Sutter as being similar in appearance
to a Venetian blind. DeValois and DeValois reported bistability between the per-
ception of a Venetian blind, and a single surface, for gratings with an interocular
frequency difference. This bistability may be explained in terms of conflicting depth
cues generated by positional disparities and frequency disparities. Alternatively,
it may represent conflict between local and global solutions of the correspondence
problem. In either case, the existence of the Venetian blind percept demonstrates

that position disparities play a role in the perception of slanted surfaces.

Another important issue is the question of how surface slant is encoded from dispar-
ity cues. Equation (10) demonstrates that disparity gradients may be introduced
by rotation and dilation, as well as by horizontal shear and expansion-compression.
In addition, orientation disparity is introduced by rotation, and frequency disparity
by dilation. Both transformations may equally be represented as combinations of
horizontal and vertical positional disparities. A mechanism representing slant on

the basis of locally measured positional, orientation or frequenc; disparities would
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be expected to perceive slant given a rotation or dilation between left and right
images. Howard and Kaneko (1994; Kaneko and Howafd, 1994) found that rota-
tion and dilation of images between the two eyes generated relati&ely little a.ppdrent
slant. Howard and Kaneko (1994) suggested that slant about a horizontal axis is
derived from the difference between horizontal shear and vertical shear. Similarly, it
was suggested that slant about a vertical axis is derived from the difference between
horizontal and vertical expansion-compression (Kaneko and Howard, 1994). This
strategy would predict that slant would be perceived from vertical shear, or from
deformation, which is equivalent to equal but opposite horizontal and vertical shear,
but not from rotation, which is equivalent to equal magnitudes of horizontal and
vertical shear. Similarly, it is predicted that slant would be perceived from vertical
expansion-compression (as is apparent in Ogle’s induced effect (Ogle, 1938)), but
not dilation. Howard and Kaneko’s results contradict those of Gillam and Rogers
(1991), wlo found that slant was perceived from rotation, but not from vertical
shear. Howard and Kaneko (1994) argued that this was due to the zero dispar-
ity surround used in the latter study. They found that, for stimuli with a black
surround, slant was perceived for cyclorotated stimuli subtending 10 degrees of vi-
sual angle, but not for larger stimuli. For stimuli with a textured, zero disparity
surround, slant was perceived for all sizes of stimuli studied. They proposed that,
while horizontal shear and expansion compression are measured locally, the equiva-
lent vertical transformations may be measured more globally. This strategy would

help to discount torsional misalignment of the eyes.

From a theoretical analysis, Koenderink and van DO?E}_ (1976) proposed that slant
may be encoded on the basis of binocular deformation. Equation (10) above demon-
strates that deformation is related directly to surface slant. Further, Koenderink
and van Doorn suggested that deformation may be encoded via an analysis of an-
gular disparities, defined as the interocular difference in the angle formed between

corresponding pairs of image contours. This encoding of slant would be unatfected
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by global dilation or rotation of the image between left and right eyes.

Computational models have shown that estimates of surface slant may be obtained
from algorithms based on orientation disparities. Wildes (1991) showed that angular
disparities, measured from pairs of image contours, may be used to measure slant
on the basis of deformation. Jones and Malik (1992) presented an algorithm which
estimates slant on the basis of both orientation and spatial frequency differences.
These models demonstrate that the theories proposed to account for psychophysical

results are able to provide reliable estimates of slant.

4 Nonlinearity in stereopsis

It has been suggested that, in addition to disparities defined by local changes in
luminance, stereopsis may also make use of disparities in contrast envelopes. Gabor
stimuli have been used to study the role of contrast envelopes in stereopsis (Liu et al.,
1992; Sato and Nishida, 1993; 1994; Hess and Wilcox, 1994; Wilcox and Hess, 1993,
1994, 1995, 1996). A Gabor stimulus consists of the product of a sinusoidal grating,
and a Gaussian contrast envelope, such that the contrast of the sinusoidal carrier
within any region is determined by the magnitude of the Gaussian envelope within
that region. For a given carrier frequency, the size of the Gaussian envelope will de-
termine the bandwidth of the stimulus; increasing the size of the envelope decreases
the bandwidth of the Gabor. Hess and Wilcox (1994) found that stereoacuity for
Gabor stimuli depends primarily on the size of the Gaussian envelope when the stim-
ulus has a bandwidth smaller than 0.5 octaves. For larger bandwidths, stereoacuity
is determined by the spatial frequency of the sinusoidal carrier. Moreover, Wilcox
and Hess (1995) showed that the upper depth limits of stereopsis are determined
primarily by the size of the Gaussian envelope for Gabor stimuli, relatively indepen-

dently of the carrier frequency. Wilcox and Hess (1996) also investigated contrast
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envelope disparities in stimuli in which one-dimensional noise was modulated by a
vertical Gabor signal. They found that, although stereoacuity was poor, depth was
perceived when the noise was uncorrelated between left and right eyes. Further, they
found that stimuli in which the left- and right-eye one dimensional noise sigrii'als were
orthogonal did not support stereoscopic depth. Liu et al. (17992) presented subjects
with Gabor stimuli in which envelope and carrier disparities were manipulated in-
dependently. They found that stereoacuity was better when the envelope and the
carrier had identical disparities than when only the carrier had a nonzero dispar-
ity. In contrast to Wilcox and Hess (1996), they also reported that when presented
with binocular Gabor stimuli in which left- and right-eye sinusoidal carriers were
orthogonal, subjects perceived depth correctly from the envelope while the carriers
appeared rivalrous. Sato and Nishida (1993) presented subjects with second order
random dot stereograms, much like those used in some studies of non-Fourier mo-
tion. They found that upper limits of disparity were lower with second order stimuli

than with conventional random-dot stereograms.

Hess and Wilcox (1994) suggested that these results demonstrate that stereopsis
has access to independent linear and nonlinear channels. They proposed that lu-
minance disparities are processed by a disparity mechanism based on linear filters;
cortical simple cells have been modelled as such a linear filtering stage (e.g. Hubel
and Wiesel, 1962; Campbell, Cooper and Enroth-Cugell, 1969; Movshon, Thompson
and Tolhurst, 1978; Ohzawa and Freeman, 1986). A nonlinear operation is however
necessary to make contrast envelopes explicit and available to disparity processing.
Wilcox and Hess (1996) proposed that complex cells may provide such a nonlinearity
(Spitzer and Hochstein, 1985). On the basis of their finding that envelope dispari-
ties supported stereopsis when left- and right-eye carrier signals were uncorrelated,
Wilcox and Hess (1996) argued that the nonlinearity making the contrast envelope

explicit occurs prior-to binocular combination.
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This two channel model of stereopsis is analogous to those used to explain non-
Fourier motion (e.g. Chubb and Sperling, 1988; Victor and Conte, 1992; Wilson,
Ferrera and Yo, 1992; Zhou and Baker, 1993; Fleet and Langley, 1994a). Derrington
and Badcock (1986) demonstrated that, in a plaid formed from the product of a high
frequency (carrier) and low' frequency (modulation) sinusoidal grating, transparent
motion may be seen if the carrier and modulation move with different velocities. This
stimulus contains no Fourier component with the velocity of the modula.tion, yet
motion is nevertheless seen with this velocity. Chubb and Sperling (1988) described
this as “non-Fourier” motion, and defined a class of stimuli, which they labelled drift
balanced stimuli, for which this idea was extended. They proposed that motion in
these stimuli could not readily be understood in terms of their Fourier spectra.
Fleet and Langley (1994a) demonstrated that idealisations of many of these stimuli
have a relatively simple characterisation in the Fourier frequency domain. Howev.er,
a simple mechanism relying on velocity estimates from image Fourier components
would fail to detect motion in these stimuli. Chubb and Sperling suggested that
motion may be perceived following full-wave rectification of the image (after a stage
of spatially broadband filtering), which would have the effect of introducing Fourier
components with the required velocity. This nonlinearity forms the initial stage
of an independent, non-Fourier channel in motion processing, which may account
for the perception of motion which does not correspond directly to image Fourier
components. Other two channel models have been proposed, in which nonlinearities
occur relatively late in processing, after a stage of orientation- and spatial frequency-
specific filtering (Wilson et al., 1992; Zhou and Baker, 1993; Fleet and Langley,

—_—

1994a).

It is argued here that it is not necessary to propose independent linear and nonlinear
channels to understand the above results. Rather, they may be explained in terms
of a single disparity processing mechanism. Fleet, Wagner and Heeger (1996) pro-

posed a model of stereopsis in which disparities are processed by a binocular energy
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mechanism. The receptive fields of cortical simple cells may be modelled using two
dimensional Gabor functions (Jones and Palmer, 1987), with adjacent cells demon-
strating phase relationships of 90° or 180° (Foster, Gaska, Marcelja and Pollen, 1983;
Liu, Gaska, Jacobson and Pollen, 1992; Palmer and Davis, 1981, Pollen and Ronner,
1981). Gabor functions with a quadrature -(90.°) phase relationship may be used to
compute an energy response (Adelson and Bergen, 1985; Emerson, Bergen and Adel-
son, 1992; Heeger, 1992). Fleet et al. proposed tﬂat complex cells may function as
binocular energy neurons, nonlinearly combining responses from quadrature pairs of
linear neurons (simple cells) in both left- and right-eyes. Binocular energy neurons
in the model are given disparity tuning by altering the left- and right-eye receptive
fields of simple cells. The binocular receptive fields are related by position shifts
and phase shifts. A position shifted neuron has receptive fields with an identical
shape in the left- and right-eye, but which are shifted in position between eyes. For
a phase shifted neuron, receptive fields in the left and right eyes occupy the same
position, but have a difference in shape, taking the form of a shift of the phase of the
sinusoidal component of the Gabor. Additionally, hybrid neurons were proposed,
combining a position shift with a phase shift. To provide robust and reliable esti-
mates, the model computes disparity by pooling responses of binocular energy units

over position, orientation and scale.

In this model, simple and complex cells do not constitute indepenident linear and
nonlinear channels, but stages in a single channel. The nonlinearities in the model
will however mean that its responses will be sensitive to image envelope disparities.
This will be true especially when the carrier and envékpe have different disparities.
Here, a perfect match between left and right signals cannot be achieved with any
disparity; matching under these circumstances would be expected to be unrobust,
and noise sensitive. This may explain why disparity thresholds, and upper disparity

limits, are dependent on envelope size for Gabor stimuli in which envelope and carrier

have equal disparities (Hess and Wilcox, 1994; Wilcox and Hess; 1995). It will also
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explain why disparity is more easily detected when carrier and envelope have the
same disparity, and left and right images are perfectly correlated. In addition, by
virtue of its integration across scale and position, this computational strategy is able
to detect disparities larger than one half cycle of the spatial frequency components

of the stimulus.

It may also be possible to account for stereospsis from contrast modulated uncorre-
lated noise patterns using a single'chanhel model. Wilcox and Hess (1996) demon-
strated that, for a spatial average taken over the éntire of extent of the stimulus,
their stimuli were uncorrelated. This does not however exclude the possibility that
local correlations may have existed. Any such local correlations may have been suffi-
cient to support stereopsis. Using a similar argument, Halpern et al. (1996) showed
that the stimuli of Tyler and Sutter (1979) provided sufficient local correlations that
a positional disparity based mechanism could support a slant discrimination task
above chance. While a mechanism which is dependent on chance local correlations
would not be expected to be robust, it should be borne in mind that stereoacuity

" for the uncorrelated stimuli used by Wilcox and Hess was poor.

As an alternative, it may be possible to explain the detection of contrast envelopes
in stereopsis if a single, linear processing channel is preceded by an early nonlinear-
ity. Non-linearities are known to occur early in visual processing, in the responses
of X-cells in the cat LGN (Derrington, 1987). Chen, Makous, and Williams (1993)
suggested that nonlinearities may occur retinally. It is often assumed that these
nonlinearities may take the form of a logarithmic compression of the input signal
(Derrington, 1987). These nonlinearities would affect all subsequent visual pro-
cessing, and thus may not be identified with nonlinearities present in two channel
models, proposed to detect non-Fourier image properties. Sﬁch nonlinearities would
introduce Fourier components which are not present in the original image. These

additional components are known as distortion products. Both compressive and ex-
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pansive nonlinearities may introduce additional components with the orientation and
spatial frequency of image contrast variations. Burton (1973) suggested that the vi-
sual system may rely on these distortion products to detect contrast beats. As such,
early nonlinearities may play a functional role in the detectiqn of image contrast
variations. Burton (1973) found that prolonged exposure to the product of a high
frequency (carrier) and a lower frequency (modulation) sinusoidal grating increased
contrast detection thresholds for gratings close in orientation and spatial frequency
to the modulation. Since there is no Fourier component with this orientation and
frequency in the image, it was proposed that adaptation of the relevant channel
resulted from the presence of distortion products. Henning, Hertz and Broadbent
(1975) found reciprocal masking effects between contrast beats and luminance grat-
ings of equal orientation and frequency. Masking effects were greatest when gratings
were 90° out of phase with the distortion product that woud be expected to be intro-
duced by a compressive nonlinearity, suggesting that the masking is not caused by
such a compression. Smallman and Harris (1996) suggested that early visual nonlin-
earities may be expansive rather than compressive. In contrast, Scott-Samuel and
Georgeson (1995) provided evidence for an early compressive nonlinearity, introduc-
ing a distortion product whose magnitude is influenced by the temporal frequency

of the contrast envelope.

If spatial contrast variations, such as contrast beats in plaid stimuli, were detected on
the basis of distortion products introduced by an early nonlinearity, cortical simple
cells would be expected to respond to beats of the correct orientation and spatial
frequency, as well as to lumiﬁance gratings. Albrec_lﬁra,nd DeValois (1981) found
that simple cells did not respond to a contrast beat at the orientation and spatial
frequency at which the cell would be optimally stimulated by a luminance grating.
Derrington (1990) suggested that nonlinear responses of X-cells in cat LGN may
be nulled by summation of on- and off-centered neurons, thus preventing cortical

cells from responding to distortion products. Zhou and Baker (1993), however,
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found a sqbpopl.ilation of neurons in cat areas 17 and 18 which did respond to
both luminance gratings and contrast beats. These neurons showed orientation
and spatial frequency tuning for both typés of stimulus. However, the optimal
beat spatial frequency was always lower than the optimal luminance grating spatial
frequency. Additionally, responses to beats showed a marked dependence on the
spatial frequency of the carrier grating. These results are not consistent with a
simple early distortion product hypothesis. Rather, Zhou and Baker argued that
the cell responses recorded resulted from nonlinearities occurring after orientation-
and frequency-specific filtering, constituting a distinct pathway whose role may be

to analyse spatial and temporal contrast variations.

Derrington and Badcock (1985) provided further evidence that contrast beat detec-
tion does not rely on distortion products. In a plaid formed from the sum of two
sinusoidal gratings, with similar oriehtations and spatial frequencies, the contrast
of any distortion product will depend on the cohtrast of the two components. If
contrast beats were processed on the basis of this distortion product, then their de-
tectability should depend on the product of the contrasts of the component gratings.
Increasing the contrast of one component should reduce the contrast of the other
component required to detect the beat. Conversely, Derrington and Badcock found
that increasing the contrast of one of the components increased the contrast in the
other component required. These results would be predicted if beats are detected
on the basis of spatial variations in contrast; such variations would become harder

to detect at higher contrasts (Legge, 1981).

The above results suggest that early nonlinearities Jo not contribute significantly
to the perception of image contrast envelopes. However, distortion products do
produce significant masking and adaptation effects. It is possible further that they
may play a functional role in stereopsis. If this were the case, then the perception

of depth from contrast envelopes need not rely on a separate nonlinear processing
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channel.

5 Overview

The studies discussed in the previous sections demonstrate that stereopsis does not
represent the action of a single, uniform mechanism. Rather, the visual system
appears to be sensitive to properties of disparity fields that are directly related
to important properties of object and surface shape. These include discontinuities
in. and gradients of, horizontal dispa.rify, orientation disparities and, more contro-
versially, spatial frequency disparities, . In addition, it has been proposed that
stereopsis has access to independent linear and nonlinear channels. This suggestion

is made of the grounds that luminance? defined binocular disparities is not necessary

for the perception of stereoscopic depth.

The aim of this thesis is to explore how luminance and contrast envelope information
are used in stereopsis, and how different types of disparity are combined in the
representation of depth. Primarily, the thesis explores the relationship between
luminance and contrast disparities. In doing so, it addresses the question of whether
the two forms of disparity are processed by a single mechanism, or whether separate

linear and nonlinear stereoscopic processing channels exist.

Previous studies of contrast envelope stereopsis have used Gabor and contrast modu-

! Although outside the .scope of this thesis, it is also proposed that stereopsis may be divided into
global and local operations (Julesz, 1971; Tyler, 19‘71,1975,155%5’. Global stereopsis is associated
with stimuli such as random dot stereograms, in which the correspondence problem has to be
solved in the face of ambiguous possible binocular matches. Conversely, local processing operates

on features for which binocular matching is unambiguous.
2 Again outside the scope of the current discussion, it should be noted that isoluminant chromatic

stereograms can in some sitvations support depth perception (Tyler and Cavanagh, 1989).
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lated random dot stimuli to manipulate lumin;mce and contrast envelope disparities
independently. These stimuli have suffered from the problem that, when luminance
and contrast disparities are different, they provide different cues to depth. An im-
portant observation of Rogers and Graham (1983) was that, for slanted surfaces,
the magnitude of orientation disparities may vary independently of the magnitude
and direction of surface slant. For a given binocular transformation, the orienta-
tion disparity of an image contour will depend on its orientation. In this thesis,
this property is used to manipulate luminance and contrast envelope disparities
independently, without necessarily introducing any conflict between the two. This
methodology is applied to assess the roles of the two sources of disparity information
in stereopsis. Further, this manipulation allows for an examination of the roles of
positional, orientation and frequency disparities from the two sources of information

in the representation of surface slant.

In non-Fourier motion stimuli, a contrast modulation may be observed to move over
its carrier (Derrington and Badcock, 1986; Chubb and Sperling, 1988; Fleet and
Langley, 1994a). A question central to this thesis is how transparency may similarly
be observed in stereopsis. Multiple surfaces, appearing in transparency, may be
apparent in random dot stereograms (Akerstrom and Todd, 1988; Weinshall, 1990;
Parker, Johnston, Mansfield and Young, 1991; Langley, Fleet and Hibbard, 1995).
Here, the question of how transparency may be observed in stimuli containing both

luminance and contrast disparities is addressed. Finally, the nature of the processing

of contrast disparities is analysed.
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2. Grating and plaid slant
thresholds

1 Introduction

The experiments presented here address two questions concerning the encoding of
stereoscopic slant. The first relates to the types of image disparity that are utilised
in slant perception; the second, the types of monocular information which may
support this disparity processing. Specifically, the experiments address the roles of
orientation, positional and spatial frequency disparities in determining stereoscopic
slant thresholds, and the extent to which slant may be inferred from disparities in

image contrast envelopes.

Previous studies have demonstrated the importance of orientation disparities in
stereoscopic slant (e.g. von der Heydt, Hinny and Diirsteller 1981; Rogers and
Graham, 1983; Ninio 1985; Cagenello and Rogers, 1993). Rogers and Graham
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(1983) showed that the anisotropy related to the axis of slant may be predicted if
orientation disparities represent an important cue to slant. Cagenello and Rogers
(1993) demonstrated that this anisotropy is dependent on the ori;ntation of surface
contours, which determine the orientation disparity associated with a given binocular
transformation. Further,.von der Heydt et al. (1981) showed that slant is clearly
perceived from binocular images containing lines of random luminaﬁce with different
orientations in left and right eyes, even if the lines themselves are uncorrelated.
Finally, Ninio.(1985) demonstrated that orientation disparities are important in the

perception of smooth surfaces.

Orientation disparities cannot, however, explain the perception of slant in all situa-
tions. Slant may be perceived in stimuli consisting of grids of horizontal and vertical
lines, with a horizontal gradient of disparity. This stimulus contains no orientation
disparities. Slant perception must therefore make use of other disparity cues. Two
possible cues are positional disparity gradients (Ryan and Gillam, 1993) and diffre-
quencies (Blakemore, 1970; Tyler and Sutter, 1979; Halpern, Patterson and Blake,
‘ 1987; Tyler, 1990; Rogers and Bradshaw, 1994; Halpern, Wilson and Blake, 1996 ).
Diffrequencies are defined as interocular differences in spatial frequency. Typically,
diffrequencies have been studied with relation to vertical, one dimensional signals
(Blakemore, 1970; Tyler and Sutter, 1979; Halpern et al., 1987; Rogers and Brad-
shaw, 1994). Under these conditions, diffrequencies are associated with slant about
a vertical axis (Blakemore, 1970).

For stimuli at orientations other than vertical, diffrequencies may be introduced by
slant about other axes. Halpern et al. (1996) show:ed/that slant was perceived in
stimuli consisting of sinusoidal gratings oriented at 45°, with an interocular difference
in frequency. Here, slant was seen about an axis orthogonal to the orientation
of the grating. Additionally, for non-vertical stimuli, slant about a vertical axis

will introduce orientation disparities as well as diffrequencies. Figure 2.1 shows
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Shear Expansion Compression
Expansion Compression Shear
m
Q
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Orientation (degrees from horizontal) Orientation (degrees from horizontal)

(A) (B)

Figure 2.1: (A) Orientation and (B) spatial frequency disparities produced for an
irnag( contour hy a constant magnitude of shear or expansion-compression. Dis-
parities dr-nffui upon the orientation of the contour. The shear transformation
produces maximum orientation differences for vertical gratings, and maximum, fre-
qiK ucy differences for gratings oriented at £45°; the reverse is true for an expansion-

compression (see appendix A).

how orientation and frequency disparities vary as a function of orientation. For
slant about a horizontal axis, maximum orientation disparities occur for vertical
image contours, and maximum diffrequencies for contours at 45°. For slant about
a vertical axis, this pattern is reversed. Overall, maximum orientation disparities
occur for vertical contours subjected to a vertical disparity gradient, while maximum
frequency disparities occur for vertical contours subjected to a horizontal disparity

gradient.

In general, orientation disparities will be associated with slant about a horizontal

axis, while diffrequencies will be associated with slant about a vertical axis, and
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1. INTRODUCTION

hence horizontal. gradients of disparity. Given the unreliability of horizontal gradi-
ents of disparity as a cue to slant, Rogers and Bradshaw (1994) argued that diffre-
quencies may not be used to encode slant. Alternatively, both orientation disparities
and diffrequencies may play some role in the encoding of slant. The relatively poor
perception of slant about a vertical axis might then arise if sensitivity to orienta-
tion disparities is greater than sensitivity to diffrequencies. This poor sensitivity
to diffrequency may again be related to the unreliability of horizontal gradients of

disparity as a cue to slant.

If diffrequencies do not play a role in stereoscopic slant, then slant in stimuli in which
there are no orientation disparities must result from gradients of horizontal disparity.
These may be represented directly, or implicitly in the disparities associated with
individual points. The first question addressed by the experiments presented in
this chapter is the extent to which disparities in orientation, spatial frequency and

position contribute to the perception of slant.

The second question addressed relates to the potential role played by envelope dis-
parities in stereoscopic slant. Other studies have demonstrated the influence of
envelope disparities on the perception of stereoscopic depth. (Liu, Schor and Ra-
machandran, 1992; Sato and Nishida, 1993; 1994; Hess and Wilcox, 1994; Wilcox
and Hess, 1993, 1994, 1995, 1996). These experiments have often employed Ga-
bor stimuli (Liu et al., 1992; Hess and Wilcox, 1994; Wilcox and Hess, 1995), for
which envelope and carrier disparities may be manipulated either independently, or
simultaneously. When manipulated independently, envelope and carrier will pro-
vide conflicting disparity cues. If the carrier and env;pe in these stimuli provided
independent sources of information, processed by linear and nonlinear stereoscopic
channels, respectively, then it might be expected that under these conditions trans-
parency would be observed. In motion, transparency may be observed with related

stimuli (e.g. Derrington and Badcock, 1985). When carrier and envelope carry the
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same disparity information, however, it is not clear that the effects of envelope dis-
parity on stereoacuity, and on fusional range, necessarily demonstrate the existence
of an independent nonlinear channel. Rather, depth may be encoded by a single
disparity processing chanﬁel, the effectiveness of which is influenced By cha,nges in
both the carrier and envelope of an image. It is intended in this chapter to address
the extent to which contrast envelope disparities contribute directly to the percep-
tion of slant. Stimuli were chosen so that carrier and envelope disparities could be
manipulated independently, while still representing a single surface. This is possible
for a slanted surface, since stereoscopic slant thresholds depend on the orientation
of stimuli (Cagenello and Rogers, 1993). For stimuli in which carrier and contrast
envelope have different orientations, a consideration of the carrier, or of the contrast
envelope, will predict different stereoscopic slant thresholds. The stimuli used in
these experiments were plaids, formed from the sum of two sinusoidal gratings. The
two component gratings had equal magnitudes of spatial frequency and contrast,
and were symmetrically oriented about horizontal. This stimulus may be described
equivalently as the sum of two components, or as the product of a carrier and a
contrast modulation. For relatively small angular separations, this stimulus will
be consistently perceived as a horizontal carrier modulated by vertical beats; an

example of the stimulus is shown in figure 2.2.

The spatial frequencies of the carrier and beats are given by the mean and half the

difference of the component spatial frequencies:

I(z,y) = sin(fycosf+ fzrsin) + sin(fycosd — frsinf)

-—

= sin(fycos)sin(fzsinf) (1)

where f and %6 refer to the spatial frequency and orientation of the component

gratings, respectively.

The binocular transformations of horizontal shear and expansion compression, which
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'«mIf:

(A) (B) ©)

Figure 2.2: (A) and (B) Examples of the sinusoidal gratings used. (C) An example
of a plaid used. This plaid was produced by adding the two gratings in (A) and (B).

It appears as a horizontal carrier with a vertical contrast modulation.

are related to surface slant, will introduce disparities to the carrier and contrast en-
velope, and to the individual component gratings. Orientation and spatial frequency
disparities will be greater for the vertical contrast modulation than for the compo-
nents. which are close to horizontal in orientation. If contrast envelope disparities
are perceived directly, then it might be expected that slant in these stimuli would
be perceived when component disparities were below threshold. Alternatively, slant
thresholds may be determined by component disparities. In this case, slant thresh-

olds would be expected to depend on the orientation of image components.

This chapter presents three experiments. The first examined the effects of con-
trast and spatial frequency on stereoscopic slant thresholds. The results of the first
experiment acted as controls in the later experiments. The second experiment exam-
ined slant thresholds for surfaces defined by binocular pairs of individual sinusoidal
gratings, as the absolute (cyclopean) orientation of the gratings was varied. This

experiment was used to assess the relative importance of position, orientation and
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2. METHODS

spatial frequency disparity cues in stereoscopic slant. Finally, slant thresholds were
measured for plaid patterns. For these stimuli, the contrast beat provides a source of
disparity information in addition to that provided by the image Fourier components.
By comparing results for the latter two experiments, it was possible to evaluate the
extent to which plaid slant thresholds depend on disparities p'resent iﬁ the individual
plaid components and hence the contribution, if any, of any nonlinear channel to

stereoscopic slant thresholds.

2 Methods

2.1 Stimulus generation and display

Stimuli were generated and stored in the RAM of a SUN SPARC 20 Workstation,
with 32 Mbytes of RAM. Images were displayed on a single, colour monitor, with
a refresh rate of 76 Hz, using an 8 bit display driver. In many of the experiments
presented in this and the following chapters, it was important to ensure that nonlin-
earities in the display did not lead to artefacts in the experimental results. Linearity
was ensured by taking luminance measurements from the monitor, and, by using
gamma-correction, forming a suitable lookup table. The resulting display used 233
grey scales, and nonlinearities were estimated to be less than 0.1%. The mean lumi-
nance of the display was 37.8cdm~2. Image pixels were on a square lattice, and had
a width of 0.25mm.Stereoscopic images were presented using a modified Wheatstone
stereoscope (figure 2.3), with parallel viewing geometry. The viewing distance was
44cm. At this distance, image pixels subtended a width of 2.0 minutes of visual
angle. One possible source of error in this experimental setup may have arisen from
differences in pixel geometry between the two halves of the.screen. By comparing

the sizes of the two monocular images, it was estimated that these differences would
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introduce disparities of less than the size of one pixel. However, this could still result

in a discriminable disparity, a possibility that should borne in mind.

Stimuli were windowed in software using a circular aperture with a diameter of 4.7
degrees. of visual angle, the edges of which were softened with a Gaussian window
with a standard deviation of 0.94 degrees. Sub-pixel accuracy was achieved in the
stimuli using a standard bilinear interpolation procedure (Georgeson, Freeman and
Scott-Samuel, 1996). This procedﬁre'alléwed for a minimum disparity of 0.5 second
of arc. For plaid stimuli, individual components were transformed prior to sum-
mation. In subsequent chapters, other stimuli were used which involved both the
summation and mulitplication of signals. In all cases, individual signals were trans-
formed prior to combination. All experiments were carried out in a dark room, with

the experimental monitor providing the only source of illumination.

2.2 Subjects

Three subjects were used. One was naive to the purpose of the experiment. All
subjects had normal or corrected to normal vision. Unless specified otherwise, these

subjects were also used in the experiments presented in the following chapters.

2.3 Procedure

Slant perception has been demonstrated to be affected by cyclovergence (e.g. Rogers,
1992; Swash, Rogers, Bradshaw and Cagenello, 1995). It was important therefore to
ensure that the effects of such eye movements were minimised. Initially, an identical
Gaussian noise pattern was presented to each eye for 1 s. This presentation time
was found to be sufficient for subjects to obtain fusion of the stimulus. As well

as minimising the effects of eye movements, the noise stimulus, which appeared as
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Stereo Half-
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Figure 2.3: Diagram of the experimental apparatus used.
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a frontoparallel éurface, also served as a reference plane for judgements about the
slant of the test surfaces, and helped to prevent the buildup of aftereffects. After
presentation of the noise stimulus, the screen was blanked for 500ms, after which
time the test stimulus was presented, and remained visible until the subject made
a response. Subjects were permitted to examine the stimuli, sin.ce presentation
time is critical to perception of stereoscopic slant (Gillam, Chambers and Russo,
1988). Subjects were however requested to respond as quickly as they could, to
minimise cyclovergence during the time course of the trial. Typically, responses were
made within 2 seconds. Cyclovergent eye movements are not elicited by horizontal
shear or expansion-compression transformations (Rogers, 1-992; Howard and Kaneko,
1994). Howard and Kaneko found that, for cyclorotated stimuli subtending a visual
angle of 30 degrees, cyclovergent responses to null the cyclorotation took around
10 seconds. They found that slant was not perceived in these stimuli. Slant was
however perceived for smaller stimuli, subtending 10 degrees of visual angle, with
no constraints on viewing time. The stimuli used in the current study subtended
a diameter of less than 10 degrees. Thus, while cyclovergence was not checked for
explicilty, for example using the nonius method (Howard and Rogers, 1995), it was
concluded that cyclovergent eye movements were unlikely to significantly affect the

results.

Test stimuli were single sinusoidal gratings or plaids. Subjects were asked to classify
each stimulus as either a “ground plane”, with the bottom appearing closer in depth,
or a “sky plane” (top closer), for the shear and rotation transformations, or as a “left
wall” (left closer) or “right wall” (right closer) for the expansion-compression stimuli.
The magnitude of slant was varied between trials using the APE adaptive probit
analysis algorithm (Watt and Andrews, 1981). Slant discrimination thresholds were
defined as the standard deviation of the psychometric function, as measured by the
APE algorithm. Each psychometric function is based on 64 individual trials; data

points are defined as the mean of 3 independently measured functions.
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3 Experiments

3.1 Contrast and spatial frequency effects on stereoscopic

slant thresholds

The first experiment was undertaken to t;est for effects of spatial frequency and con-
trast on stereoscopic slant thresholds. Both i)arameters are known to be important
factors in depth discrimination tasks (Schor and Wood, 1983; Halpern and Blake,
1988; Legge and Gu, 1987; Hess and Wilcox, 1994; Kontsevich and Tyler, 1994),

but have not been studied with direct relationship to stereoscopic slant.

This experiment was intended as a control for later experiments. As such, the effects
of contrast and spatial frequency were not examined for all conditions to be used.
Rather, a subset of the stimuli was chosen to ascertain whether slant thresholds
appeared to be affected by contrast and spatial frequency, and whether these ef-
fects might account for the results of the subsequent experiments. Slant thresholds
were measured for vertical sinusoidal gratings, and for plaids whose components
were oriented at £25°, as the frequency of the gratings, or plaid components, was
varied. The spatial frequency of the components was varied to produce contrast
modulations (beats) with spatial frequencies between 0.5 cycles/degree and 2.0 cy-
cles/degree. Thresholds were measured for vertical grating stimuli with the same
spatial frequency as the plaid beats. Thresholds were measured for both shear and
expansion-compression transformations. Slant thresholds were also measured over a
wide range of suprathreshold contrasts, for both grafi?g and plaid stimuli. A shear
transformation was used, and gratings and plaid components had a spatial frequency

of 3.2 cycles/degree.
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3.1.1 Results

The results of manipulating spatial frequency, for all subjects and conditions, are
shown in figure 2.4. Results are presented in terms of disparity gradients, which de-
scribe the s'patial change in disparity in the stimuli. These gradients are measured
in the units of degrees/degree'. Although there was some variability between sub-
jects and conditions, no consistent effects were evident for the conditions measured.
For subject KL,. thresholds were lower for plaids than for gratings; this was not
evident for the other two subjects. The second and third experiments in this chap-
ter explored thresholds for gratings and plaids, respectively. This between subject

difference will be discussed in relation to the results of these experiments.

Results from the manipulation of grating and plaid contrast? are shown in figure 2.5.
The data are plotted on log-log axes. A linear regression on the data gave a mean
slope of -0.47 for gratings, and -0.78 for plaids (see figure legend for details). Thus,
both stimuli exhibited a similar relationship between contrast and slant thresholds,

but the slope for plaids was considerably higher.

3.1.2 Discussion

For both grating and plaid stimuli, thresholds were found to be independent of spa-
tial frequency. Although Schor and Wood (1983) and Kontsevich and Tyler (1994)

both found disparity discriminability to be linearly related to spatial frequency for

IThe geometrically predicted slant of a surface, about a vertical axis, for a horizontal disparity

gradient, is given by tan™! (Z‘I_}:)Td) Here, g gives the disparity gradient, d the viewing distance,

and 7 the interocular distance. Similarly, a vertical gradient of disparity predicts a surface with a
. . -1 d
horizontal gradient, and a slant of tan™! ( g%).

Lypgr=Lonmijn

2Results are plotted in terms of the Michelson contrast of the stimuli, defined as yATy

where Lyqz and Lyin are the maximom and minimum luminances of the stimuli, respectively.
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Figure 2.4: Plaid and grating slant (top three graphs) and inclination (bottom three
graphs) thresholds plotted against spatial frequency.  Only slant thresholds were
measured for the plaid stimuli. Error bars in this and all other graphs represent 1
standard error of the mean (note that, for the sample sizes used here, this is equal to
0.577 times the standard deviation).
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Figure 2,5: Horizontal axis slant thresholds plotted against contrast. (A) Gratings
(B) Plaids. The thick lines represent the slope predicted by the expected square-root

relationship.

frequencies below 2.5 cycles/degree, Hess and Wilcox (1994) and Wilcox and Hess
(1995) showed these effects to hold only for relatively broadband stimuli. For nar-
rowband stimuli, stereoacuity did not depend on spatial frequency. Since the stimuli
used here were narrowband, the lack of dependence of slant discrimination thresh-
olds on spatial frequency is in agreement with similar studies that examined depth

discrimination.

Legge and Gu (1987), Hess and Wilcox (1994) and Kontsevich and Tyler (1994)
found the discriminability of disparity to be inversely”related to the square root of
contrast. When the results are plotted on log-log axes, this relationship predicts a
line with a slope of -0.5. This result was found here for slanted gratings, but not for
plaids. However, if slant thresholds depend on the perceived contrast of the plaids,

then this difference may be accounted for. Georgeson and Shackleton (1994) found
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Figure 2.6: The three stereoscopic transformations used. (A) Shear (B) Expansion-
compression (C) Rotation. Each transformatwn is rxpirssed in the FEourier fre-

quency domain.
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the perceived contrast of plaids to be less than the perceived contrast of a single
grating stimulus with an identical Michelson contrast. As the effects of contrast
on stereoacuity are greatest at low contrast levels. a reduction in perceived plaid
contrast would lead to results showing a greater slope than that predicted from its
Michelson contrast. The data were recalibrated for the plaid stimuli, based upon
the data of Georgeson and Shackleton, to plot slant thresholds against the predicted
perceived contrast of the stimuli. This led to a revised slope of -0.61, which is closer
.

to the expected value of -0.5. This suggests that slant thresholds of plaids were

affected by their perecived contrast.

3.2 Slant thresholds for sinusoidal gratings

In the second experiment, slant thresholds were measured for surfaces defined by
sinusoidal gratings. The orientation of the gratings was manipulated between blocks
of trials. The experimental procedure was identical to that used in the first experi-

ment. Grating orientation, relative to horizontal, ranged between 10° and 90°. Sub-
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jects ran three blocks of trials, using the three binocular transformations of shear,
expansion-compression, and rotation, as shown in figure 2.6. Grating contrast was

fixed at 99.8%, and the cyclopean spatial frequency was 3.2 cycies/ degree.

3.2.1 Results

Results are presented in figure 2.7. It was not possible to measure thresholds for
grating orientations below 10° for subjects PH and KL, or below 15° for subject J B |
For orientations below these limits subjects were unable to perceive slant reliably
for all ranges of slant tested. For gratings oriented further from horizontal, slant
was reported reliably for all three binocular transformations. Similarly, Howard and
IKaneko (1994) found slant to be perceived from cyclorotated stimuli, subtending
10 degrees, both with and without a zero disparity reference. Thresholds showed
a marked dependence on orientation. For the shear and rotation transformations,
slant thresholds increased for orientations close to horizontal. Results were similar
for these two conditions, although thresholds were in general slightly lower for shear
than for rotation. The similarity between these results may reflect the relative
unimportane of the interocular spatial frequency differences that were introduced

by the shear transformation, but not by the rotation.

For the expansion-compression, thresholds were smallest for oblique gratings, and

rose asymmetrically for larger and smaller angles.

The binocular transformat_ioné used introduced either gradients of disparity or, for
the rotation, a disparity field which may be approxi_n?z;.ted as a disparity gradient.
These disparity gradients introduced both orientation and spatial frequency dispari-
ties. Curves were fitted to the data under the assumption that slant thresholds were

determined by the magnitude of the gradient of disparity. Morgan and Castet (1995)

demonstrated that, for one dimensional stimuli, stereoacuity is determined not by
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Figure 2.7 Slant thresholdsfor grating stimuli plotted as afunction of orientation.
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Lines represent the best fitting curve, which was produced by a model involving
orientation disparities and (for shear and expansion-compression) spatial frequency

disparities
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3.2.2 Discussion

For the shear condition, fitted curves were extrapolated for orientations close to
horizontal. It was found that, for orientations where thresholds were not 6btainable,
predicted threshold disparity gradients were 1.1(KL), 1.8(PH) and 2.1(JB). Burt and
Julesz (1980) proposed a disparity gradient of around 1 as an upper limit on the .
perception of slant. Subjects would not therefor- be expected to perform the task

required reliably under these circumstances.

The curve fits shown in figure (2.7) demonstrate that slant thresholds may be pre-
dicted by assuming that both orientation disparities and spatial frequency dispari-
ties are used as cues to slant. This model could account for slant perception for all

stimuli. including those for which no orientation disparities existed.

By representing orientation and frequency differences in the Fourier frequency do-
main. their magnitudes may be directly compared (figure 2.8). For a horizontally
periodic stimulus, for example, a spatial frequency change will alter its horizontal
frequency. whereas  an orientation change will alter its vertical frequency. This
representation assumes that sensitivity to differences in spatial frequency is deter-
mined by the proportional difference in frequency, such that a greater difference is
required as frequency is increased (Bowne, 1990). It also assumes that sensitivity
to orientation differences is relatively independent of spatial frequency; Burr and
Wijesundra (1991) found that orientation discrimination for high contrast gratings
is unaffected by spatial frequency for frequencies above 0.2 cycles/degree. On the
basis of the curve fits, the relative sensitivity to orientation disparities and diffre-
quencies was estimated. Sensitivity to orientation disparities was found to be 1.75
times that of diffrequencies for subject JB, 1.72 for subject KL, and 1.73 for sub-
ject PH. On the whole, subjects were more sensitive to binocular differences in

orientation than spatial frequency. A similar trend has been found in other ar-
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Figure 2.6: A différence in orientation may be directly compared to a difference in
.spatial frequency in the Fourier frequency domain. This figure represents a vertical
grating, with a spatial frequency of f . Its frequency may be altered by an amount
A f. Alternatively, altering its vertical frequency by an amount g will change the
grating's orientation. For the grating with frequency f, if Af and g represent the
smallest discernable changes in spatial frequency and orientation, respectively, then

the ratio of sensitivity to orientation and frequency is given by g : Af.
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eas of research. For two dimensional spatial discrimination tasks, just noticeable
differences in orientation of between 0.5° and 1.14° have been reported (Burbeck
and Regan, 1983; Bradley and Skottun, 1984; Heeley and Timney, 1988; Bowne,
1990; Heeley and Buchannon-Smith, 1994), while discrimination on the basis- of
spatial frequency requires a difference in frequency of between 2% and 5% (Thomas,
1983; Hirsch and Hylton, 1982; Bradley and Skottun, 1984; Mayer and Kim, 1986;
Burbeck and Regan, 1983; Bowne, 1990). Judgements of orientation differences are
thus approximately 2-3 times as sensitive as judgements of frequency differences.
Electrophysiological estimates of spatial frequency bandwidths of cortical simple
cells are generally around 6 times greater than corresponding estimates of orienta-
tion bandwidths (DeValois, Yund and Hepler, 1982; Blakemore and Nachmias 1971;
Movshon and Blakemore, 1973; DeValois, Albrecht and Thorell, 1982; Foster, Gaska
and Pollen, 1983; Movshon, Thompson and Tolhurst, 1978). This ratio has been
shown to be relatively constant regardless of the actual bandwidths of particular

cells (Movshon et al., 1978; DeValois et al, 1982).

It is proposed that the variation in slant thresholds as a result of grating orientation,
and of the transformation type, may be due to unequal sensitivity to binocular differ-
ences in orientation and spatial frequency. One possible explanation for this would
be that binocular cells involved in stereoscopic processing are able to encode orienta-
tion differences with greater accuracy than spatial frequency differences. This may
then account for the anisotropy in slant thresholds reported (Rogers and Graham,

1983; Cagenello and Rogers, 1993).

_—

There exists an aperture problem in stereopsis similar to that in motion, such that
the direction of slant of a single grating stimulus is ambiguous. This might be
expected to affect the results presented here. However, despite this inherent ambi-
guity, Halpern, Wilson and Blake (1996) found that a single grating would appear

to slant about an axis orthogonal to its orienation. This result was also found here,
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3. EXPERIMENTS

Figure 2.9: An example of a plaid stimulus, which has been sheared about a horizontal
axis between left and right eye views. Cross eyed fusion reveals the plaid to slant

about a horizontal axis.

so subjects were able to respond consistently to the two directions of slant.

All unlimited presentation time was used for all stimuli, which were visible until
subjects made a response. This was done since latencies to perceive slant can depend
critically on the axis of slant (Gillam et ah, 1988). However, as discussed earlier, it
is ])ossible that this methodology may have affected the results obtained. First, it is
possible that perceived slant was affected by cyclovergence, which could have occured
over the time for which each stimulus was presented. Second, latencies to report slant
depend on the orientation of surfaces, allowing the possibility that thresholds would
appear artificially high if subjects did not allow sufhcient time before responding.
However, it was decided that an unlimited response time provided the best solution
to the potential problems of cylovergence, and of anisotropic processing times for

slants about difference axes.

3.3 Slant thresholds for plaid stimuli

68



3. EXPERIMENTS

The final experiment measured slant thresholds for plaid stimuli. Component orien-
tation was manipulated to determine whether slant discrimination for plaids could
be predicted from the disparities present in individual component gratings. This
would predict that plaid slant discrimination thresholds would show a similar de-
pendence on orientation as do thresholds for gratings. Thé range of orientations
studied was limited to between +5° and £+40°. Small component angular separa-
tions lead to beats with low spatial frequencies, thus limiting the number of cycles
it is possible to present given the size of the stimulus window. For the plaid stimuli
used, at least two full cycles of the contrast modulation were always visible. For all
plaid stimuli, the carrier had a spatial frequency of 3.2 cycles/ dégree (the frequency
of the plaid’s components); the beat spatial frequencies ranged between 0.279 cy-
cles/degree (for plaids with components at £5°), and 2.1cycles/degree (for plaids
with components at £45°). The plaids were transformed in a manner consistent
with surfaces slanting about both horizontal and vertical axes. An example of the

stimuli is given in figure 2.9.

If plaid slant thresholds depend on disparities in their individual components, it
should be possible to model plaid thresholds on the basis of the data from the sec-
ond experiment. Curves were fitted to the data using the best fitting model from
the previous experiment, the model based upon orientation and spatial frequency
disparities. Plaid thresholds were not expected to have the same magnitude as grat-
ing thresholds, since two components rather than one were present. Therefore, in
modelling the results, thresholds were allowed to be different to the single grating
condition, while the relative sensitivity to orientation and spatial frequency dispar-
ities found in the models fit in experiment 2 was maintained. The model was fitted

to the data for both shear and expansion-compression conditions simultaneously.

3.3.1 Results
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Results for all three subjects are shown in figure 2.10; the results are again further
tabulated in a.ppendix A. In each case, slant thresholds were smaller than for a
single grating with the orientation of the plaid components. Thresholds_ did however
increase as the orientation of components approached horizontal. This Was most
pronounced for surfaces with a horizontal axis than for thosé with a vertical axis; in

the latter case, the effects of component orientation were small.

3.3.2 Discussion

The results show that plaid slant thresholds were affected by the orientation of their
component gratings. This suggests that plaid slant thresholds were determined by
component disparities. However, it should be noted that the effects of orientation
were appreciable only with components at £5°; at this orientation, thresholds could
not be measured for single gratings. Thus, while thresholds for grating and plaid
stimuli demonstrated similar trends, a direct comparison of the two results is not pos-
sible. Manipulating component orientation also affected other aspects of the stimuli.
From equation (1), it can be seen that as the orientation of the plaid components
approaches horizontal, the spatial frequency of the beats is reduced. Additionally,
decreasing the separation of the plaid components increases the perceived contrast
of the stimulus (Georgeson and Shackleton, 1994). Experiment 1 showed spatial
frequency to have no effect on slant thresholds. Increases in perceived contrast of
stimuli decreased slant thresholds, suggesting that slant thresholds may decrease
with decreasing compbnent separation. It may be concluded.that the results found

here were not a consequence of the change in beat frequency, or the perceived con-

trast of the plaids.

Thresholds were lower for plaids than for gratings. This would be expected given

that there are two components rather than one present. If disparities in the plaid
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beats were made available, slant thresholds rhay be expected to be unaffected by
component s>eparation. This would be expected because the beats would always be
vertical, and slant thresholds are determined primarily by the orientation of surface
contours (as is evident in the results of the second experiment, and the results
presented by Cagenello and Rogers (1993)). r.I‘he results presented here provide
little support for the notion that disparities in contrast beats contributed to the

perception of slant.

It is interesting to note that thresholds for the expansion-compression condition were
lower than those for the shear condition. This is a reversal of the usual anisotropy
in stereoscopic slant (Rogers and Graham, 1983). This reversal is predicted if one
again assumes that orientation disparities play a major role in determining slant
thresholds. Orientation disparities are greater for expansion-compression than for
shear for orientations between horizontal and 45°. It is also consistent with results
reported by Cagenello and Rogers (1993), who found the anisotropy to be lost if

images contained components oriented at +45°.

4 Conclusions

Slant thresholds for both grating and plaid stimuli can be accounted for by a model
in which an analysis of the binocular affine transformation makes use of both ori-
entation disparities and spatial frequency and/or positional disparities. The data
suggest that, however they may be encoded, sensitivity to spatial frequency dispar-

ities is considerably lower than sensitivity to orientation disparities.

Given the variabilty in the magnitude of thresholds reported between subejcts, it
would have been illuminating to have measured thresholds for a larger subject group.

However, while caution must be born in mind when drawing conclusions from a
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small number of subjects, it is interesting to note that, despite these differences in

magnitudes found, consitent trends were found in the data for all subjects.

These data do not support the notion that slant is detected from the contrast en-
velope in plaids. This is perhaps surprising given other resﬁlts that suggest a role
for a nonlinear channel in stereopsis (Hess and Wilcox, 1994; Sato and Nishida,
1993; Fleet and Langley, 1994b; Hibbard, Langley and Fleet, 1994; Lin and Wil-

son, 1995). The results are however consistent with results for analogous studies
in motion. Welch (1989) found plaid motion discriminability to be determined by
the velocities of the individual sinusoidal components rather than the plaid velocity.
These results together with those of the current study suggest that for plaid stimuli
in which component and envelope together signal a single coherent structure, mo-
tion and stereo processing may be based purely on an analysis of changes in the

component gratings.
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3. Perceived slant in grating and

plaid stimuli

1 Introduction

In the previous chapter, it was reported that stereoscopic slant thresholds for grat-
ing stimuli were dependent on the orientation of gratings, for both horizontal and
vertical axes of slant. Plaid slant thresholds were found to be similarly related to
the orientations of the plaid’s components. These results were interpreted in terms
of a model in which orientation disparities play a critical role in the perception of

slant at threshold. This model is consistent with existing literature on slant thresh-

olds (e.g. Rogers and Graham, 1983; Mitchison and McKee, 1990; Cagenello and
Rogers, 1993). This chapter explores the perception of slant in gratings and plaids

with suprathreshold slant.

Suprathreshold slant perception exhibits the same anisotropy with respect to the

axis of slant as do slant thresholds. Latencies to perceive slant are greater for
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slant about a vertical axis than for slant about a horizontal axis. (Wallach and
Bacon, 1976; Gillam Flagg and Finlay, 1984, Gillam, Chambers and Russo, 1988)
Additionally, less slant is typically perceived for vertical than for horizontal axes of
slant (Gillam, Flagg and Finlay, 1984;.Gillam, Chambers and Russo, 1988; Mitchison
and McKee, 1990). Again, this anisotropy is influenced by the orientation of surface
contours. Gillam et al. (1984) studied slant perception for surfaces slanting about
both horizontal and vertical axes, for a range of surface types. Surfaces were defined
by vertical and horizontal lines, and grids formed from diagonal or horizontal and
vertical lines. The poorest perception of slant was found for grids of horizontal and
vertical lines, slanting about a vertical axis; this stimulus contains no orientation
disparities. Gillam et al. (1988) also found anisotropic latencies for slanted random
dot stereograms. These results are consistent with slant thresholds measured for
similar stimuli by Cagenello and Rogers (1993), and support the notion that both
threshold and suprathreshold slant perception are based primarily on an analysis of

orientation disparities.

Mitchison and McKee (1990) and Gillam and Ryan (1992) both reported that the
anisotropy in slant perception persisted when the orientations of surface elements
were manipulated so as to equalise orientation disparities. In stimuli containing lines
oriented at £45°, slant about horizontal and vertical axes produce equal orientation
disparities. However, more slant was perceived in grids of diagonal lines slanting
about a horizontal axis than a vertical axis. These results suggest that factors other

than orientation disparity contribute to the perception of slant.

Gillam (1968) suggested that conflicting perspective cues may affect stereoscopic
slant judgements. It is typical in investigating stereoscopic slant to manipulate dis-
parity cues only, to ensure that perceived slant can only result from stereoscopic
information. This has the effect of introducing a conflict between stereoscopic and

15erspective depth cues. Consider for example a surface defined by horizontal and
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vertical lines, sla:nting about a vertical axis. Horizontal lines will tend to converge
as the surface draws away from the observer (linear perspective), while vertical lines
will become closer together (texture compression) (Gillam, 1968). If linear perspec-
tive and texture gradient are comsistent with a frontoparallel surface, perspective
cues may conflict with stereoscopic cues indicating a slanting surface. Ryan and
Gillam (1994) found that linear perspective in horizontal lines provided the strongest
perspective cue, and led to the greatest conflict with stereoscopic cues. Adding hor-
izontal lines to vertical lines presented with a horizontal gradient of disparity will
decrease the perceived slant of the figure about a vertical axis (Gillam, 1968). The
addition of horizontal lines introduces a conflicting linear perspective cue, without
contributing additional disparity information. Similar results have been reported at
threshold (McKee, 1983). Mitchison and McKee (1990) found that adding a square
border, with no disparity or perspective cues, to stereoscopically slanting stimuli
diminished the perceived slant. This had more effect when the surface was slant-
ing about a vertical than a horizontal axis. This is consistent with Gillam’s (1968)

notion that linear perspective in horizontal lines provides the strongest perspective

cue to slant.

Gillam and Ryan (1992) analysed the contributions of orientation disparities and
conflicting perspective cues to the perception of stereoscopic slant. They examined
slant perception in stimuli defined by horizontal, vertical and diagonal lines, and
in grids formed from combinations of these. While most of their results could be
explained in terms of interactions between orientation disparities and conflicting
perspective cues, they suggested that other factors must also inﬂueﬁce_perceived

slant.

The experiments presented here examined perceived slant in binocularly presented
grating and plaid stimuli. These were motivated by three considerations. First, to

establish the extent to which the results of the previous chapter apply to supra-
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threshold slant. Second, to further explore the effect of the orientation of image
contours on sl'ant perception. Third, to examine whether non-Fourier stereoscopic
channels may be evident for suprathreshold slant. Studies which have argued for a
role for envelope disparities have reported stereoacuity for envelope disparity to be
poorer than that for luminance defined disparity (Liu, Schor and Ramachandran,
1992; Hess and Wilcox, 1994, Lin and Wilson, 1995). Envelope disparities may have
been undetectable in the threshold stimuli presented in the previous chapter, and

may be expected to be evident for greater slants.

Typically, perceived slant in stereoscopic displays is measured by matching to the
slant of a real three-dimensional stimulus. This methodology allows a comparison to
be made between the geometrically predicted slant of the surface and its perceived
slant. The experiments presented here concerned the relative effectiveness of alter-
native sources of disparity information. As such, the absolute slant perceived was
not an issue. Rather, the experiments considered the perceived slant elicited by an
equal binocular transformation applied to different stimuli. The experiments pre-
sented employed a stereoscopically defined probe stimulus, against which the slant
of the test stimuli was compared. While this procedure did not allow the absolute
magnitude of perceived slant to be assessed, it had the advantage that the results
could be considered solely on the basis of the stereoscopically presented stimuli.
Some results of the studies reviewed earlier cannot be accounted for on the basis of
stereoscopic or perspective cues, and it may be that some aspect of the comparison
task was responsible. By using stereoscopically defined test and probe stimuli, this

—_—

problem was avoided.
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2 Methods

2.1 Subjects

The two experimenters acted as subjects in this experiment. The two subjects
had normal vision, and had acted as subjects in the experiments presented in the

previous chapter.

2.2 Procedure

The procedure used was identical for all experiments. Each trial consisted of two
intervals, in which a test and a probe stimulus were presented. The test stimulus
was either a single vertical sinusoidal grating, or a plaid formed from two component
gratings. Details are given in Sections 3 and 4 below. The probe stimulus was
a plaid composed from three component sinusoidal gratings. These components
had a spatial frequency of 2.5 cycles/degree. One of the probe plaid components
was vertical, the other two were symmetrically oriented 60° either side of vertical.
This stimulus is shown in figure 3.1. This probe stimulus was chosen so as to
avoid the aperture problem in stereoscopic slant, related to that in two-dimensional
motion (Wallach, 1935). The orientation of a planar surface has two degrees of
freedom, which may be described as the slant and tilt of the surface (Stevens, 1983).
Halpern, Wilson and Blake (1996) found that a single oblique sinusoidal grating may
appear to slant about an axis orthogonal to its orientation. As is the c;ggfor two
dimensional motion, the aperture problem may be avoided by considering stimuli
containing contours at different orientations. A probe stimulus containing gratings
at three different orientations was used so that both the slant and the tilt of the

stimulus could be uniquely determined, while maintaining a stim"lus that was as
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similar as possible to the test stimuli. For the single vertical grating stimuli. shear 4
and expansion produced the perception of inclination and slant, respectively, so a
direct comparison between probe and grating stimuli was in all cases possible. In
contrast to the experiments presented in chapter 2, all sLimuli were viewed through

a software-generated hard circular window, the edges of which were not softened

with a Gaussian contrast énve]ope_ The diameter of the window was 7.9 degrees.

The aim of the experiments was to determine the slant of the probe stimulus that
appeared equal to that of the test stimulus. Both intervals of each trial had a dura-
tion of 700ms. Both the first and second interval were preceded by the presentation
of a random noise stimulus. with zero disparity, for 1000ms. This stimulus served to
maintain fusion between trials, and thus to minimise eye-movements and torsional
misalignment, which may affect the perceived slant of stimuli (Rogers, 1992; Howard.
Ohmi and Sun, 1993: Swash, Rogers, Bradshaw and Cagenello, 1995). Again, while
a nonius fixation was not used, each stimulus was presented with a small, central
fixation point to aid fusion. The subjects’ task was to decide which interval con-
tained the stimulus with the greater slant. The interval containing the test stimulus
was varied randomly between trials, to remove the possibility that the results were
influenced by the order of presentation of test and probe stimuli. For each block of
trials, a single test stimulus was used. Each test stimulus had either a horizontal or
a vertical gradient of disparity. The magnitude of the disparity gradient was fixed
for a given block of trials; the sign of the disparity gradient was alternated between
successive trials. This was done to inhibit depth after-effects (Kohler and Emery.
1947: Bergman and Gibson, 1959; Wenderoth, 1970). For cach trial, the-];'obe stim-
ulus had a disparity gradient with the same direction and sign as the test stimulus.
Its magnitude was controlled as an independent variable using the APE algorithm
(Watt and Andrews, 1981), independently for each sign of disparity gradient. Each
block consisted of 128 trials. 64 for each sign of disparity. The APE algorithr.: was

used to fit a psychometric function to the data obtained, independently for each
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sign of disparity gradient. This function was used to determine the magnitude of
disparity gradient of the probe stimulus that was perceived to have greater slant
than the test stimulus on 50% of occasions. This 50% point was taken to represent

the slant at which the test and probe stimuli appeared equally slanted.

3 Experiments

3.1 Sinusoidal gratings

(A)

(B)

Figure 3.1; Stimuli used in the first experiment. (A) A grating stimulus. (B) The

probe stimulus. The stimuli have an equal vertical gradient of disparity.

The first experiment assessed the perceived slant of grating stimuli over a range
of suprathreshold slants. Each block of trials used a vertical sinusoidal grating,

with a spatial frequency of 2.5 cycles/degree. The test stimulus had a horizontal or
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30V

(A) (B) ©

Figure 3.2: Fourier transforms of the stimuli shown in figures 3.1 and 3.4- (A)
Grating. (B) Plaid. (C) Probe. Transforms represent the stimuli prior to binocular

transformation.

\ertical gradient of disparity, the magnitude of which was varied between blocks. The
procedure described above was used to assess the magnitude of disparity gradient in
the probe stimulus that appeared equally slanted. Figure 3.1 shows the grating and
prol)e stimuli; slant may be perceived in each stimulus. Figures 3.2A and 3.2C show
the Fourier transforms of the stimuli. This representation highlights the differences

in orientation of the components of each stimulus.

3.1.1 Results

Figure 3.3 shows 50% points for grating stimuli. The 50% point represents the
magnitude of disparity gradient in the probe stimulus appearing to have the same
slant as the test stimulus. If test and probe stimuli had equal perceived slant for
equal disparity gradients, the results would lie on a straight line through the origin,
with a slope of unity. This is the solid line in the graphs in figure 3.3. Generally,
the grating stimulus appeared equal in slant to a probe stimulus with a smaller

disparity gradient. A grating appeared to slant less than a three component probe

81



3. EXPERIMENTS
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R? Slope
PH (Shear) 0.98256 | 0.5368

PH (expansion) | 0.97761 | 0.5819

KL (Shear) 0.9892 | 0.7268

PH (expansion) | 0.9964 | 0.8778

Table 3.1: Results of linear regressions on the data shown in figure 3.3. R? values,
and the slopes of the regression fits are shown. In all cases, the slopes were sig-
nificantly below 1.0, (p < 0.05) showing that slant and inclination are consistently

underestimated.

stimulus with an equal magnitude of disparity gradient. The discrepancy between
the actual and perceived slant of test stimuli tended to increase with increasing
slant. Linear regressions on these data showed this underestimation to be signficant

for both surface types, for both subjects (table 3.1)

3.1.2 Discussion

Grating stimuli appeared less slanted than probe stimuli with equal disparity gra-
dients. This result may be related to the increased orientation disparity contained
in the probe stimuli. However, the maximum orientation disparity in each stimulus
(that of the vertical component of the probe stimulus) was equal for a given mag-
nitude of slant or inclination. Additionally, slant was percéived in a grating with
a horizontal disparity gradient. This stimulus has no orientation disparity, so the

perception of slant could not have been due to orientation disparity alone.

A stereoscopically defined probe stimulus was used to minimise the contribution of

factors other than disparity to trends apparent in the data. This procedure does
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(A)

(B)

Figure 3.4: Examples of the plaid stimuli used in the second experiment. In (A) ,
thf components air. oriented at £10°; in (B) , they are oriented at £30°. While both
stimuli have an equal vertical gradient of disparity, (A) should appear less slanted

than (B).

not remove the effects of perspective conflict. However, perspective conflict would
have been less for a single vertical grating than for the probe stimulus, which had
)oth oblique and vertical components. While perspective conflict may have affected
the perceived slant of the probe stimulus, this would not account for the fact that
it appeared more slanted than the grating stimulus. While perspective conflict will
undoubtedly have affected the perceived slant of both test and probe -stimuli, its

effects would not predict the results found here.

3.2 Plaids
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The second experiment investigated the perceived slant of two-component plaid
stimuli. It is related to the final experiments of chapter 2, which explored the
effect of plaid component orientation on slant thresholds. An important goal of
this experiment was to explore the possibility that a non-Fourier mechanism plays
a role in stereoscopic slant perception for suprathreshold siants. As reasoned in
the introduction, if a non-Fourier mechanism does play a role in stereopsis, it may
be more evident for suprathréshold than for threshold stimuli, due to the higher
disparity thresholds reported for contrast disparities than for luminance disparitieé
(Liu et al., 1992; Hess and Wilcox, 1994, Lin and Wilson, 1995). If this is the case,
perceived slant may not be expected to be related to the orientation of the plaid’s
components. Conversely, if slant is encoded on the basis of disparities in the plaid’s

components, perceived slant might be expected to depend on their orientation.

Test stimuli were plaids produced from the superposition of two component sinu-
soidal gratings. These components had a spatial frequency of 2.5 cycles/degree,
and were oriented symmetrically about horizontal. On independent blocks of trials,
the components had orientations of £5°, £10°, £15°, or £20°, for stimuli slanted
about a horizontal axis. For slant about a vertical axis, component orientations
were £10°, £15°, £20° or £30°. Figure 3.4 shows examples of the stimuli, with a
vertical disparity gradient, and components oriented at £10° and +30°; figure 3.2B
shows the Fourier transform of the stimulus. Stimuli were again presented with
both horizontal and vertical gradients of disparity. In all cases, this gradient had a
magnitude of 0.15. The probe stimulus and matching procedure were identical to

those used in the first experiment.

3.2.1 Results
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Figure 3.5: 50% matching points for plaids, as afunction of the orientation of plaid
components. (A) Vertical gradient. (B) Horizontal gradient. The solid horizontal
line in each figure represents the results expected if the plaids had appeared to slant
equally to a probe stimulus with the same disparity gradient. The dotted line in each
figure represenis the apparent slant of an equivalent grating stimulus (replotted from

figure 3.3).
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R? Intercept | Slope
PH (Shear) 0.7699 | 0.07159 | 0.00195
PH (expansion) | 0.6476 | 0.01785 | 0.00321
KL (Shear) 0.9905 | 0.08153 | 0.00282
KL (expansion) | 0.97512 | 0.09183 | 0.001224 |

Table 3.2: Results of linear regressions on the data shown in figure 3.5. R? values,
and the intercepts and slopes of the regression fits are shown. In all cases, the
intercept was significantly less than 0.15 (p < 0.05). The slope values, representing
the effect of component orientation, were signifcantly different to 0 for subject KL

(p < 0.05), but not for subject PH.

Figure 3.5 shows the 50% points of fitted psychometric functions, as a function of
orientation. Results are presented independently for horizontal and vertical axes
of slant. The thick line in figure 3.5 represents the slant of the test stimuli. If
test stimuli had appeared equally slanted as probe stimuli with an equal disparity
gradient, the results would lie on this line. Plaid stimuli appeared to slant less
than probe stimuli in all cases. Perceived slant decreased as the compénent gratings
tended towards horizontal. Again, linear regressions were performed on the data.
While the intercept was found to be significant (p < 0.05) in all cases, the effect of
component orientation was only found to be significant for subject KL (p < 0.05)

(table 3.2).

——

The dotted lines in figure 3.5 represent the perceived slant of single vertical gratings
with equal disparity gradients to the plaids. These are drawn on the basis of the

results of the first experiment.
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3.2.2 Discussion

In all cases, two-component plaid stimuli had less perceived slant than did the
three-component probe stimulus. As the orientation of the components approached
horizontal, perceived slant decreased. This may be observed in ﬁgure 3.4. The
stimuli in figures 3.4A and 3.4B have equal vertical disparity gradients. However,
3.4A, which has components oriented at £5°, appears to slant less than 3.4B, which

has components oriented at +20°.

If perceived slant depended on disparities in the plaid components alone, it would
be expected to decrease as component orientation tended to horizontal. This effect
was apparent in the data, and may be observed in figure 3.4. The results may also
be related to the notion that a non-Fourier mechanism encodes slant on the basis
of disparities in the vertically oriented contrast envelope. This possibility may be
assumed equivalent to the addition of a vertically oriented component to the image.
This analysis does not assume that luminance and contrast disparities are processed
by a single mechanism. Altering the orientation of the components affected the
spatial frequency of the contrast envelope, but not its orientation. Perceived slant
is determined mainly by the orientation of image contours (Mitchison and McKee,
1990; Gillam and Ryan, 1992). The effects found here could have resulted from the

change in component orientation directly.

It is possible that the effects of component orientation were due to orientation dis-
parities, or to perspective conflict. The latter would predict that, fbr*}_lgrizontal
gradients of disparity, plaids with components oriented closer to horizontal would
appear less slanted. For vertical gradients of disparity, however, smaller effects in the
opposite direction would be expected. The orientation disparity content of images
would predict a decrease in perceived slant for components oriented closer to hori-

zontal for both axes of slant. Again, while perspective conflict may affect perceived
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slant, it cannot explain the results found in all conditions reported here. Decreasing
the angular seﬁaration of the components would also increase the perceived contrast
of the plaid (Georgeson and Shackleton, 1994). In motion, perceived speed has been
found to decrease for low éontrast stimuli (Thompson, 1982). As perceived élant de-
creased for decreasing component separation, it may be concluded that the resuits

found do not reflect the effect of a similar contrast dependence in stereopsis.

4 Conclusions

Grating and two-component plaid stimuli appeared less slanted than a three compo-
nent plaid probe stimulus, which was chosen so as to avoid the stereoscopic aperture
problem, and to allow for effective encoding of slant. For two-component plaid stim-
uli, apparent slant was dependent on component orientation. If contrast envelope
disparities contribute to the perception of slant, their contribution is minor in com-

parison to that of the plaid’s Fourier components.

Taken as a whole, the results of these two experiments may be accounted for on
the basis of component orientation disparities. It is not necessary to suppose that

envelope disparities are used in addition.

While it may be expected that envelope disparities would be more evident for supra-
threshold slant, no evidence for this was found. As was reported for slant thresholds,
perceived slant was fbund to be influenced vby the orientation of a plaid’s compo-
nents. Again, related results have been reported in motion. Welch (1989) found
Weber fractions for the velocity of plaid motion to be predictable from plaid compo-
nent velocities, rather than the plaid velocity itself, even for relatively high baseline
velocities. The perceived speed 6f moving sinusoidal gratings declines for both high

and low spatial frequencies, exhibiting a peak for intermediate frequencies of around
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4 cycles/degree (Campbell and Maffei, 1981; Smith and Edgar, 1990). Smith and
Edgar reported that the underestimation of the speed of a high frequency grating rel-
ative to a lower frequency grating increased as the velocity of the gratings increased.
They reported similar results for plaid stimuli. For the experiments reported in this
chapter, the underestimation of the slant of a grating relative to the probe stimulus

also increased as the slant of the grating increased.

In the study of plaid motion, a distinction has been drawn between Type I plaids,
whose component gratings lie on either side of the Intersection of Constraints veloc-
ity, and Type II plaids, whose component gratings lie on one side of the IOC direction
(Ferrera and Wilson, 1987,1990,1991). Ferrera and Wilson (1991) reported that the
perceived speed of Type I, symmetrical plaids (similar to those used here) is un-
derestimated relative to a single grating moving in the IOC direction of the plaid.
Further, this underestimation depended on the angular separation of the compo-
nents of the plaid, such that the degree of underestimation increased as the IOC
speed of the plaid increased relative to the speeds of the carriers. These results are

consistent with the findings reported here.

Ferrera and Wilson (1990) also studied the perceived direction of motion of plaid
stimuli. Whereas the direction of motion of Type I plaids was perceived veridically,
they found marked misperception of the direction of motion of Type II plaids. Sim-
ilar results were reported by Burke and Wenderoth (1993), who found in addition
that the degree of this misperception depended on the angular separation of the
plaid components. These biases may be accounted for by a model which does not
require an explicit, non-Fourier channel (Langley and Fleet, 1995). It might be
predicted that similar biases in the perceived tilt of stereoscopically presented plaid

stimuli may be observed.

The results of the experiments presented here, and the results of related motion
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experiments, provide little evidence for non-Fourier channels in the encoding of
properties of plaid stimuli. This is nof to say however that such channels do not
exist. Rather, they do not appear to play a role in the perception of motion and slant
for simple plaid stimuli of the type used here. In the next two chapters, experiments
are presented which aim to investigate situétiéns in which non-Fourier mechanisms

may be evident in stereopsis.
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4. Luminance and contrast
disparities in stereoscopic

transparency

1 Introduction

The previous two chapters investigated the perception of slant in stereoscopic plaids.
For both threshold and suprathreshold stimuli, slant perception showed a marked
dependence on the orientation of the component gratings of the plaid. These exper-
iments found no evidence for a stereoscopic non-Fourier channel makingdirect use

of contrast envelope disparities. Similar results have been reported in the study of

plaid motion (Welch, 1989).

Other researchers have suggested that stereopsis is supported by disparities in im-

age contrast envelopes. Stereoscopic depth may be influenced by contrast envelope
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disparities in both Gabor stimuli (Liu, Schor and Ramachandran, 1992; Hess and
Wilcox, 1994; Wilcox and Hess, 1995, 1996) and contrast modulated, random dot
stereograms (Sato and Nishida, 1993). These results have been accounted for by
proposing that stereopsis has access to independent linear (Fourier) and nonlinear
(non-Fourier) channels (Hess and Wilcox, 1994). However, it was argued in the in-
troductory chapter that it may be possible to account for these data using a single

channel model, such as that proposed by Fleet, Wagner and Heeger (1996).

For non-Fourier motion stimuli, motion is seen with a velocity for which no Fourier
components exist. Fleet and Langley (1994a) demonstrated that many classes of
these stimuli have a relatively simple characterisation in frequency space, related to
the notions of phase and group velocity. The simplest of these stimuli consist of
the motion of a contrast envelope over an underlying carrier. An example of this is
a contrast modulated grating, involving the motion of a contrast envelope over an
underlying carrier grating (figure 4.1). This stimulus is perceived as transparent,
with the contrast envelope and carrier moving with different velocities (Derrington

and Badcock, 1985).

Motion transparency may also be observed from additively combined signals. The
simplest example of this is transparent motion in plaid stimuli. A one dimensional
signal viewed through a circular window will be seen to move in the direction normal
to its orientation (Wallach, 1935). If two moving one dimensional structures, with
different orientations, are added together, there exisﬁs a unique velocity consistent
with both normal velocities. This is known as the Intersection of Constraints (or
“I0C”) velocity (Adelson énd Movshon, 1982). A plaid composed of grat;l'gds similar
in contrast, orientation, and spatial and temporal frequency will be seen to move
with this IOC velocity (Adelson and Movshon, 1982; Movshon, Adelson, Gizzi and
Newsome, 1985; Nakayama and Silverman, 1985; Farid and Simoncelli, 1994). For

other superpositions, the gratings will tend to be seen to move transparently over
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Carrier
frequency Beat frequency

(B)
Figure 4.1: (A) Space-tirne diagram of contrast modulated grating motion. The
carrier grating is stationary. As such, it appears as vertical in the space-time plot.
The contrast modulating grating moves to the right, and can be seen as a contrast
modulation oriented at 135°. (B) Fourier transform of (A). The centroid of power
represents the stationary carrvier grating. This is signified by the thick horizontal
vector, the magnitude of which gives the gratings spatial frequency. The side bands
of power are introduced by the contrast modulation, the orientation of the vector from

the centroid of power to the sidebands gives the velocity of the contrast envelope.
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one another. Here, the transparency may be decomposed into the velocities of two

additively comibined components.

Kersten (1991) analysed several physical causes of perceptual transparency. Com-
mon to the examples described is the idea of a distant object viewed through.a
transparent medium. The transparent medium modifies light passing through it
from more distant objects. This attenuated signal is combined with luminance aris-
ing directly from the transparent medium itself. The modification of the luminance
pattern takes the form of a contrast reduction, the transparent medium transmitting
only a fraction of incident light. This contrast reduction may be described in terms
of the transmittance of the transparent medium, 7(z,y), which may vary spatially.
7(z,y) may take values between 0 and 1, a value of 0 corresponding to complete
occlusion, a value of 1 to complete transparency. If a luminance pattern I(z,y)
passes through a transparent object with transmittance 7(z,y), and is combined
with a luminance p-a.ttern Iy(z,y) arising from the transparent object, the resuiting

image I(z,y) is given by:

I(z,y) = 7(2,y) (2, y) + Lx(z,y) (1)

Equation (1) involves both multiplicative and additive combinations of underlying
signals. Figure 4.2 illustrates how multiplicative and additive signal combinations
arise in perceptual transparency. Equation (1) may be constrained by the fact that
neither luminance nor transmittance can take negative values. A non-negative signal

_—

may be written as the sum of a constant term and a mean zero term:

I(z,y) = (1 - af(z,y)) (2)

where 0 < a <1,y >0 and —1 < f(z,y) < 1. Considering only the first term on
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=TI
(A)
/
(B)
Figure 4.2: (A) Light, with a luminance is reflected from a distant object is

attenuated by passing through a transparent object with transmittance r. This is an
example of a multiplicative transparency. (B), The attenuated light may be added

to light reflected from the transparent object, 12, to form an additive component of

transparency.
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the right hand side of equation (1), it may be rewritten:

I(z,y) = 1[1 — af(z,9) — Bo(z,y) + aBf(2)a(z)] (3)

where 0 < a,8 < 1. Equation (3) includes both additive and multiplicative sig-
nal combinations. This may be related to the psychophysical findings that both
additive and multiplicative signals are able to generate transparency. Perceptual |
transparency involves the simultaneous representation of surfaces at different depths.
A contrast modulated grating, for example, may appear as a contrast modulation
moving in front of a grating. Transparent plaid stimuli also appear as one grating
moving in front of another. Which of the gratings appears as closer may be influ-
enced by the addition of stereoscopic disparity to one of the gratings (Adelson and
Movshon, 1984; von Griinau, Dabé and Kwas, 1993). Transparency may also be
observed purely on the basis of disparities. If random dot stereograms with differing
disparity content are superimposed, two or more depth planes may be observed (Ak-
erstrom and Todd, 1988; Weinshall, 1990; Parker, Johnston, Mansfield and Young,
1991; Langley, Fleet and Hibbard, 1995). These planes, and hence the transparency,

are purely cyclopean.

In this chapter, stereoscopic equivalents of several motion transparency stimuli are
explored. The principle goal was to assess whether stereoscopic transparency is
possible given additive and multiplicative signal combinations. These experiments
will provide further evidence relating to the question of whether stereopsis makes

_—

use of independent Fourier and non-Fourier channels.
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2 Methods

2.1 Procedure

For each trial, subjects were presented with a stimulus, and asked to decide whether
they observed a transparency. They were asked to make this decision on the basis of
whether or not they could perceive two distinct surfaces, clearly separated in depth.
This criterion was used to eliminate the possibility that monocularly visible cues to
transparency were being used in isolation, and is the same criterion as is used in
motion transparency experiments. All stimuli were consistent with the perception
of a single surface, but were constructed such that disparity information should also
allow the perception of transparency. In all cases, stimuli were presented in a hard

circular window, with a diameter of 7.9 degrees.

In all experiments, one independent variable was varied between trials using the APE
~adaptive probit analysis algorithm (Watt and Andrews, 1981). Other independent
variables were varied between blocks of trials, which were randomly interleaved. For
each block of trials, a psychometric function was fit to the data using the APE
algorithm. The fitted curve was used to ascertain the point when transparency was
reported on 50% of occasions. This fitted point was taken to represent the threshold
for perceived transparency. Presented results show the mean and standard error
of the 50% points, based on three independently measured psychometric functions.

Each function is based on 64 trials.
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3 Experiments

3.1 Additive Trahsparency

This experiment aimed to assess whether depth transparency is possible given an
additive combination of signals. In motion; transparency may arise from the summa-
tion of moving one dimensional gratings. Transparency and coherence are possible
in plaid motion due to the existence of independent normal velocities for the two
components, and the IOC direction for the pattern as a whole. To investigate sim-
ilar transparency in stereoscopic plaid stimuli, gratings must be presented which,
if viewed independently, would appear to lie in different depth planes. Stimuli
consisted of the sum of a horizontal and vertical grating. A binocularly viewed
horizontal grating carries no horizontal disparity information. A vertical grating on
the other hand can be given binocular disparity, and will be seen to lie in the plane
determined by this disparity. If a horizontal and a vertical grating are added to
form a plaid, then the depth plane in which the plaid lies will be determined by the
disparities in the vertical grating. Binocular images were created by horizontally
shearing a plaid formed from the addition of a horizontal and a vertical grating.
This transformation produced a vertical gradient of disparity. A vertical grating
with a vertical gradient of disparity will appear to slant about a horizontal axis.
In preliminary investigations, it was found that this stimulus under some circum-
stances appeared transparent, with the horizontal grating appearing in the plane
of fixation. This may have resulted from the hard boundary used. If transparency

was not observed, the whole stimulus would be expected to appear to slant about a

horizontal axis.

Plaid stimuli were created so as to make perceptual transparency likely. In motion,

transparency is observed for gratings differing in orientation, spatial and tempo-
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ral frequency, aﬁd contrast. (Adelson and Movshon, 1982; Movshon et al., 1985;
Nakayama and Silverman, 1985; Farid and Simoncelli, 1994). This experiment used
plaids formed from orthogonal gratings with differing spatial frequencies. Between
trials, the contrast of one of the gratings was altered as an independent variable.
Stimuli consisted of a horizontal grating with a spatial frequency of 2.0 cycles/degree,
superimposed on a vertical grating with a spatial frequency varying between blocks
between 3.5 cycles/degree and 5.0 cycles/degree. The Michelson contrast of the
horizontal grating was fixed at 0.70; the contrast of the vertical grating was varied
between trials. The vertical grating was subjected to a horizontal binocular shear
with a magnitude of 0.1; the sign of the resulting vertical disparity gradient was
varied randomly between trials. In all cases, the top of the stimulus had zero dis-
parity, so that the transformation took the form of a gradient of (either crossed or

uncrossed) disparity, increasing towards the bottom of the stimulus.

3.1.1 Results

Figure 4.4 shows a typical response function. Transparency was observed when the
contrast of the vertical grating was low, but not when it approached the contrast
of the horizontal grating. Also shown are the 50% points as a function of spatial
frequency. As the spatial frequencies of the component gratings were made more

similar, a greater contrast difference was required to observe transparency.

3.1.2 Discussion R

In this experiment, transparency was observed from the linear addition of image
signals. The case of stereopsis appears equivalent to that of two dimensional motion.
The stimuli used here incorporated either crossed or uncrossed disparities in the

vertical gratings. Both signs of disparity supported the perception of transparency.
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(A)

(B)

Figure 4.3: Examples of the stimuli used in the first experiment. (A) With the
vertical grating at low contrast, crossed-eyed fusion reveals a transparency, with the
vertical grating appearing to slant in front of (\eii), or behind (rightj the horizontal

gveiling. (B) With both gratings at high contrast, a single slanted surface is perceived.
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Figure 4.4: (A) A typical response function (for subject JB, with a vertical spatial

frequency of f.O cycles/degree). Transparency was observed for low contrasts of the

vertical grating, but not for higher contrasts. (B) 50% points for all subjects plotted

against the spatial frequency of the vertical grating. Transparency was perceived

over (I wider range of contrasts as the difference in frequency between the component

gratings was increased. —
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Subjects were able to see the vertical grating lying both in front of and behind the

horizontal grating.

The stimuli used in this experiment were transformed using an interocular horizontal
shear, such that the vertical grating appeared to lie on an inclined plane. A hori-
zontal shear was used partly so that the stimuli could be compared to those used
in chapters 2 and 3, where slant was perceived, but not transparency. However, it
would expected that similar results would be obtained with simple horizontal dispar-
ities, in which case the vertical grating would be expected to lie on a frontoparallel

surface in front of or behind the horizontal grating.

The results of this experiment may be contrasted with those of chapters 2 and 3, in
which a binocularly transformed plaid was seen as a single, slanted surface. Plaids
used in the previous chapter were formed from two components with identical spatial
frequencies and contrasts, and similar orientations. Again, thése results reflect those
reported in motion, for which transparency occurs for stimuli differing in terms of
contrast, orientation, and spatial and temporal frequencies. These results may be
considered in terms of the bandwidths of orientation- and spatial frequency-tuned
mechanisms. Figure 4.5 shows two plaids, with their Fourier spectra. The plaid
in figure 4.5A has components with similar orientations and spatial frequencies.
In figure 4.5C, the plaid components are orthogonal, and have markedly different
spatial frequencies. Figure 4.5C may be compared to the stimuli used in the current
experiment, whereas figure 4.5A is similar to those uséd in chapters 2 and 3. Figures
4.5B and 4.5D show the Fourier spectra of the two plaids. Whereas the components
of figure 4.5A may be expected to fall within the bandwidth of a single (;—ri-e’ntation-
and frequency-tuned mechanism, this is unlikely for figure 4.5C. This may explain

why transparency was observed for plaids similar to figure 4.5C, but not those similar

to 4.5A.
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(©) (D)

Figure 4.5: (A) A4 plaid formed from two gratings similar in orientation and fre-
quency. (B) Fourier transform of (A). The two gratings lie within the passband of
a single filter. (C) A plaid formed from two gratings, differing markedly in orienta-
tion and frequency. (D) Fourier transform of (C), Here, the two gratings are widely

separated in frequency space, and would he expected to he detected hy independent

handpass filters.
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3.2 Multiplicative Transparency

Many non-Fourier motion stimuli consist of the motion of a contrast envelope over
a carrier structure (e.g. Derrington and Badcock, 1985; Fleet and Langley, 1994a).
In the same way, stereopsis may be supported by disparities in image contrast vari-
ations, (Liu et al., 1992; Fleet and Langley, 1994b; Hess and Wilcox, 1994; Sato
and Nishida, 1993, 1994; Wilcox and Hess, 1995, 1996). This experiment investi-
gated the relationship between depth from contrast disparities, and the perceptibn

of stereoscopic transparency.

A very simple stimulus was used, consisting of a high frequency horizontal sinusoidal
grating modulated by another, lower frequency vertical grating. For the vertical
grating, an approximation to a square wave was formed from the fundamental plus

its third and fifth harmonics:

I(z,y) = sin(fy) [1 + A (sin(27rf:c) + %sin(67rfx) + %sin(lOn’fx))] (4)

This stimulus was chosen as a compromise between a stimulus with sharp edges to
the contrast envelope, and one well localised in Fourier frequency space. However,
is would be expected that transparency would also be observed with other envelopes
(e.g. a true square wave, or just the fundamental). The horizontal carrier had a
spatial frequency of 4 cycles/degree. The spatial frequency of the vertical modula-
tion was varied between trials between 0.2 cycles/degree and 0.95 cycles/degree. A
horizontal carrier grating was used so that both a transparent and a coherent in-
terpretation of the stimulus were possible. The binocular transformation used took

the form of a uniform translation, or a horizontal shear.

Both crossed and uncrossed disparities were used, although no stimulus contained

both signs of disparity. For sheared stimuli, points at the top of the stimulus had
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Figure 4.6: Examples of the stimuli used in the second experiment. Crossed fusion
of the left two images should show the contrast envelope hovering transparently in
front of the canner grating. RTien the right two images are fused, the whole pattern

appears to lie on a single surface in depth.

zero disparity, so that only crossed or only uncrossed disparities were present. For
each block of trials, subjects were informed whether they would be presented with
slanted or frontoparallel surfaces, and they were asked whether they perceived a
single surface, or two surfaces separated in depth. Examples of the stimuli are given

in figure 4.6.

3.2.1 Results

Typical psychometric functions for the two tasks are presented in figure 4.7. For large
crossed disparities, transparency was clearly observed, both for frontoparallel and
for slanted surfaces. For uncrossed disparities, a single surface was always reported,
i.e. the horizontal carrier grating appeared to lie in the same plane as the vertical
modulation. For small crossed disparities, transparency was not reported. This
may be explained in terms of the task as described to the subjects, who were asked
to give a “transparent” response only if two surfaces were seen clearly separated

in depth. Although these stimuli can be perceived to represent a transparency
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kigiire 4.7: Typical response functions (A) frontoparallel surfaces (B) slanted sur-

faces. Results in (B) represent a gradient of uncrossed, or of crossed disparities. In

each case, transparency was perceived only for crossed disparities (or gradients of

crossed disparities) above a minimum value. Both functions are for subject PH, with

an envelope spatial frequency of 0.7 cycles/degree. e
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Eigiire 4.8: 50% points plotted for different spatial frequencies (A) frontoparallel
surfaces (B) slanted surfaces. As the spatial frequency of the contrast modulation
was decreased, the minimum disparity for which transparency was reported also de-

creased, reaching a minimum, for spatial frequencies around Q4 cycles/degree.
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when no disparity or motion cues are present, the task presented here requires that
disparity information is used. Disparities in the contrast envelope must therefore
be detectable for transparency to be observed. Figure 4.8 presents 50% points
for psychometric functions as a function of the contrast envelope spatial frequency.
The minimum crossed disparity or disparity gradient requiredh for tranéparency to be
observed decreased with decreasing contrast modulation spatial frequency, showing

a minimum for frequencies around 0.4 cycles/degree.

3.2.2 Discussion

The stimulus used in this experiment was non-Fourier in that the the two indepen-
dent depth planes perceived cannot be related directly to its additive components.
The stimulus appeared as a horizontal sinusoidal grating and a vertical contrast
modulation, separated in depth. One possible explanation of these results is that
luminance and contrast disparities are processed independently. As an alternative,
it is possible that an early nonlinear transformation of the image luminance may
introduce Fourier components at the frequency of the contrast modulation. Trans-
parency could then arise as a result of the independent processing of the horizontal
and vertical components of the transformed image. However, transparency was only
perceived when the contrast modulation had crossed disparity, and was seen to lie in
front of the carrier. This is consistent with the physics of transparency (a contrast
reducing medium must lie in front of the source of luminance which is modulated).
It is also suggests that independent mechanisms process transparency from addi-
tive and multiplicative signal combinations. Although not explicitly teste—cT,’ additive
transparency was observed for both crossed and uncrossed disparities. The asym-
metry was thus observed only for multiplicative transparency. The transparency
reported here does not appear to have resulted from an ea‘rly nonlinear transfor-

mation followed by independent processing of horizontal and vertical gratings, as
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was evident in the previous experiment. Other studies of stereoscopic transparency
have reported a similar depth asymmetry to that found here. The nature of multi-
plicative transparency requires that the transparent object (the contrast variation)
lies nearer to the observer than do other objects. If binocular depth information
inconsistent with this notion is included in such stimuli, the percept of transparency
is often destroyed (Nakayama, Shimojo and Ramachandran, 1990;. Kersten, 1991).

Similar findings have been reported for occlusion (Pastore, 1974).

Finally, it is interesting to note that transparency was most readily perceived for
contrast envelopes with a spatial frequency of around 0.4 cyclés/degree. Contrast
thresholds for the discrimination of the orientation of contrast envelopes also show
a minimum for envelopes with this spatial frequency (Langley, Fleet and Hibbard,
1996). This result was interpreted as evidence for the existence of a contrast pro-
cessing mechanism selective for spatial frequencies around 0.4 cycles/degree. The

results presented here are consistent with transparency arising from disparity pro-

cessing performed on the output of a similar mechanism.

3.3 Transparency in Squarewave Plaid Patterns

The first two experiments showed that both additive and multiplicative signal com-
binations may give rise to stereoscopic transparency. The final experiment investi-
gated how transparency may arise when signals are 'combined both additively and
multiplicatively. Stoner, Albright and Ramachandran (1990) performed an experi-
ment in which plaids were generated from two square wave gratings. The‘s-e,};atterns
contained areas with three different intensities, corresponding to the background,
the individual bars of the squarewaves, and their intersections. This stimulus al-

lows the contributions of additive and multiplicative signals to be readily altered,

by adjusting these three luminances. Stoner et al. (1990) varied the luminance of
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the intersections, while holding the other two luminances constant. Increasing the
intersection luminance is equivalent to increasing the contribution of the product
of the two gratings. They found that, for relatively high and low intersection lu-
minances, coherent motion was observed in the I0C direction. Within a range of
luminances, howe-ver, the gratings were seen to move transparently in their normal
directions. This range coincided with the range of intersection luminances for which
multiplicative transparency was a viable interpretation of the image. This experi-
ment aimed to replicate these results, using binocular disparity rather than motion

as a cue to transparency.

Horizontal and vertical rectangular waveforms were used, and disparities consisted
of a binocular horizontal shear. The stimulus prior to binocular transformation may

be described as follows:

I(z,y) = [a — BH\(y) — BH\(z) + vHA(y) Ha(2)] (5)

where H)(z) refers to a rectangular wave grating with a frequency defined by the
subscript A. Stoner et. al. (1990) used a duty cycle (defined as the ratio of narrow
bar width: narrow bar width + wide bar width) of 0.286, such that the stimulus
appeared as a series of dark bars against a light background. In equation (5), a
determines the luminance of the background. The bar and intersection luminances
are then given by a— 8 and a—28++ respectively. Gratings with a spatial frequency
of 2.0 cycles/degree and a duty cycle of 0.286 were used. The background luminance

—_—

and the bar luminance were fixed at 70cdm~2 and 35cdm™2 respectively.

Between experimental trials, the luminance of the bar intersections was varied. Sub-
jects were asked to report whether a single surface, or two surfaces seen transparently
in depth were observed. Between blocks of trials, the magnitude of the binocular

shear was varied. Example stimuli are shown in figure 4.9.
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(A)

(B)

(&)

Figure 4.9: Examples of the stimuli used in the third experiment. (A) With bright
intersections, transparency was not observed. (B) With intersections bdow the Iu-
minance of the bars, transparency was observed, as reported by Stoner et al. (1990)
in motion. (C) With vary dark intersections, transparency was again reported. This
time however it took the form of wide, light vertical bars seen transparently in front

of thin, dark, horizontal bars (see Appendix B for discussion).
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3.3.1 Results

The results of Stoner et al. (1990) suggested that transparency would only be
observed over an intermediate range of intersection luminances. However, pilot
studies revealed that transparency was also perceived with very dark interéections.
Only for relatively high intersection lumi'na,nces was a single surface reported. The
APE algorithm was again used to measure the intersection luminance for which
transparency was reported on 50% of trials; A typical response function, and 50%
points measured for different magnitudes of surface slant, are given in figure 4.10.
As the gradient of disparity was increased, transparency was observed over a wider

range of intersection luminances.

3.3.2 Discussion

Above the intersection luminance at which the stimuli are no longer consistent with
a film transparency, a single surface was reported. For luminances below this value,
transparency was reported. Transparency was also reported, however, for very dark
intersection luminances, where Stoner et al. (1990) reporﬂed coherent plaid motion
for their stimuli. While this appears at first glance to indicate a difference between
the domains of motion and stereopsis, there exists another, possibly important dif-
ference between the stimuli used here, and those used by Stoner et al. (1990).
Stoner and Albright (1992) emphasised the importance of figure/ground assignment
in the perception of transparency, and indeed the small duty used was chosen to
bias the figure/ground percept to one of dark bars on a Iightér background. In this
experiment, some of the percepts of transparency were accompanied by a shift in
the figural interpretation of the stimuli. Whereas most of the stimuli were inter-
preted as expectéd, those with the darkest intersections appeared as a series of thin

dark bars on a thtér background, seen thrcugh thick, light transparenf bars. The
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I'igiire 4.10: (A) A typical response function (subject JB, with a disparity gradi-
(nt of 0.1). With blight intersections, transparency was not reported. With darker
intersections, transparency became apparent; there appeared to be no lower bound
on intersection luminance below which transparency ceased to be reported. (B) 50%
points for different magnitudes of surface slant. Ts slant was increased, transparency
was observed over a wider range of intersection luminances. The dotted vertical line
in the left-hand graph, and the dotted horizontal line in the right-hand graph, repre-

sent the intersection luminance associated with a purely multiplicative transparency.
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very dark and very light areas of the image appeared as figure, while the midrange
luminances appeared as both figure and ground. This may be seen in the stimulus

in the bottom row of figure 4.9.

This interpretation of the stimuli is consistent with a transparéncy in Which the thick,
transparent bars have a transmittance of less than one, but contribute additional
brightness to the image. This.percept may not have been reported by Stoner et al.

(1990) because of the luminances chosen for their background and bars, which did |

not permit this interpretation of the image (see Appendix B for details).

4 Conclusions

Binocular transparency was observed on the basis of both additive and multiplicative
signal combinations. These results are similar to previously reported experiments
in motion (Adelson and Movshon, 1982; Stoner et al., 1990; Farid and Simon_celli,
1994; Derrington and Badcock, 1985). These findings suggest that the domains of
motion and stereopsis apply similar underlying assumptions in the interpretation
of transparency. These conclusions support the notion of a non-Fourier channel in

stereopsis.

The use of stereoscopic disparity revealed a distinction between multiplicative and
additive transparency. Transparent motion seen in contrast modulated stimuli in-
volves the motion of a contrast modulation over a carrier (Derrington and Badcock,
1985; Fleet and Langley, 1994a). Using stereoscopic disparity, it was possible to
make either the carrier or contrast modulation appear closer to the observer. Ounly
when the contrast modulation appeared in front of the carrier was transparency
observed. No such asymmetry was reported for additive combinations. This differ-

ence suggests that two distinct models of transparency are employed by the visual
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system.

Given that real-world perceptual transparency will always involve a multiplicative
component, one might question why the visual system employs an additive trans-
parency model at all. The answer to this may lie in equation (3). Even when
a transparency is produced purely from the product of a luminance pattern and
a transmittance pattern, the signal is dominated by the additive terms. This is
a consequence of the non-negative nature of luminance and transmittance values.
Although examples of transparency will be accompanied by a product component,
its magnitude will generally be smaller than the additive compbnents. An additive

approximation thus suffices to interpret the transparency.

Plaid motion studies have revealed situations in which coherent or transparent mo-
tion are likely to occur. Transparency is less likely when power is localised in fre-
quency space, as when component gratings are similar in orientation and spatial
frequency. Similar findings are reported here for stereopsis. In the first experiment,
~transparency was more likely to be observed from added sinusoidal gratings when
the gratings had widely different spatial frequencies. However, in the second experi-
ment, transparency was more readily perceived for contrast envelopes with a spatial
frequency of 0.4 cycles/degree. This value may be taken to represent an optimum
frequency for the processing of disparity on the basis of a contrast detecting mech-
anism operating locally in frequency space, subsequent to a stage of linear filtering

(Fleet and Langley, 1994a; Langley et al., 1996).

These results taken together suggest that additive and multiplicative transparency
occur as the result of different processes. Additive transparency may be perceived
when image components occupy markedly different regions of frequency space, and
are treated independently. Multiplicative transparency may arise due to process-

ing of the contrast envelope by some non-Fourier process. These conclusions are
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in agreement with computational strategies suggested by Wilson, Ferrera and Yo
(1992), and support a distinction between Fourier and non-Fourier processes in

stereopsis.
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5. Asymmetry in the perception
of transparency from contrast

disparities

1 Introduction

The previous chapter revealed a marked asymmetry in binocular transparency. Con-
trast modulated horizontal grating stimuli were seen' as transparent if the contrast
modulations had crossed disparities relative to the carrier grating. The contrast
modulations were seen to float transparently in front of the carrier. Tramsparency
was not however observed if the contrast modulations had uncrossed disparities rel-
ative to the carrier grating. Rather, the whole pattern was seen to lie behind the
fixation plane, in the plane defined by the disparity present in the contrast envelope.
This asymmetry was not evident for plaids formed from the additive superposition

of a horizontal and a vertical grating. Transparency was observed when the vertical
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grating had both crossed and uncrossed disparities, and was seen either in front of
or behind the horizontal grating. This distinction may be observed in figures 5.1
and 5.2. These results were taken as evidence that the perception of transparency in
contrast modulated stimuli was not the result of distortion products, introduce_d by
an early nonlinearity, activating normal disparity mechanisms (Burton, 1973; Heﬁ-
ning, Hertz and Broadbent, 1975). If this-were the case, there would be no difference
between transparency observed from additive plaid stimuli and contrast modulated
grating stimuli, and both would be apparent for disparities of either sign. Rather,
it appears that transparencies perceived on the basis of additive and multiplicative

signals are the results of distinct stereoscopic processing.

This asymmetry in the perception of transparency appears to be related to dispari-
ties defined by nonlinear image properties. Similar asymrnetries-have been found in
other stereoscopic tasks. A sense of depth may be created if a vertical bar is drawn
so as to occlude a horizontal bar. Pastore (1974) demonstrated that the senée of
occlusion, and the inferred depth ordering, is destroyed if the vertical bar is given
uncrossed binocular disparity. Here, occlusion is observed for zero or crossed dispar-
ities, but not for uncrossed dispafities. Kersten (1991) showed that stimuli in which
transparency is observed with an unambiguous depth ordering of surfaces may ap-
pear as rivalrous if inconsistent disparities are introduced. Nakayama, Shimojo and
Ramachanrdan (1990) reported similar results in relation to neon colour spreading, a
phenomenon in which luminance or chromaticity may spread from one image region
to another so as to appear as an illusory transparency. Neon colour spreading may
be suppressed by binocular disparity in conflict with this transparency. Stereoscopic
capture by subjective contours, which are perceived as belonging to an occluding
figure, is also only observed for crossed disparities (Ramachandran and Cavanagh,
1985). In these examples, transparency or occlusion act as a qualitative depth cue.
When disparity consistent with this cue is introduced, perceived depth relationships

are enhanced. When however disparity information conflicts with the transparency
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or occlusion, a new solution consistent with all depth cues may be reached (Pastore,
1974; Nakayéma, Shimojo and Ramachandran, 1990). Alternatively, the result may
be diplopia and binocular rivalry, and the loss of the sensation of depth (Ramachan-
dran and Cavanagh, 1985; Kersten, 1991). In all cases, a percept of depth that is
evident with crossed disparities, or when stereéscopic information is absent, is de-
stroyed or altered when uncrossed disparities provide information inconsistent with

the existing depth cues.

In this chapter, the asymmetry of transparency resulting from disparity in multi-
plicatively defined image structures was explored further. Stimuli were related to
those used in the previous chapter, and consisted of contrast modulated sinusoidal
gratings. Contrast modulations in all cases had uncrossed disparities. As such,
transparency would not be expected to be apparent. Figure 5.1 shows examples
of the stimuli, with both crossed and uncrossed disparities. Details of all stimuli
are given below. Transparency may be observed with crossed, but not with un-
crossed disparities. It was observed that if the contrast modulation was replaced
by an added luminance pattern, transparency was observed for both crossed and
uncrossed disparities. This distinction between additive and multiplicative trans-
parency is predicted by the results of chapter 4. It was also observed that trans-
parency could become apparent if luminance patterns were added to the contrast
modulated stimuli. In figure 5.2, luminance patterns have been added to the stimuli
of figure 5.1. Transparency may now be observed with both crossed and uncrossed

disparity.

_—

The experiments presented here investigated the contrast of luminance patterns it
was necessary to add to the contrast modulated stimuli in order to observe trans-
parency. These experiments were used to investigate the extent to which Fourier

and non-Fourier stereoscopic channels may be viewed as independent.
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2 Methods

2.1 Stimuli

All stimuli consisted of a contrast modulated sinusoidal grating. The carrier grating
was either horizontal or vertical, and had a spatial frequency of 4.5 cycles/degree,
and a fixed contrast of 0.30. The contrast modulation took one of three forms. The -
first was an approximation to a vertical square grating, formed from the fundamental

and its third and fifth harmonics, given by:

S(z,y) = sin(27 fsz) + %sin(67rfsx) + %sin(l()ﬂ'fsx) (1)

where f, represents the frequency of the square wave. The frequency used was
fs = 0.5 cycles/degree. This stimulus is directly related to that used in the previous

experiments.

The second stimulus was a vertically oriented Gabor patch, given by:

Gla,y) = exp( il )) sin(2r ) @)

where f, represents the spatial frequency of the sinusoidal modulation, and ¢? the
standard deviation of the Gaussian envelope. A spatial frequency of f, = 0.5 cy-

—_—

cles/degree and a standard deviation of 02 = 5 degrees were used.
The final stimulus used was a central square patch, which had a width of 4.6 degrees.

The contrast modulation had binocular disparity taking the form either of a full

field binocular disparity of 20 minutes of arc, or of a vertical gradient of disparity
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with a magnitude of 0.14. In both cases, horizontal disparities were all uncrossed, so
as to be consistent either with a frontoparallel plane behind the plane of fixation, or
a plane with a horizontal axis of slant, again slanting behind the plane of fixation.
When contrast disparities represented a frontoparallel plane, a horizontal carrier
grating was used. When disparities represented a slanting surface, a vertical carrier
grating was used. For the frontoparallel surface condition, the square wave and
square modulations were employed. For the slanting surface condition, all three
contrast modulation patterns were ﬁsed. Stimuli were presented through a hard

circular window, with a diameter of 8.6 degrees.

The stimuli are related to those in the multiplicative transparency experiments in
the previous chapter which failed to exhibit transparency. In this experiment, lu-
minance patterns were added to the stimuli in an attempt to observe transparency.
Luminance patterns took the same form as the contrast modulation, and in all cases
were added in phase with the modulation: luminance was subtracted from points
where contrast was reduced, and added to the high contrast image regions. Between
" trials, the contrast of the added luminance components was varied. The mean level
of illumination was held constant at 37.8cdm~2 across all experimental conditions.
Between blocks of trials, the contrast modulation depth was varied in the range

0.1-0.9, for all combinations of contrast modulations and binocular transformations.

The stimuli used may be described by the following equations:
Il(may) = aC(:c,y) [1+ﬂM:(m,y)]+'yM¢(:c,y) (3)
I(z,y) = aC(z,y) [1 + BM:(z,y)] + 7M. (2, y) (4)

where C(z,y) represents the sinusoidal carrier grating, and M;,(z,y) the contrast

modulation. «, B and « give the contrast of the carrier, the contrast modulation
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(A)

(B)

(©)

Figure 5.1: Examples of the stimuli used. Shown here are contrast modulated grating
stimuli, with no additional Fourier energy. The three stimuli show the three contrast
modulation patterns used. (A): Square-wave modulation. (B): Gabor modulation.
(C): Square modulation. In all cases, cross-eyed fusion of the left two images should
reveal the contrast modulation floating transparently in front of the carrier grating.
In (A) and (B), cross-eyed fusion of the right two images should result in the
perception of a single surface seen behind the plane of the paper. In (C), a vertical
carrier is modulated by a binocularly sheared square, and appears as rivalrous, with

110 sensation of depth. See text for discussion.
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(A)

(B)

(©)

Figure 5.2: These stimuli are identical to those shown in figure 5.1, except that lu-
minance has been added in phase with the contrast modulation. Cross-eyed fusion of

either the left- or right- image pair should appear as a transparency, with the contrast

modulation pattern appearing in front of or behind the carrier grating respectively.
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depth, and the contrast of the added luminance pattern, respectively. I)(z,y) and
I.(z,y) refer to the left and right binocular images, formed from the contrast modu-
lation patterns M;(z,y) and M,(z,y). Ml(:z:,ly) and M, (z,y) were in all cases related
by the binocular translation or horizontal shear described above. Examples of these
stimuli, both contrast modulated and with additional luminance components, are

presented in figures 5.1 and 5.2.

2.2 Procedure

For each trial, subjects were presented with a stimulus, which remained visible
until a response was made. Subjects were asked to decide whether a transparency
was observed, on the grounds of whether two surfaces were seen, transparently and

clearly separated in depth.

3 Results

Figure 5.3 shows a typical psychometric function. For low contrasts of added lu-
minance patterns, transparency was not reported, as would be expected from the
results of chapter 4. For higher contrasts, transparency was reported. These results
may be interpreted as an additive form of transparency. Figures 5.4 and 5.5 present
the 50% points of measured psychometric functions for all conditions and subjects,
as a function of contrast modulation depth. The contrast of the addéd_h;,minance
pattern required to evoke a percept of transparency ranged between 0.10 and 0.30,
but appeared independent of the depth of modulation. Again, this result is sug-
gestive of the transparency arising from an additive signal combination, occurring

independently of the multiplicative contrast modulation depth.
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Q 0.0
0.12 0.16 0.20 0.24

Contrast

I'igiire 5.3: A typical response function. For low contrasts of added luminance pat-
t(rns. transparency was not reported. As the contrast of the added luminance was
increased, transparency was observed. This function is for subject JB, with a square

(jratiny stimulus, a horizontal carrier, and a contrast modulation depth of 0.6.

4 Conclusions

riie previous chapter reported that transparency was apparent given crossed, but
not uncrossed disparities in an image contrast envelope. Here it was demonstrated
that, by incorporating an additional luminance pattern, in phase with the contrast
modulation, transparency could be evoked even given uncrossed disparities. This
additional luminance added power to the image at the orientation and Tpatial fre-
quency of the contrast modulation. The contrast required for transparency to be
observed was found to be independent of the contrast modulation depth. These
results suggest that the perception of transparency from additive and multiplicative
signal combinations are the result of separate, independent processes. The asymme-

try with respect to sign of contrast disparity was not evident for additively produced
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Figure 5.4: The results presented here represent 50% points of psychometric func-
tions such as that shown in figure 5.3, for the situations in which the transparency
l)ad a uniform uncrossed disparity. 50% points are plotted as a function of mod-
ulation depth. Results are presented independently for the three dijferent stimulus

lypes. (A): Square-wave. (B): Gabor. (C): Square.

patterns. Hence, additive and multiplicative transparency are qualitatively differ-
ent. This would appear to rule out the possibility that transparency, and hence
depth, in the non-Fourier stimuli resulted from an early non-linearity introducing
additional Fourier components, which were then processed by normal disparity de-
tecting mechanisms. This is not to say that such early non-linearities, introducing
additional Fourier components (distortion products), do not exist. Adaptation and
masking studies have suggested that distortion products are introduced” by early
non-linearities (Burton, 1973; Henning, Hertz and Broadbent, 1975). The contrast
of distortion products introduced by nonlinearity has been quantified at around a
few percent (Henning et ah, 1975). It would appear that this contrast is not suf-
ficient to support transparency in the stimuli used here. The contrast required to

evoke transparency in the current experiment was around 0.20, which is significantly
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Figure 5.5: Results presented here correspond to the cases in which the transparency

was slanted behind the fixation plane. Left: Square-wave. Right: Square.

greater than the predicted contrast of distortion products. Further, the contrast of
the added luminance pattern required to evoke transparency was independent of the
contrast modulation depth of the stimuli. The contrast of any distortion products
will depend on the depth of contrast modulation, and would be expected to sum
linearly with the experimentally introduced luminance patterns (Henning et. ah,
1975). That contrast modulation depth did not appear to affect the added contrast
required to observe transparency suggests that the contrast of any distortion prod-
ucts was relatively small. Luminance patterns were always added in phase with the
contrast modulation. Transparency would also be predicted to be observed if the
luminance were added out of phase. This would reverse the contrast of the added
distortion products, and would be expected to alter the contrast required to evoke
transparency. Henning et al. (1975) found that masking effects were greater for a

grating out of phase with the expected distortion product (i.e. greater masking wal
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observed when the grating was added such that the highest luminance values of the
grating coincided with the regions of highest contrast in the image). This would
lead us to predict that the added contrast required would be less if the luminance
were added out of phase than if it were added in phase. However, as the modulation
depth did not affect the fequired contrast, the difference would be expected to be

negligible.

The contrast .at which transparency Was observed here was significantly greater
than that found to support transparency in the additive transparency experiments
of chapter 4, where it was found that increasing the contrast ofbthe vertical grating
diminished the tendency to observe transparency. In the current experiments, the
smallest difference in spatial frequency between the carrier grating and the added
pattern. occuring in the vertical squarewave condition, involved a difference in fre-
quency of more than 3 octaves. Given this separation in frequency, one would
expect very little of the interaction between channels necessary for the integration

of disparity signals.

These results suggest that contrast disparities are processed independently to lu-
minance disparities. As such, they support a distinction between Fourier and non-
Fourier channels in stereopsis. Central to models of non-Fourier processing is the
notion of a nonlinearity, making explicit the contrast envelope of a signal. An im-
portant question is the stage at which this nonlinearity occurs. Chubb and Sperling
(1988) suggested that a full-wave rectification occurs prior to bandpass filtering.
Models have also been suggested in which nonlinearities occur after a stage of ori-
ented, bandpass filtering (Wilson, Ferrera and Yo, 1992; Zhou and Baker, 1993;
Fleet and Langley, 1994a). This distinction may be related to whether the non-
linearity occurs before or after orientation and spatial frequency selective filtering

in the primary visual cortex. (Movshon, Thompson and Tolhurst, 1978). The re-

sults presented in this and the previous chapter are consistent with models involving
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either a late non-linearity, or an early nonlinearity occuring in an independent non-
Fourier channel. An alternative explanation would be that the perception of contrast
variations relies on nonlinearities occuring as early as the LGN, vas have been found
in the responses of cat X-cells (Derrington, 1987). This position is not supported

by the results presented here.

Finally, it is interesting to describe the appearance of the stimuli when transparency
was not observed. When disparity took the form of a uniform binocular translation,
capture of the carrier grating was observed, and the whole pattern was seen to lie
in the depth plane defined by the contrast disparity. This effect may be observed
in the stimuli in the top two rows of figure 5.1. When the disparity defined a slant-
ing surface, and the carrier grating was horizontal, capture of the entire plane was
again observed. This time, the whole pattern was seen to slant about a horizontal
axis. When the carrier was vertical, however, rivalry and diplopia were reported,
with neither transparency nor slant apparent. The contrast modulation appeared as
rivalrous, as may be observed in the bottom row of figure 5.1. Classical stereoscopic
capture effects involving subjective contours are reported only for crossed disparities,
uncrossed disparities resulting in rivalry and an absence of depth from disparity. Ad-
ditionally, capture of lines or texture elements lying outside the capturing contours is
not observed (Ramachandran and Cavanagh, 1985). Vallortigara and Bressan (1994)
interpreted stereoscopic capture as a solution to conflicting depth cues. Subjective
contours give the impression of occlusion, which is not consistent with the contours
having uncrossed disparities relative to the captured texture. By manipulating the
depth relations suggested by occlusion cues, Vallortigara and Bressan (1994) demon-
strated that capture of elements lying outside of the subjective figures can occur.
In the current experiments, transparency suggested the opposite depth relationships
between the carrier grating and the transparent figure—the carrier grating must lie
behind the plane defined by the transparency. No additional occlusion cues were in

conflict with this interpretation of the surface relationships.
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The capture effects described here support the arguments of Vallortigara and Bres-
san (1994) that capture reflects a solution to potentially conflicting depth cues, and
as such is intimately. related to transparency and occlusion. The only situations in
which neither transparency nor capture were observed involved a vertical grating
and a slanted transparent figure. Here there is conflict between the slants deter-
mined by the transparent figure and the vertical grating, and it is not possible for
any capture solution to integrate these cues. In this case, rivalry and diplopia oc-

curred as a result of a failure to integrate inconsistent depth cues (Ramachandran

and Cavanagh, 1985).
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contrast envelope processing

1 Introduction

The results of chapters 4 and 5 demonstrated that depth may be observed from
disparities in the contrast envelope of an image. Burton (1973) proposed that con-
trast beats in plaid stimuli are perceived from distortion products, introduced by
nonlinearities acting prior to orientation and frequepcy selective processing. These
distortion products would be detected by the same mechanism that detects lumi-
nance gratings. Howéver, Derrington and Badcock (1985) provided evidence that

image contrast variations are not perceived as the result of an early nonlinearity.

Hess and Wilcox (1994; Wilcox and Hess, 1996) suggested that contrast dispari-
ties are processed by an independent, nonlinear channel in stereopsis. This notion

is related to models of motion processing incorporating separate Fourier and non-

Fourier channels (Chubb and Sperling, 1988; Wilson, Ferrera and Yo, 1992; Zhou
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and Baker, 1993; Fleet and Langley, 1994a). ‘The two channel model proposed by
Chubb and Sperling (1988) involves one channel processing luminance information,
and another, independent channel detecting motion after broadband filtering and
fullwave rectification. It is the second channel that processes contrast modulations.
Wilson et al. (1992), Zhou and Baker (1993) and Fleet and Langley (1994a) pro-
posed models incorporating a late nonlinearity, occurring after an initial stage of
orientation- and spatial-frequency specific filtering. In the models of Wilson et al.
(1992) and Zhou and Baker (1993), rectification of the outputs of bandpass filters
is followed by a further stage of orientation- and frequency- selective filtering. As
an alternative, Fleet and Langley (1994a) proposed that contrast beats can be de-
tected via the spatial gradient of energy. This last model does not therefore involve

a second stage of oriented filtering.

These models may be classified in terms of the stage of significant nonlinearities.
All the above models involve a nonlinearity preceded by a stage of filtering. This
initial filtering stage is broadband in the model of Chubb and Sperling (1988), but
bandpass in the models of Wilson et al. (1992), Zhou and Baker (1993) and Fleet
and Langley (1994a). Whether nonlinearities occur before or after orientation and
spatial frequency specific filtering is a,n'important issue, since orientation and spatial
frequency specificity are first evident in the striate cortex (Movshon, Thompson and
Tolhurst, 1978). The various models may thus be distinguished on the grounds
of whether significant nonlinearities occur cortically. or precortically. In addition,
Wilcox and Hess (1996) have presented evidence that nonlinearities occur before

the binocular integration of information. -

The results of chapter 5 provide support for the notion that luminance and contrast
disparities are processed by distinct mechanisms. Transparency was found to be
asymmetric with respect to disparity for contrast modulated, but not for additive

stimuli, indicating that the processing of contrast disparities does not rely on dis-
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tortion products. Rather, it would appear that the two forms of transparency result

independently from distinct Fourier and non-Fourier processing.

This chapter addresses the question of the site of significant nonlinearities in dis-
parity processiﬁg, using an adaptation paradigm. Blakemore and Cémpbell (1969)
showed that prolonged presentation of a high-contrast sinewave grating increases the
minimum contrast required té detect gratings of a similar orientation and spatial
frequency. The elevation in contrast thresholds was found to decrease as orienta-
tion and spatial frequency differences between adapting and test stimuli increased.
In addition to increasing contrast detection thresholds, adaptation also reduces
the perceived contrast of suprathreshold stimuli (Greenlee and Heitger, 1988). As
stereoacuity is markedly contrast dependent (Legge and Gu, 1980), it may be ex-
pected that adaptation to a grating at the correct disparity should affect disparity
detectability. Specifically, adaptation would be expected to increase the minimum
contrast at which a given disparity could be discriminated. Masking studies have
shown stereopsis to be tuned to both spatial frequency (Julesz and Miller, 1975;
Yang and Blake, 1991) and orientation (Mansfield and Parker, 1994). Any édap-
tation effects occurring in stereopsis would be expected to be similarly orientation

and spatial frequency specific.

The experiments presented here were designed to test whether the detection of
disparities in the contrast envelope of a grating stimulus is preceded by a stage of
orientation and spatial frequency specific filtering. Further, the experiments were

intended to assess the orientation and frequency tuning of any such filtering stage.

_—

It is anticipated that, if any such tuning is demonstrated, it will reflect the nature of
the early stages of contrast envelope disparity processing. processing. If such pro-
cessing occurs after a stage of oriented bandpass filtering, adaptation to a grating

with the orientation and spatial frequency of the carrier of a contrast modulation
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should affect the contrast at which disparity in the contrast modulation can be
detected. For a contrast modulated sinusoidal grating, it might also be predicted
that the greatest contrast threshold elevation might be obtained by adaptation to
a grating with the orientation and spatial frequency of Fourier components of the
stimulus other than the carrier. With a horizontal grating, for example, disparity
information is carried by components other than the carrier. Adéptation to grat-
ings with orientations and spatial frequencies lying in the sidebands of power this
stimulus might be expected to have the greatest increase in the contrast required to
discriminate depth. If, however, disparities in contrast envelopes are perceived on
the basis of a nonlinearity introducing Fourier power prior to a stage of bandpass
filtering, adaptation to a grating with the orientation and spatial frequency of either
the carrier, or lying in the sidebands of power, would have relatively little effect
on ability to detect contrast envelope disparities. Rather, adaptation to a grating
with the orientation and spatial frequency of the contrast envelope itself might be
expected to have the greatest effect. This chapter assessed the effects of adaptation
to gratings of varying spatial frequencies and orientations on a stereoscopic task
involving the detection of disparity in a contrast envelope. The orientation and
spatial frequency of the adapting grating were varied relative to both the carrier
and modulation gratings. The results were analysed in terms of whether significant
nonlinearities occur prior or subsequent to orientation- and spatial frequency-tuned

filtering.
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2 Methods

2.1 Stimuli

Test stimuli consisted of contrast modulated horizontal gratings. The contrast mod-
ulation used was an approximation to a vertical grating, formed from a fundamental
plus its third and fifth harmonics, as was used in chapters 4 and 5. Figure 6.1 demon-
strates the Fourier transform of the image. Two different carrier gratings were used,
with spatial frequencies of 2.0 cycles/degree and 4.0 cycles/degree. The beat had a
spatial frequency of 0.45 cycles/degree. The modulation depth was 1.0; the contrast
of the carrier grating was varied between trials. The contrast beat had a binocular
disparity of 20 minutes; this was randomly crossed or uncrossed, and the subjects’

task was to discriminate the sign of the disparity.

In the adaptation task, subjects were presented with an adapting sinusoidal grating
prior to the test stimuli, and again between presentations of the test stimuli. In
some conditions, the adapting grating was horizontal, and thus carried no dispar-
ity information. In all other conditions, the adapting grating was presented with
zero disparity. The adapting grating had a contrast of 98%, and was counterphase
flickered at a rate of 4Hz to avoid phase dependent after effects (Georgeson, 1987).
Both the adapting grating, and the test stimuli, were presented in a hard circular
window, with a diameter of 7.9 degrees. The experiment consisted of three sets of

sessions:

o In the first set of sessions, the frequency of the adapting grating was equal to
the carrier frequency of the test sfimulus, and the angle between the adapting
grating and carrier grating was varied. This allowed for the examination of

the importance of the or'entation of the adapting grating, for frequencies close
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to the carrier. Angles of 0, 10, 25, 45, and 90 deg were used. The fundamental
frequency of the contrast envelope was fixed at 0.45 cycles/degree, while the

frequencies of the carrier and adapting grating were fixed at 4.0 cycles/ degree.

o In the second set of sessions, the orientations of the carrier and adapting grat-
ings were identical, and the spatial frequency of the adapting grating was var-
ied. Two different carrier frequencies (2.0 cycles/degree and 4.0 cycles/degree)
were used, to assess the épatial frequency tuning of the adaptation. The spatial
frequency of the adapting grating differed from that of the carrier by factors of
0.5, 1.0, 1.414 and 2.0. As a fifth point, the frequency of the adapting grating

was equal to the fundamental frequency of the envelope.

e In the third set of sessions, the frequency of the adapting grating was equal
to the fundamental frequency of the envelope, while the angle between the
adapting grating and the carrier was varied. Angles of 0, 45 and 90 deg were

used.

2.2 Procedure
2.2.1 Baseline task

The baseline task, without adaptation, required subjécts to discriminate the dispar-
ity of a contrast modulated pattern. On each trial, subjects were presented with
a test stimulus for 500ms. The subjects’ task was to decide whether the contrast
beats appeared in front of or behind the monitor. In the multiplicative transparency
experiments of chapter 4, it was found that a contrast modulation with a crossed
disparity relative to its carrier would appear to lie transparently in front of the
carrier. With uncrossed disparities, how=ver, the whole stimulus was seen to lie

in the plane defined by the disparity of the contrast envelope. It would therefore
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Figure 6.1: Representation of the Fourier spectrum of the stimulus. The stimulus
has four non-zero Fourier components, denoted by the black circles. These are de-
tfrmin(d by the carrier frequency, the beat frequency, and the two harmonics of the
beat. The horizontal carrier is located along the ujy -axis, as denoted by the solid vec-
tor passing through the origin. The length and direction of the vector give the spatial
firqiKncy and orientation of the earlier, respectively. The beat spatial frequency and
orientation are given in a similar way by the horizontal vector from the carrier to
the component corresponding to the fundamental frequency of the beat. The empty
circles, and the dotted vector, show the locations of power that would be™-mtroduced

by an early nonlinearity.
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have been possible for subjects to perform the experimental task described above
on the grounds of whether of not a transparency was observed. However, as the
depth discrimination and transparency detection tasks rely on the same disparity
information, this potential alternative strategy would not be expected to influence
the results obtained. Between experimental trials, the contrast of the stimulus was
varied. 10 fixed contrast levels were used. Each was presented 16 times, in random

order. Two sessions were run, each with 8 repetitions of each contrast level.

2.2.2 Adaptation Task

For the adaptation task, each block of trials was preceded by presentation of an
adapting grating for 2 minutes. Subjects were then presented with a test pattern,
identical to those used in the baseline task, and again asked to determine whether
the contrast beats appeared in front of or behind the monitor. Subsequent trials
were preceded by a “top-up” adaptation period of 6s. Subjects were required to
respond during this top-up period. Again, 10 levels of contrast of the test pattern

were used, and each was presented 16 times.

2.3 Subjects

The two experimenters plus one other volunteer acted as subjects in this experiment.
All subjects had normal vision; the experimenters had acted as subjects in experiments
presented in previous chapters. The third subject had not participated in other experi-

ments, and was naive to the purposes and aims of the experiment.

3 Results
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l-'igure 6.2: Response function, for subject KL, for the baseline task. Subjects’ ability

to perform the disparity detection task was affected by stimulus contrast.

I'ignre 6.2 shows an example response function, derived from the baseline task. Sub-
jects were consistently able to determine whether the beat was in front of or behind
the monitor at high contrasts; performance fell to chance at low contrasts. For each
session, a logistic function ranging between 50% and 100% was fit to the data. This
fitted curve was used to estimate the contrast at which subjects responded correctly
on 75% of trials. This procedure was used to determine the baseline contrast thresh-
old for each experimental session, in the absence of any adaptation. For each set of
data collected in the adaptation condition, the estimated contrast threshold was di-
vided by this baseline threshold, so as to determine the threshold elevation resulting
from adaptation. Figure 6.3 shows threshold elevations as a function of the relative
orientation and spatial frequency of the adapting grating. Also shown are results
for the condition in which the adapting grating had the same spatial frequency as
the beat. Threshold elevations were greatest when both the orientation and spa-

tial frequency of the adapting grating and test carrier were equal. As the spatial
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Figure 6.3: (A) Mean threshold elevations, on log-log axes, as afunction of the angle
between the carrier and the adapting grating. Threshold elevations were maximal when
the orientations were identical. (B): Means of the threshold elevations for the three
subjects, as afunction of the spatialfrequency of the adapting grating. The two curves
represent carrier frequencies of 2.0 and 4.0 cycles/degree, which are marked on the
horiztonal axis. Threshold elevations were maximal when the frequency of the adapting
grating matched the carrier. (C): Mean threshold elevations when subjects adapted to a
grating with the frequency of the beat. Elevation is markedly lowe than when subjects
adapted to a grating with thefrequency ofthe carrier. Results are plotted against the angle
between the adapting grating and the carrier.
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frequency or orientation of the adapting grating was varied relative to the carrier,
threshold elevation reduced. Relatively low levels of threshold elevation were found
when subjects were adapied to the beat frequency. It has been argued that there
are no adaptable channels tuned to below 1.5 cycles/degree, and that adaptation to -
frequencies below this will produce maximum threshold elevations for gratings with
a frequency of 1.5 cycles/degree (e.g. Blakemore and Campbell, 1969). This could -
explain the failure to find significant threshold elevation subsequent to adaptation to
the beat fx'equenC)f here. However. Stromeyer, Klein, Dawson and Spillman (1982)
found adaptation and masking effects which were centered on spatial frequencies
as low as 0.2 cycles/degree. so adaptation of channels tuned to 0.45 cycles/degree
could have been possible. Another reason why strong contrast elevation was not ev-
ident could be that the adapting grating was always presented with zero disparity,
whereas the test stimulus had a (crossed or uncrossed) disparity of 20 minutes. As
the effects of adaptation are disparity specific (Blakemore and Hague, 1972), this

difference in disparity may have reduced any potential adaptation.

4 Conclusions

The adai)tation effects reported here showed marked orientation- and spatial frequency
specific tuning. Threshold elevation was greatest when the adapting grating had the
same orientation and spatial frequency as the test carrier grating. Strong threshold
clevation was not obtained subsequent to adpatation to a grating with the spatial
frequency and orientation of the contrast envelope. This may be rel;;d to the low
spatial frequency of the envelope, or the difference in dispa.ril,y between the adapting
and test stimuli. However, the threshold elevation produced by adapting to the car-

rier of the stimulus is inconsistent with the notion that the visual system relies upon

carly nonlinearities to detect disparities in the contrast beat. The data support the
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idea that disparity sensitive processing of contrast beats occurs after orientation-
and spatial frequency- selective filtering, with significant nonlinearities occurring in

the visual cortex.

In studies of stereoscopic masking, masking effects have been found to be greatest
when test and mask have the same orientation (Mansfield and Pari(er, 1994). The
orientation bandwidth of these masking effects, which is around 25°, is similar to that
found for orientation discrimination (Campbell and Robson, 1966). While masking
1s also spatial frequency tuned, the greatest effects may occur for spatial frequencies
other than that of the test stimulus (Yang and Blake, 1991). Masking effects may be
characterised by two fairly broad channels, tuned to 3 and 5 cycles/degree. These
channels are most likely to be the result of pooling across more narrowly tuned
disparity detectors, of the type found in physiological studies (Ohzawa and Freeman,
1986). The results reported here are likely to be the result of adaptation prior to

the stage of pooling of disparity detector responses.

The half-width at half-height of the adaptation effects was found to be 25° in orienta-
tion, and 1 octave in spatial frequency. These findings are similar to results reported
for the detection of sinusoidal gratings subsequent to adaptation, for gratings pre-
sented both monocularly, and with binocular disparity. (Blakemore and Campbell,
1969; Blakemore and Hague, 1972). Similar results were also found in a related
experiment, involving a two dimensional orientation discrimination task (Langley,
Fleet and Hibbard, 1996). One marked difference between the results reported for
the two experiments is that threshold elevations were approximately a factor of 10
higher for the spatial orientation discrimination task. Again, this may be related to
the findings reported by Blakemore and Hague (1972), that adaptation effects were
disparity specific. It was not possible to present the adapting grating at the same
disparity as the test stimuli, since the subjects’ task was to discriminate the test

stimulus disparity. Consequently, the adapting grating was always presented at zero
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disparity, and as.'such had a disparity relative to all test stimuli of 20 minutes. This
disparity would be expected to produce reduced adaptation effects in comparison to
those found for the two dimensional orientétion discrimination task. The reduced
contrast threshold elevations reported here may also be influenced by the relatively
high baseline contrast thresholds. As a result, the difference in contrast between the
adapting grating and test stimuli used here was considerably lower than it would
have been in the two-dimensional discrimination task. This reduction in the differ-
ence in contrast between adaptation and test stimuli would be expected to produce

correspondingly smaller adaptation effects (Greenlee and Heitger, 1988).

In conclusion, these data support the notion that early nonlinearities do not con-
tribute significantly to binocular depth from disparities in image contrast envelopes,
at least of the type used in this study. Rather, it would appear that significant non-
linearities are apparent subsequent té a stage of orientation- and spatial frequency-
selective filtering. For the stimuli used here, it .would appear that processing of
contrast disparities is preceded by a stage of linear filtering tuned to horizontally
oriented stimuli. These results therefore support the notion that stereoscopic pro-
cessing may make proceed on the basis of the responses of horizontally tuned mech-
anisms (Fleet and Langley, 1994b). These results are similar to those reported in
related experiments involving the discrimination of the two dimensional orienta-
tion of contrast beats (Langley et al., 1996). As such, they suggest that similar
mechanisms are employed in the processing of spatial and stereoscopic information

manifest in image contrast variations.
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7. A model of slant perception
based on differences in

instantaneous frequency

1 Introduction

Computational models of stereopsis have been suggested to explain how the corre-
spondence problem is solved, and how binocular disparities in images may be rep-
resented (e.g. Marr and Poggio, 1979; Grimson, 1980; Mayhew and Frisby, 1980).
While some models have considered both horizontal and vertical disparities (e.g.
Langley, Atherton, Wilson and Larcombe, 1990), most have considered only hori-
zontal disparities. This is a result of the preponderance of horizontal disparities in
stereoscopic viewing, and their importance as a source of depth information. By
estimating horizontal disparity for all points in an image, a disparity map may be

built up, which can provide important depth information. However, properties of
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1. INTRODUCTION

object and surface shape, such as slant and curvature, are apparent only implicitly
in this representation. In this chapter, a computational model is presented which

demonstrates how such a direct estimation of surface orientation may be achieved.

The notion fchat stereopsis in concerned primarily with the fepresenta,tion of horizon-
tal disparities has led physiological researchers to consider the responses of binocu-
lar neurons only to horizontal disparities (e.g. Poggib and Fischer, 1977). However,
Freeman and Ohzawa (1990) have criticised these studies for assuming that disparity
sensitivity plays a functional role in the analysis of depth from horizontal dispar-
ities. Other studies (Ohzawa, DeAngelis and Freeman, 1990; DeAngelis, Ohzawa
and Freeman, 1991, 1995) have addressed this issue by independently considering
the two dimensional monocular receptive fields of binocular neurons, and relating
disparity tuning to differences in the position and shape of left and right monocular

receptive fields.

Physiological studies have also considered the monocular orientation tuning of binoc-
ular neurons. Specifically, it has been reported that left and right monocular recep-
tive fields of binocular neurons may show differences in preferred orientation (Blake-
more, Fiorentini and Maffei, 1972; Nelson, Kato and Bishop, 1977). Cells falling
into this category have been shown to respond to orientation disparity (Nelson et
al., 1977, Hanny, von der Heydt and Poggio, 1980). It has been suggested that
orientation disparities may play a role in the representation of surface orientation
(e.g. Koenderink and van Doorn, 1976; von der Heycit, Hanny and Diursteller, 1981;
Rogers and Graham, 1983). The orientation disparity tuning found in physiological

E—

studies may support this computational strategy.

Computational models of stereopsis have been proposed which make use of orien-
tation disparities. Wildes (1991) presented a model in which surface orientation is

estimated from angular disparities in pairs of image edges. This model is related
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to the geometrical analysis of Koenderink and van Doorn (1976). However, the
model employed a previously obtained édge orientation map, so did not address the
problem of how orientation may be represented. Jones and Malik (1992) proposed
a model in which surface orientation is estimated from orieqtation and spatial fre-
quency differences in the outputs of bandpasé filters. This model is able to infer
inclination (slant around a horizontal axis) from stimuli which do not contain sys-

tematic positional correspondences between image points (such as those used by von

der Heydt et al., (1981)).

The disparity field associated with a planar surface may be approximated as an
affine transformation between binocular image pairs. The model presented in this
chapter estimates this transformation, using locally obtained image measurements.
This estimation is achieved without first representing a positional disparity map, and
is intended as a first stage in the estimation of surface orientation. This model is
related to models of stereoscopic processing based on the analysis of phase disparities

(e.g. Sanger, 1988; Langley et al., 1990).

In section 2, The affine model of disparity, the binocular disparity field is related to
image spatial gradients. Section 3, Responses of bandpass filters, describes how this
relationship may be exploited to provide estimates of the affine parameters from the
responses of bandpass filters. The derived model is implemented in section 4, Simu-
lations. Finally, section 5, Conclusions, discusses the role of this model in furthering
an understanding of the representation of stereoscopic slant and transparency, and
suggests how it may be extended to relate more directly to both psychophysical and

_—

physiological evidence.
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2. THE ATFFINE MODEL OF THE DISPARITY FIELD"

2 The affine model of the disparity field

With the exception of disparity discontinuities occurring at surface boundaries, both
horizontal and vertical dispa_rities will typically vary smoothly with space, and may
be represented by the continuous functions dj(z,y) and d,(z,y), respectively. These
functions may be represented in the neighbourhood of the point (z¢,y0) using the

Taylor series expansion:

dix,) = d(oow) + (oo ) + eyt (0
Wey) = a0+ geldeleo e+ o ldlzo eyt (@)

which may be written as a first order approximation:

MENEIIN

where ho = di(o,Y0), vo = dy(z0,%0), @ = %dh , b= g—ydh, c= aa—zd,,, and d = %du.
Equation (3) represents an affine transformation between left and right images, and
gives a close approximation to the disparity field for planar surfaces, for which second

and higher order terms in dj and d, are small.

The model presented in this chapter estimates this affine transformation for stereo-
scopic image pairs. Let the luminance of a point (z,y) in the left- and ri'gié—images
be Ei(z,y) and E,(z,y), respectively. Ei(z,y) and E,(z,y) are related by the hori-

zontal and vertical disparities, di(z,y) and d,(z,y), such that: .

ET(:E’y) = El(‘r-’f’dh(xay)?y'l'dv(m’y)) (4)
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2. THE AFFINE MODEL OF THE DISPARITY FIELD

Expanding the right hand side of equation (4),

about the point (x,y), gives:

o OF OE,
ET(I7y) - El(‘ray)'i'dh(x)y) oz +dv(x,y)g+ (5)

Subtracting E.(z,y) from both sides, and ignoring second and higher order terms

in d; and dy, gives:

E.dy+ E,dy + (E/ — E,) = 0 (6)

where, F, = %Lj} and F, = %’;f give the partial derivatives of the image. An affine

model may be derived from (6) using the two-dimensional, spatial gradient operator,

V() = (2% + 8j):

<

d, A
(Endh 159" pa, 15,95 AEx) P+

oz oz
adh 6dv a
(Exydh + Era? + E,d, + E, By + AEy) j =0 (M
a b E, E.. FE. ho AE,
i.e. + =0 (8)
c d E, E.,, E, vo AE,

where hg, vo, @, b, ¢ and d are defined as before, and AE; and AE, represent the

interocular differences in the partial derivatives, given by:

AE.(z,y) = [Ez,y)li~[E(z,v)], 9)

AE,(z,y) = [Ey(z,9)li = [Ey(z,y)]- (10)
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2. THE AFFINE MODEL OF THE DISPARITY FIELD

Equation (8) may be written in terms of the differential invariants of translation,

dilation, rotation and deformation:

E.. E. E, AE, |
T+{D+R+S} + =0 (11)
E., E,, E, AE,

where T represents translation, D dilation, R rotation, and S deformation, given

by:

-ho € 0
T= , D= s
Lvo 0 e
- (12)
0 —r —P 9
R': ) ) S:
| T 0 q p

Here, ¢ and r represent the magnitude of dilation and rotation, respectively, and

(p. q) represents a deformation of magnitude 1/p? + ¢>.

Equation (11) relates the 6 parameters of the disparity field, {ko,vo,e€,7,p,q}, to
the image derivatives { Ez, By, Ezz, Ezy, Eyy, Ezt, Eyi}. For two dimensional motion,
only the component of velocity normal to image contours may be measured. This
limitation is known as the aperture problem (Wallach, 1935), and is an example
of degeneracy. Yamamoto (1989) described the general aperture problem for the
estimation of the three-dimensional motion parameters. He showed how certain
image configurations mean that some of the motion parameters will remain unde-
termined. Two dimensional motion is uniquely determined if there exist two or more
image contours with different orientations. To estimate the six parameters of the
affine disparity field would require six linearly independent sets of measures of image

derivatives. .
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The model presented in this chapter is local, with estimates based on measurements
obtained from- a single image location. As such, the degree of information required
to obtain a unique solution to equation (11) is unlikely to be available. This problem .
may be alleviated by reducing the number of parameters to be estimated. Here, this
1s achieved in two ways. First, it is assumed that an estimate of the translation
component, T/ = [k}, vh]T, may be obtdined independently. Image derivatives at
the point (z,y) in the left image may then be compared with those at the point

(z + hg,y + vgy) in the right image, giving:

E. AFE;]
{D+R+S} + =0 (13)
E, AE;
where:
AE (z,y) = [E:(z,y)li— [Ez(z + hoyy + v5)lr (14)
AE,(z,y) = [Ey(z,y)li = [Ey(z + ho,y + o)) (15)

Second, the dilation component may be removed from (13) by premultiplying all

terms by [—E,, E;] giving:

(E2+ Er + (El - ED)p+ (2E.E,)q + (E.(AE,) - E,(AE,)) =0 (16)
Equation (16) contains 3 unknowns, representing the rotation and deformation com-
ponents of the affine transformation, respectively. This solution is attractive, as it
requires the estimation of a reduced number of parameters. Further, these param-

eters will account for the orientation disparities iniroduced by the transformation,
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and have been suggested on theoretical grounds as a representation which may be

used to recover surface orientation (Koenderink and van Doorn, 1976).

3 Responses of bandpass filters

The model presented here employs quadrature pairs of bandpass filters as a first stage
in processing. Simple cells in primary visual cortex are typically modelled as linear,
bandpass neurons, whose responses are tuned for stimulus position, orientation and
spatial frequency (Hubel and Wiesel, 1962; Campbell, Cleland, Cooper and Enroth-
Cugell, 1968; Campbell, Cooper and Enroth-Cugell; 1969; Movshon, Thompson and
Tolhurst, 1978; Ohzawa and Freeman, 1986; Hamilton, Albrecht and Geisler, 1989).
These properties have been incorporated into models of early vision (e.g. Wilson,
Levi, Maffei, Rovémo, DeValois, 1990; Heeger, 1992; Wilson, Ferrera and Yo, 1992;
Fleet and Langley, 1994a). In addition, it has been suggested that simple cells
form quadrature pairs, with similar amplitude spectra, but exhibitng a 90° phase
shift (e.g. Marcelja, 1980; Daugman, 1985). This characterisation is motivated
partially by the finding that adjacent simple cells tend to exhibit 90° or 180° phase
relationships (Palmer and Davis, 1981; Pollen and Ronner, 1981; Foster, Gaska,
Marcelja and Pollen, 1983; Liu, Gaska, Jacobson and Pollen, 1992). However, phase
and amplitude may also be derived from a population of cells with a range of phases

of receptive fields (Fleet, Wagner and Heeger, 1996).‘

Complex cells have subsequently been modelled as energy neurons, summing the
squared responses of quadrature pairs of simple cells (Pollen and Ronner, 1983;
Adelson and Bergen, 1985; Emerson, Bergen and Adelson, 1992; Heeger, 1992).
Energy responses of quadrature filters have been used in models of both motion
processing (Adelson and Bergen, 1985; Emerson et al., 1992) and stereopsis (Fleeti

et al, 1996). Quadrature filters have also been employed in phase based models of
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visual processing (e.g. Sanger, 1988; Fleet and Jepson, 1990; Langley et al., 1990;
Fleet, Jepson and Jenkin, 1991; Jenkin and Jepson, 1991; Sanger, 1988; Fleet and
Langley, 1994a). These models provide estimates of disparity or velocity. Here,
this notion is extended so that equation (11) may be solved for the parameters of

rotation and deformation, using the phase fesi)onses of bandpass filters.

3.1 Phase and Amplitude responses

A quadrature filter may be expressed conveniently as a single complex valued filter.

An example of such a filter is a two-dimensional Gabor function® (Gabor, 1946):

G('T’ Y; k]ak%a) = I o2

exp [—%*;yj] [cos(k1z + kay) + isin(koz + koy)] (17)

where 12 = —1. Here, § = tan! %’2- and f = \/k? + k2 represent the orientation
and frequency tuning of the filter, respectively. For a given frequency tuning; the
bandwidth of the filter is determined by o2, the standard deviation of the Gaussian
envelope?. The response of G(z,y; k1, ks, 0) to a two dimensional input image I(x,y)

is given by:

R(x,y) = G(CL’, Y5 kla k2’0) * I(.’Z:, y) (18)

—_—

where * represents the convolution operator (Bracewell, 1986). As R(z,y) represents

the convolution of a real-valued image signal I(z,y) and a complex-valued filter, it

lwhile Gabor filters are not quadrature pairs, they provide a reasonable approximation for

sufficiently small bandwidths, of around 1 octave or less.

2The bandwidth of the Gabor filter in equation (17) is given by log, [-fo—Z] ‘(Fleet and Jepson;

1990).
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Re[R(x,y)]

I'igiire 7.1: The complex response R{x"y) is shown here in the complex plane. Phase

and amplitude form a polar representation of the response.

too is a complex valued function:

R{x,y) = Re[/7(a:,y)] + zlm[i7(x, y)] (19)

which may be represented using polar coordinates in the complex plane (Figure 7.1):

Rix,y) =

= pixy)[cos(t>{xy) + ism<j>{x,y)l (20)

where p{x,y) and <(z,y), which represent the amplitude and phase components of
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the signal, respectively, are given by:

plz,y) = |R(z,y)l |
= yRe[R(z,y)? + Im[R(z,y)? (21)

¢(z,y) = arg[R(z,y)]

Im[R(z, y)])
Re[R(z,y)]

= arctan ( (22)

Given the local nature of ¢(z,y) and p(z,y), they are referred to as instantaneous

phase, and instantaneous amplitude, respectively.

The local behaviour of the response of a bandpass filter is approximately sinusoidal,
with a frequency close to the central tuning 'freclluency of the filter, and a slowly
varyving amplitude. As a consequence, the phase response within a local spatial
neighbourhood will be approximately linear (Fleet and Jepson, 1993), and the am-
plitude response lowpass (Knutsson, 1982). As an example, a pure sinusoid has
linear phase, and a constant amplitude. Fleet and Jepson (1993) demonstrated the
robustness of local phase information for measuring image velocity and binocular
disparity. The disparity model derived in section 2 requires measurements of im-
age derivatives. Given the linearity of phase in a local neighbourhood, and the
relatively slowly varying nature of amplitude, measurements of spatial derivatives
of phase would again be expected to exhibit greatér stability than would spatial

derivatives of amplitude.

3.2 Instantaneous frequency

Related to the concept of instantaneous phase is that of instantaneous frequency,

which is defined here as the spatial derivative of instantaneous phase:
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k~1(:c,y) = M%%l = @z, EZ(xay) = %%&l = @y (23)

Instantaneous frequency represents a local approximation to the frequency and ori-

entation of a signal, which are given by:

R I o (24)

é:ﬁ(xv y) = arg[¢, éy] (25)

respectively. Instantaneous frequency may be estimated by taking spatial derivatives
of the phase response in a local spatial neighbourhood. As an alternative, it is
possible to obtain instantaneous frequency estimates by convolving images with both
a quadrature filter G(z,y; k1, ko, 0), and its spatial derivatives G(z,y; k1, k2,0) =
88 and Gy (z,y; k1, kyy0) = %, (Fleet, 1990), giving:

Azr

R(z,y) = G(z,y;ki, ks, 0) % I(z,y) (26)
R:c('ray) = G:c(m,y; klv kZaU) * I(:r>y) (27)
Ry("c?y) = Gy(aj’y;kl’k%o’)*l(xvy) (28)

Instantaneous frequency is then given by:

Im[R,;]Re[R] — Re[R;|Im[R)

& Re[R)? + Im[R)? (29)
Im[R,)Re[R] — Re[R,]Im[R)]
by Re[R]? 1 Im[E]? (30)

In the simulations presented here, Gabor filters with an isotropic envelope, and a

bandwidth of 1 octave were used. Figure 7.2 shows the response of a horizontally
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tuned filter to a plaid stimulus similar to those used in chapters 2 and 3. The stimulus
used here consisted of two sinusoidal component gratings, with equal magnitudes of
spatial frequency and contrast, oriented at +15° from horizontal. The stimulus, the
response of the real part of the filter kernel, and the phase and amplitude responses
are shown. It can be seen that the amplitude response varies more slowly than does
the phase response. Further, the structure of the carrier grating is captured in the

phase response, whereas the contrast envelope is reflected in the amplitude response.

4 Simulations

Equation (16) may be used to provide estimates of rotation and deformation on
the basis of instantaneous frequency measurements. A complete solution to (16)
requires three linearly independent sets of instantaneous frequency measurements,
which may be obtained for phase contours with different orientations. Estimates may
be obtained by combining measurements obtained from filters at a single position,

with different orientation tuning:

( 3‘1 + ¢§1) ( 31 - ¢:2c]) (2¢21 ¢y1) T ¢$1A¢y1 - ¢91A¢Il
: : . p|= : (31)
q

( ;25,1 + ¢2n) ( zn - ¢'§n) (2¢zn¢yn) ¢l‘nA¢yn - ¢ynA¢In

where ¢, ..., ¢z, and @y, - .., d,, represent instantaneous frequency measurements

obtained from filters tuned to n orientations. Equation (31) may be written as:

Ax=Db | (32)

Equation (32) may be solved using the method of least squares, to provide a max-
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(A) (B)

() (D)

Figure 7.2: (A): Plaid Stimulus. (B): Response of real part of filter. (C): Phase

response. (D): Amplitude response.
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imum likelihood estimator of x (Press, Flannery, Teukolsky and Vetterlin, 1992).
Figure (7.3) shows estimates for rotation, and horizontal shear and expansion-
compression transformations. The stimulus used in these simulations was a plaid
formed from four components, with orientations of 0°, 45°, 90° and 135°. This is an
idealised stimulﬁs, containing sinusoidal components with a épatial frequency equal
to the tuning frequency of the filters used. By including components at four distinct
orientations, it was ensured thét filters tuned to different orientations would respond
to different components, and thus provide independent estimates of instantaneous
frequency. The results were obtained by convolving the stereoscopic image pairs
with Gabor filters similar to those used in section 3; filters at 12 different orienta-
tion were used. Instantaneous frequency estimates were obtained by also convolving
with the spatial derivatives of these filters. On the basis of these estimates, a so-

lution to equation (31) was obtained using the generalised (Moore-Penrose) inverse

(Rao, 1971).

The results demonstrate that, provided sufficient independent estimates of instanta-
neous frequency may be obtained, the affine parameters of rotation and deformation

may be successfully estimated.

If sufficient information in not available locally, the matrix A in equation (32) will
be ill-conditioned (close to singular), and the vector x cannot be uniquely deter-
mined. This situation leads to unreliable parameter estimates. The problem of
ill-conditioning may be alleviated by constraining the solution to equation (31).
Constrained minimisation may be achieved using the method of Lagrange multipli-
ers (Horn, 1986). The problem then is to minimise the sum of the errors Tn equation

(16), E4, given by:

Ey= (E*+ E}r + (B! — E))p+ (2E,E,)q + (E-(AE)) — E,(AE}))  (33)

159



4. SIMULATIONS

Rotation Shear Expansion-Compression

(A) (B) (©)

Figure 7.3: Results /or four component plaid stimuli (A): Rotation (B): Shear.
(C): Expansion-Compression. White bars depict the actual transformation, while

dark bars give the model estimates.

aiul errors associated with an additional constraint, Ec- Let the total error to be

minimised be C which is given by:

(34)

where A is a constant which weighs errors in the least squares equation relative to
departures from the constraint equation. Minimisation was achieved subject to two
independent constraints. The first assumed that viewed surfaces were frontoparallel,
i.e. x = 0. This method is equivalent to Bayesian estimation, and results in biases
towards a frontoparallel surface. These biases will lead to the underestimation of
surface riant. Such underestimation has been reported psychophysically (Gillam,

Flagg, and Finlay, 1984; Mitchison and McKee, 1990; van Ee and Erkelens, 1996).
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Orientation of components Orientation of components

(A) (B)

Orientation of components Orientation of components

©) (D)

Figure 7.4: Slant estimation for plaid stimuli. (A) Subject means for the pfychophys-
w.al results from, chapter 3, for horizontal shear. (B) Model estimates horizontal
shear. (C) Subject means for the expansion-compression condition. (D) Model es-

timates for the expansion-compression. Results are plotted perceived or measured

slant of the probe stimulus in all cases.
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The underestimation will be particularly severe when image measurements provide

only limited information to the actual slant.

In chapter 3, it was shown that the slant of a two component plaid stimulus, with
components close to horizontal, was underestimated relative to a stimulus with three
components, equally spaced through orientation. This underestimation is predicted
by the constraint used. Figure 7.4 shows the measured magnitude of the deformation
component p, for the stimuli used in chapter 3. These results were obtained with a
prior that was 10% of the maximum magnitude of components of A. Also shown
are the means of the psychophysical results. The model predicts the decrease in
perceived slant as the component orientation separation is decreased. The model
cannot, however, account for the threshold results obtained in chapter 2, as the issue

of slant discriminability is not addressed.

In the second simulation, a smoothness constraint was applied to the solution. This
constraint assumes that the parameters of rotation and deformation vary slowly as
a function of spatial position. Departures from smoothness are defined in terms of
the partial spatial derivatives of the parameter estimates. In this case, the function

E. to be minimised is given by:

(@@ -

Horn and Schunck (1981) employed a similar smoothness constraint to the problem
of estimating optical flow. Following Horn and Schunck, equation (34) may be solved
iteratively. Given an estimate of the parameters (r", p", ¢"), we may obtain the new

estimate:

R[R7™ + Pp" + Q7" + S|
A+ P+ Q%+ R?

,rn+1 — "

- (36)

162



4. SIMULATIONS

With reference

08 Without reference 06

Rot
— Deft

I Def2

100

Time (s) Iteration

(A) (B)

Figure 7.5: (A) Perceived horizontal axis slant, as a function of presentation time,
rdative to geometrically predicted slant. (Replotted from Van Ee and Erkelens
(1996)' for subject OS, for the shear condition). Slant increases over time, for
.dimuli both with and without a zero disparity reference. (B) Model estimates of
the parameters of rotation and deformation, for a horizontally sheared plaid stim-

uli. relative to the magnitude of transformation. Parameter estimates increase with

successive iterations.
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. PR+ Pp"+ Q7" + 5]
A+ P+ Q*+ R?

nt1 _n+Q[RFn+PP7n+Q7"+S]
A+ P2+Q?+ R?

n+1

where:
R=F+E P=E -E
Q@ =2FE.E, S = Ex(AE;) — E,(AE))

and (7*,p",q") gives the spatial mean of the previous estimates:

1
—_n . el n n n n
T = % (ri—l,j Frig trigat ri,j+1)

n n n n
T 15 ("z’-l,j—l triciia gt 7’:’+1.j+1)
1

o= 5 (P?—Lj + Pl P T P2j+1)
1 n n 3 7
+ D) (Pz'-1,j-1 + Dis1j+1 T Pi151 +pi+1.j+1>
=" 1 n n n n
7 = 35 (qi—l,j + 44 1t %‘,j+1)

1 n ) n n n
+ D) (qi—l,j—l + ¢ 141+ Gig1,-1 Qz'+1,j+l)

(39)

The regularisation scheme may be related to the time course of slant perception. van

Ee and Erkelens (1996) found that perceived inclination increased with increasing

presentation times. Data for their subject OS are replotted in figure 7.5A. Figure

7.5B shows parameter estimates for the horizontally sheared four component plaid

stimulus that was used in the earlier simulations. These parameter estimates in-

crease with successive iterations. If the iterations of the model may be related to

time, and inclination encoding made use of this estimate of deformation, perceived

inclination would be expected to increase over time, in a manner similar to that

reported by van Ee and Erkelens (1996).
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5 Conclusions

The model presented in this chapter describes the disparities in a local spatial neigh-
bourhood as an affine transformation between a binocular pair of images. A reduced
model of this transformation was presented, from which estimates of rotation and de-
formation were obtained. Estimates were derived from local measures of interocular
differences in instantaneous frequency, the spatial derivative of the phase response -
of quadrature, bandpass filters. However, the derivative model presented in section
2 may potentially be implemented using derivatives of other image properties. One
possibility that was discussed is the use of derivatives of the amplitude response
of bandpass filters. Figure 7.2 shows how energy responses reflect the structure of
the contrast envelope of a stimulus. The model presented could in principle be im-
plemented using energy derivatives, and would then produce estimates of the local

affine transformation of the image contrast envelope.

Energy derivatives represent an additional potential source of information in describ-
ing the affine transformation (Hibbard and Langley, 1994). They may also be useful
in the representation of transparency (Hibbard, Langley and Fleet, 1994). Fleet and
Langley (1994a) proposed that phase and amplitude responses may be used to rep-
resent Fourier and non-Fourier motion, respectively. Similarly, phase and amplitude

may be used as a basis for the representation of luminance and contrast disparities.

Estimates obtained from measures of local interocular differences in amplitude gra-
dients may present particular difficulties from a cornp-utationa.l viewpoint. Fleet and
Jepson (1993) emphasised the stability of phase information, and its suitability for
the estimation of image changes. Conversely, amplitude responses were suggested
to form a less reliable basis for such estimation. Given the slowly varying nature of
amplitude responses, estimates of amplitude gradients would be expected to be less

reliable than would estimates of phase gradients.
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The model presented is able to account for two important properties of slant percep-
tion. First, the model estimates of deformation would lead to an underestimation
of slant. This is a consequence of the Lagrangian multiplier incorporated into the
model which introduces a bilas towards small estimates. FUIjtheI‘, for plaid stimuli,
this underestimation was.found to increase as the plaid’s components approached
horizontal. This results from the increased importance of the a pﬁori distribution
when presented with more limited information. Similar constraints have also been
used in models of motion (Simoncelli and Heeger, 1992), and may account for per-
ceptual biases towards slow speeds (e.g. Thompson, 1982; Smith and Edgar, 1990;
Farid and Simoncelli, 1994).

Second, the estimates of rotation and deformation provided increase with successive
iterations; this property of the model is a consequence of the smoothness constraint
incorporated. This aspect of the model’s behaviour is the result of the initialisation
of the estimates to zero. Perceived slant has similarly been found to build up over

a time course of several seconds (van Ee and Erkelens, 1996).

Although the model presented is based on physiologically plausible filters, it is not
intended as a model of the neural processes underlying the perception of slant.
Rather, the model demonstrates how information contained in the responses of such
bandpass filters may yield estimates of useful parameters. However, it may be
possible to implement the model in a similar manner to the energy based model of
Fleet et al. (1996), which incorporated disparity detectors with both interocular
position and phase shifts. Physiological support exists for binocular neurons tuned
to difference orientations in left and right eyes (Blakemore et al, 1972; Nelson et al.,
1977, Hanny et al., 1980). The model presented here may be implemented using

disparity detectors, to encode instantaneous frequency difference from interocular

differences in orientation and spatial frequency tuning.
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8. Conclusions

1 A model of surface representation from stere-

opsis

This thesis investigated the roles of luminance and contrast disparities in the rep-
resentation of surfaces in three dimensional space. The investigations focused on
the processing of slant, and on the representation of transparency. The conclusions
drawn from the psychophysical evidence obtained are summarised in the model pre-
sented in figure 8.1. This model outlines the computational strategy which, it is
proposed, allows the representation of surfaces in depth on the basis of_l'113ninance

and contrast disparity cues. This concluding chapter discusses the psychophysical

data, and outlines further questions raised by the research.
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Disparity detectors have been characterised as linear neurons, tuned to stimulus ori-
entation and spatial frequency (e.g. Ohzawa, DeAngelis and Freeman, 19%; DeAn-
gelis. Ohzawa and Freeman, 1991, 1995). Psychophysical studies have demonstrated
that human stereopsis is similarly tuned to both orientation and frequency (Mans-
field and Parker, 1994; Yang and Blake, 1991). It is proposed that the processing

of luminance and contrast disparities share a common, linear filtering stage.

A MODEL OF SURFACE REPRESENTATION FROM STEREOPSIS

Left nght
Image Image
Oriented
filtering
Nonlinearity Nonlinearity
Luminance Contrast
disparity disparity
processing processing
Surface

representation

Figure 8.1: A model of luminance and contrast disparity processing.

Linear filtering

contrast disparities, this stage will exhibit tuning to the orientation and frequency
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1. -A MODEL OF SURFACE REPRESENTATION FROM STEREOPSIS

of the carrier of the stimulus. In chapter 6, it was demonstrated that adaptation to
a sinusoidal gr.ating with the orientation and frequency of the carrier of a contrast
modulated stimulus increased the contrast at which disparity in the contrast enve-
lope of the stimulus coulci be detected. Conversely, adaptation to a grating with
the orientation and frequency of the contrast beats of such z; stimulus had relativeiy
little effect on the contrast at which disparity could be detected. Similar results
were reported in a two dimensional orientation discrimination task (Langley, Fleet
and Hibbard, 1996). It has been proposed that nonlinearities occur early in vision,
prior to a stage of bandpass filtering in primary visual cortex (e.g. Burton, 1973;
Henning, Hertz and Broadbent, 1975; Smallman and Harris, 1996). However, it is
argued here that these nonlinearities do not play a significant functional role in the

processing of contrast disparities.

1.2 Post-filtering nonlinearity

The detection of image contrast variations requires a nonlinear stage in processing
(Chubb and Sperling, 1988; Fleet and Langley, 1994a). Langley et al. (1996)
suggested that this nonlinearity occured after a stage of linear, bandpass filtering,
which is sensitive to stimulus orientation and spatial frequency. In addition, the
stage of nonlinear contrast processing was proposed to exhibit tuning to the spatial
frequency of contrast modulations. It was found that contrast sensitivity for contrast
modulations showed a peak at 0.4 cycles/degree. Again, this finding was taken
as evidence that contrast modulations are not processed on the basis of nonlinear
processing occurring prior to a stage of bandpass filtering; such processing exhibits
peak sensitivity for frequencies of 3-5 cycles/degree (e.g. DeValois, Morgan and
Snodderly, 1974). In chapter 4, it was found that, for contrast modulated, sinusoidal
gratings, transparency was most readily perceived for contrast modulations with a

spatial frequency of around 0.4 cycles/degree. Although these experiments studied
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transparency, as a function of disparity, rather that contrast sensitivity, they do
provide evidénce for spatial frequency tuning in the processing of contrast envelope
disparities. Again, this tuning is distinct to that found for luminance disparities,
stereoacuity for which peaks for stimuli with a spatial frequency of 2.5 cycles/degree

(Schor and Wood, 1983; Kontsevich and Tyler, 1994; Hess and Wilcox, 1994).

1.3 Disparity processing

Binocular neurons have been found which are sensitive to position disparities (e.g.
Poggio and Fischer, 1977; Ohzawa et al., 1990; DeAngelis et al., 1991, 1995) and
orientation disparities (Blakemore, Fiorentini and Maffei, 1972; Nelson, Kato and
Bishop, 1977; Hanny, von der Heydt and Poggio, 1980). It has been argued that
the representation of slant relies not on position disparities, but on orientation dis-
parities. (e.g. von der Heydt, Hinny and Dirsteller, 1981; Rogers and Graham,
1983). Additionally, it has been suggested that slant may be encoded from interoc-
ular spatial frequency differences (Blakemore, 1970; Tyler and Sutter, 1979; Tyler,
1990).

In chapter 2, slant thresholds were measured for grating stimuli, with interocular
differences in orientation and/or spatial frequency. It was found that thresholds
depended both on the cyclopean orientation of the grating, and on the nature of
the binocular transformation. It was found that thresholds could be predicted pri-
marily on the basis of the magnitude of the orientation disparity between the left-
and right-eye gratings. However, slant was also perceived in stimuli cothEihing no
orientation disparities. For example, a vertical grating with an interocular spatial
frequency difference was perceived to slant about a vertical axis. Slant must there-
fore be perceived from other cues in addition to orientation disparities. It was found.

that the results could be modelled by assuming that either gradients of phase dis-
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parities, or frequency differences, were combined with orientation disparities in the

representation of slant.

Additionally, it was found that slant thresholds for plaid stimuli could be predicted
from disparitieé in their Fourier components. It was founci that, for plaids with
components oriented between horizontal and +45°, slant thresholds were lower for
surfaces with a vertical slant a%is than for surfaces with a horizontal slant axis. This
result is a reversal of the usual anisotropy in slant (e.g. Wallach and Bacon, 1976;
Rogers and Graham, 1983; Cagenello and Rogers, 1993), but is predicted from a
consideration of orientation disparities, and is consistent with the finding that the
anisotropy is not evident for stimuli containing lines oriented at £45° (Cagenello and
Rogers. 1993). These results lend further support to the notion that slant perception

relies primarily on the encoding of orientation disparities.

For suprathreshold magnitudes of slant, perceived slant for plaid stimuli was depen-
dent on the orientation of the plaid’s component gratings. Perceived magnitude was
less for plaids with components close to horizontal. Again, this result is consistent

with the magnitude of orientation disparities contained in the stimuli.

Although the perception of slant in plaid stimuli may be characterised in terms of
disparities in their component gratings, contrast disparities were found to play a
role in the perception of transparency. This result demonstrates that depth may be
observed from disparities in contrast modulation. The smallest disparity for which
transparency was observed occured for stimuli with a contrast envelope whose spa-
tial frequency was around 0.4 cycles/degree. A similar result has been reported for
contrast sensitivity for contrast modulations (Langley, Fleet and Hibbard, 1996).
This result suggests first that contrast modulations are processed by a spatial fre-
quency tuned mechanism, with peak sensitivity at 0.4 cycies/degree, and second

that contrast modulation disparities are processed by mechanisms similar to those
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responsible for the detection of the modulation.

Transparency was only observed for contrast envelopes with crossed disparities, stim-
uli for which the envelope appeared to lie in front of its carrier. This asymmetry
was not observed for additive transparency, suggesting that a distinction between
contrast and luminance defined disparities is preserved in stereoscopic processing.
This phenomenon was investigated further, by presenting stimuli containing both
contrast modulation and additional lulﬁindnce, taking the same form as the mod-
ulation. Transparency was not reported for stimuli containing only the contrast
modulation, if this modulation had uncrossed disparities relétive to the carrier.
Transparency was however observed when luminance was subtracted from the stim-
uli. The contrast of the luminance required was not influenced by the depth of
contrast modulation. These results suggest that luminance and contrast disparities
are treated as separate sources of information, which are processed independently

n stereopsis.

1.4 Surface representation

Surface orientation may be inferred from the local spatial variation in binocular
disparities. Koenderink and van Doorn (1976) suggested that an analysis of the
deformation component of this local variation may be used to provide reliable es-
timates of slant. Howard and Kaneko (1994; Kaneko and Howard, 1994) proposed

that surface slant is represented on the basis of the difference between horizontal and

—_—

vertical shear, and between horizontal and vertical expansion-compression. Either

of these strategies may make use of orientation, positional, or frequency disparities.

In chapter 7, a model of slant was presented in which the affine parameters of de-
formation and rotation are estimated from interocular differences in instantaneous

frequency. These estimates may form the basis of a representation of surface slant.
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The model proposed requires the estimation of three parameters, to determine the
magnitude of rotation, and the magnitude and direction of deformation. For sin-
gle sinusoidal gratings, and for plaids formed from two sinusoidal components, a
unique solution is not possible. In two dimensional motion, only the component of
velocity normal to a contour may be estimated (Wallach, 1935). Similarly, a slanted
sinusoidal grating may be seen with a tilt that is normal to its orientation (Wilson,
Blake and Halpern, 1996). When a unique solution is not available, the problem of
estimating the affine parameters degenerates, and parameter estimates may become
unreliable. This problem was addressed by constraining the solution obtained, by
incorporating an a priori bias toward frontoparallel surfaces. This bias leads to un-
derestimation of slant, and may account for the finding that the perceived magnitude
of slant for plaid stimuli decreased as the orientation of the plaid’s component grat-
ings approached horizontal. Further, a smoothness constraint was applied, so that
a solution was obtained which minimised the differences in slant estimates obtained
from adjacent image locations. This constraint led to a slow build up of parameter
estimates over succesive iterations. Similarly, perceived slant and inclination have

been found to increas over time. (van Ee and Erkelens, 1996).

The model was implemented using estimates of instantaneous frequency, the spa-
tial derivative of phase. However, it was suggested that the model may also be
implemented using derivatives of the amplitude responses of bandpass filters. The
amplitude response captures slow variations in the. contrast of stimuli, and may
therefore be used to represent disparities in an image contrast envelope. Phase and
amplitude responses may be used to characterise luminance and contrast disparities,
from which surfaces may be represented independently. This would allow for the

representation of transparency.

Transparency may be observed in stimuli for which different elements have different

disparities. Transpaiency may be evident, for example, from a superposition of ran-
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dom dot stereog,‘rarns (Todd and Akerstrom, 1988; Weinshall, 1990; Parker et al.,
1991; Langley, Fleet and Hibbard, 1995). For these stimuli, there is no single inter-
pretation consistent with all the disparity cues present. Under situations in which
transparency is not observed in these stimuli, depth averaging between surfaces oc-
curs. The experiments presented in this thesis concerned transparen-cy in stimuli for
which an interpretation of the disparities as resulting from the viewing of a single
surface was possible. These stimuli may be considered analogous to transparent mo-
tion from plaid stimuli (for additive transparency) or in contrast modulated stimuli

(for multiplicative transparency).

For plaid stimuli, transparent motion has been taken to indicate the activation of in-
dependent motion detectors (Adelson and Movshon, 1982). Experiments which have
studied conditions under which either transparency or coherent motion have been
observed have been used to characterise the tuning properties of motion detection.
Transparency is observed in plaids with components differing in orientation, spa-
tial and temporal frequency, and contrast. (Adelson and Movshon, 1982; Movshon,
Adelson, Gizzi and Newsome, 1985). On the basis of these results, it has been
proposed that motion detectors are tuned to orientation, and spatial and temporal
frequency. Similarly, the results of the additive transparency experiments presented
in chapter 4 suggest that stereoscopic channels are tuned to spatial frequency, and
that interactions between channels are dependent on both spatial frequency and
contrast differences in stimulus components. Both spatial frequency tuning (Schor
and Wood, 1983) and interactions across scale (e.g. Wilson, Blake and Halpern,
1991; Smallman, 1995) have been reported in stereopsis. Wilson et al. showed that
disambiguation of fine spatial scales only occured for coarser scale information if the
difference in scale was not too great. They found interactions for a difference of 2
octaves, but not for a difference of 4 octaves. In chapter 4, the difference in scale
was close to 1 octave, yet transparency was nevertheless observed, indicating a lack

of integration between differently tuned mechanisms. However, the stimulus com-
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ponents also differed in orientation (being orthogonal) and contrast. It was found
that when the difference in contrast was sufficiently small, integration did occur,

and transparency was not observed.

The asymmetry reported for multiplicative transparency reflects inherent kﬁowlédge
of physical situations that will give rise to perceptual transparency. Multiplicative
transparency is associated with contrast reducing media which, to be perceived as
transparent, must lie in front of another vielwed object. An example is a contrast
reducing film (or neutral density filter) which will only be perceived as transparent
if it is placed in front of an opaque background. Altering the configuration of
surfaces, to remove cues to the contrast reducing nature of the filter, will destroy
the perception of transparency (Metelli, 1974). Although such phenomena may be
rare in nature, the detection of contrast modulations may be useful in the perception
of shadows and lighting variations (Kersten 1991). A similar asymmetry has been
reported for occlusion. This asymmetry may reflect a general strategy whiéh is

applied both to contrast reducing, and occluding figures.

It may be argued that the asymmetry results not from constraints on transparency
applied with respect to the sign of contrast disparities directly, but from the inte-
gration of stereoscopic cues with monocular depth cues. For a contrast modulated
stimulus that is perceived as a multiplicative transparency, there exists a monocular
cue that the contrast reducing medium is in front of the carrier of the stimulus. The
asymmetry reported might therefore be explained in terms of competition between
stereoscopic and monocular depth cues. However, when additional luminance dis-
parities were incorporated into the stimulus, transparency was observed for both
crossed and uncrossed disparities. This stimulus appears to have the same trans-
parency relationship, when viewed monocularly, as when only the contrast modula-

tion is present in the stimulus. The asymmetry would therefore appear to relate to

the presence of contrast disparities, rather thaa luminance disparities in the stimuli.
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While this issue requires further investigation, these results would appear to support
the notion that contrast and luminance disparities represent independent sources of

information in stereopsis. -

2 Further Questions

Mitchison and McKee (1990) demonstrated that, for a given magnitude of disparity
gradient, perceived slant depends on the direction of the gradient. In chapter 3, it
was demonstrated that perceived slant is influenced by the orientation of stimulus
contours. These results might lead one to predict biases in the perceived tilt of
stimuli. For surfaces with a tilt other than 0° or 90°, slant may be considered
in terms of components about horizontal and vertical axes. If the component of
slant about a horizontal axis is encoded with proportionally more slant than the
component of slant about a vertical axis, one would predict a bias in the perceived

tilt of a surface toward 0°.

In chapters 4 and 5, it was demonstrated that stereoscopic transparency may be
observed for contrast modulations with crossed disparities. These experiments did
not, however, distinguish between the disparity of the contrast modulation, and the
sign of its disparity relative to that of the carrier of the stimulus. By using stimuli
with a carrier with a non-zero disparity, it would be possible to determine whether it
is the sign of the contrast modulation disparities relative to fixation, or the inferred
depth relationships between the carrier and the modulation, which determine the
perception of transparency. While the results of this experiment would not affect
the previous discussion, they may shed light on the site in processing at which the
asymmetry in the perception of transparency arises. If the sign of the disparities
relative to fixation, 'rather than relative to the carrier, was found to be crucial,.

this could taken as evidence that the constraint is applied early in processing, and
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would provide further evidence for a distinction between contrast and luminance

disparities.

The results of chapter 6 suggest that contrast disparities are processe.d after a stage
of orientation and frequency specific filtering, and that the processing of the con-
trast envelope is itself spatial frequency tuned. Contrast adaptation, and disparity
sensitivity, have been suggested to occur in cortical simple cells. It would appear
physiologically plausible therefore if the processing of contrast disparities occured
via a separate mechanism to the processing of luminance disparities. The asym-
metry results presented in chapter 5 again suggested that contrast and luminance
disparities are treated independently, and are subject to different constraints in the
interpretation of depth. However, as argued above, it is possible that this asymmetry
reflects assumptions imparted at higher levels of processing, at which stereoscopic
information is integrated with other depth cues. If this were the case, it might be
argued that disparities in contrast and luminance contours are processed by identical
mechanisms. One way in which this may be tested would be to present luminance
contours to one eye, and contrast contours to the other eye. Lin and Wilson (1995)
provided evidence that depth may be observed on the basis of disparities between a
luminance contour and a contrast contour. However, this finding does not rule out
the possibility that luminance and contrast contours are represented independently.
Conversely, if a failure to integrate luminance and contrast contours in stereopsis
could be demonstrated for some stimuli, this would provide evidence\that they are
indeed processed differently. It has been demonstrated that interleaved frames of
moving Fourier and non-Fourier stimuli are not integfated to produce the perception
of motion (Scott-Samuel and Georgeson, 1995). Similar results in stereopsis would
provide further evidence for the existence of independent, Fourier and non-Fourier

mechanisms.

It was observed in chapter 4 that a transparent, slanted surface coulc be perceived

177



2. FURTHER QUESTIONS

from a contrast envelope. This opens the possibility that contrast disparity pro-
cessing may be directly sensitive to surface orientation, in the same way thét it has
been argued that surface orientation for luminance disparity defined surfaces is not
encoded on the basis of position disparities. If this were the case, one might predict
similar anisotropies in the perception of slant from contrast modulations, as are
generally found in stereopsis and shape from motion studies (Wallach and Bacon,
1976; Rogers and Graham 1983; Gillam, Flagg and Finlay, 1984; Gillam, Chambers
and Russon, 1988; Michison and McKee, 1990; Mitchison and Westheimer, 1990;
Gillam and Ryan, 1992; Cagenello and Rogers, 1993). Related to this possibility
is the notion that slant may be encoded on the basis of orientation disparities in

contrast envelopes (e.g. Rogers and Graham, 1983).

Langley et al. (1996) demonstrated that contrast sensitivity for image contrast
modulations showed a peak for contrast modulations with a spatial frequency of 0.4
cycles/degree. Similarly, transparency was most readily observed in contrast mod-
ulated stimuli with contrast modulations around this frequency. This finding may
be extended, to provide a full contrast sensitivity function for contrast modulations.
Further, masking studies could be performed to assess the number, and orientation
and spatial frequency bandwidths of contrast detecting mechanisms. These exper-
iments could be performed for both two dimensional, and stereoscopic tasks. By
comparing orientation and frequency tuning in the two domains, it would be pos-
sible to assess the extent to which the tasks appeared to share underlying contrast

sensitive mechanisms.
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A. Disparities in Slanted Surfaces

1 Stimulus generation and analysis of disparities

Stereograms were generated from an initial sinusoidal grating or plaid image. Let
(2p,y,) be the position of a point in the original image. Let (z;,y) and (z,,y,) be
the position of this point in the left- and right-eye images respectively. The three

binocular transformations used in the experiments were

Shear:

T =2p,+ TYp : - (1)
N=1Yp (2)
Tr =Tp—TY (3)
Yr =Yp (4)
Expansion-Compression:
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1. STIMULUS GENERATION AND ANALYSIS OF DISPARITIES

T = T,+ 7T, (5)
Yy = Yp | (6)
T, = Tp,— T, | (7)
Y = Yp (8)
Rotation:
T = Tp+TYp (9)
Y = Yp—TTp (10)
Tr = ZTp—TYp (11)
Y = Yp+TTp (12)

We consider the effects of this transformation on an original sinusoidal grating with

orientation (relative to horizontal) 6 and spatial frequency f:

I{z,y) = sin(27 f(z,sin 0 + y, cos §)) (13)

Binocular image pairs are then given by

Ii(z,y) = sin(27 f(z; sin 6 + y; cos )) (14)
I(z,y) = sin(27 f(z, sin 8 + y, cos §)) (15)
(16)

with (z;,y;) and (z,,y,) given by equations (1- 9). All three transformations re-

sult in binocular pairs of sinusoidal gratings, with differing orientations and spatial
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1. STIMULUS GENERATION AND ANALYSIS OF DISPARITIES

frequencies. From equations (1-9), and equation (14), we get the orientation and

spatial frequency disparities for the three transformations:

Shear:

Af ~ %T(I—COS20) (17)
—A—i ~ Ttsinfcosb
f
Expansion-Compression:
1 .
Al = —2—Ts1n20 (18)
Af 1 .,
;o 57 sin 0
Rotation:
Al = T (19)
Af
=L -9 20
7 (20)

We consider also the disparity gradients generated by the transformations. We con-
sider gradients of phase disparity, rather than horizontal disparity. Morgan and
Castet (1995) showed that, for one dimensional stimuli, disparity sensitivity is de-
termined by disparities orthogonal to the image contours. Phase disparity is given

by

d. = \/(@r - :vl)z + (y'r - yl)2
¢ sin 0
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9. PREDICTING SLANT THRESHOLDS

The gradient of phase disparity for each of the three transformations, V[dy] is then

given by:

Shear: _

V|dy] = 7fsind (22)
Expansion-Compression:
V]ds] = 7fsiné (23)
Rotation:
Vidg] = 7f (24)

where a first order small angle approximation has been used in the latter case.

2 Predicting slant thresholds

Equations (19-24) give the magnitude of orientation disparity, spatial frequency
disparity and disparity gradient produced by a given transformation. They also give
the magnitude of transformation that will generate a threshold binocular difference.
As such, they may be used to predict slant thresholds, if it is assumed that they are
dependent on a single disparity type. We consider a simple model in which slant
detection makes use of a combination of different disparity cues. We assume that

the detection of orientation disparities, spatial frequency disparities and disparity
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2. PREDICTING SLANT THRESHOLDS

gradients are independent, and that errors in the measurements of these parameters
are uncorrelated. We adopt a simple model in which sensitivity to a combination
of disparity cues is given by the Euclidean summation of the sensitivities to the

individual cues:

o = |4 8+ 2] (25)

A second assumption we make is that discrimination thresholds are inversely pro-
portional to sensitivity (Treisman and Watts, 1966). This allows us to use equation
(25) to predict slant thresholds given a combination of cues on the basis of thresholds

for the individual cues:

=

rr=|ril + g+ 4 T (26)
These expressions were used in the curve fits. We assume a model in which ori-
entation disparity is combined with either disparity gradients, or spatial frequency
disparities. We assume that both cues contribute to the perception of both hori-
zontal and vertical disparity gradients, and allow for unequal sensitivity to the two
cues. The model was fit to the data for both shear and expansion- compression

simultaneously. The fitted curves are given by

2 . 2
[(1—;0529) + (%}4) ] for shear -
] ! T

1
\2 A2 72
o2 ) + (1;“’75—2—) for expansion — compression
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2. PREDICTING SLANT THRESHOLDS

fb 2 2]"%
[(——"“’;29) + (5";”) J . for shear
% %a,

TT = { . 1
) 7"z
(%222) + (%—g) for expansion —compression
\ . .

These curves were fitted to both the grating and plaid data using the Sigma-Plot

non-lincar curve fitter.

Orientation disparities at threshold for the discrimination of surfaces defined by
gratings, for the shear, rotation and expansion conditions.

Orientation -Dispan'ty :
PH KL JB

Onentation | Shear | Rot | Exp. | Shear | Rot Exp. | Shear | Rot Exp.
10 1.98 - 1.28 - - 499 584 |-

15 3.48 7.0 |1.88]2.76 3.78 | 1.31]7.20 |- 2.57
20 5.05 5.6 |- 0.71 245 | - 11.86 | - -

30 2.96 5.6 |1.56]2.70 1.04 | 1.67 | 3.40 |13.5 3.68
45 5.19 9.0 |1.15]- 1.36 | 1.31 |- 189 |2.91
60 - 7.6 [1.28]- 1.27 ]10.78 | - - 3.26
67.5 4.03 - - 3.37 - - - - -

75 - - 1.31 ] - 1.43 10.53 |- 6.16 |2.04
90 5.2 52 |0 0.94 094 |0 6.15 [6.15 |0
[Mean [3.98 [6.67 [1.20]1.96 [1.75 [0.9316.72 |10.11 [2.41 |

Orientation disparities at threshold for the discrimination of surfaces defined by plaids,
for the shear and expansion conditions.

_ Orientatioh_-Disparity
R KL L —
Ornentation | Shear ﬁpansion Shear Tixpansion Shear | Expansion
5 0.271 1.091 0.134 ] 0.231 0.386 |0.341
10 0.863 | 1.46 0.050 | 0.285 0.384 |0.623
15 0.764 [2.18 .076 0.361 0.445 |[0.814—
20 1.146 [2.75 0.141 | 0.311 - 0.877
25 1.708 ]2.70 0.166 | 0.429 1.470 ]0.998
30 1.75 3.35 0.200 | 0.409 2.057 ]0.958
35 2.187 [3.07 1.28 0.264 - 0.673
40 2.92 2.17 1.63 0.176 2.21 ]0.730
| Mean | 1.451 |2.346 10.46 | 0.308 [1.159 [0.752 |
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B. Transparency in Squarewave

Plaids

Stoner et al. (1990) showed that the transparent motion observed in their stimuli
was consistent with that of two sets of thin bars, with the characteristics of neutral
density filters, in front of a light background. Let I, I; and I3 represent the intensi-
ties of the background, bars and intersections, respectively. Let L, and L; represent
the luminances of the background and the bars, respectively, and let 7 represent the

transmittance of the bars. We can then write:

L = L | —
I, = tLy+ I (2)
I; = T2L1, +rLi+ L; (3)

to desribe the background, bar and intersection luminances in terms of the intensities

of the background and bars, and the transmittance of the bars. Another form of
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TRANSPARENCY IN SQUAREWAVE PLAIDS

transparency is however possi.ble. Although a small duty cycle was chosen to bias
figure-ground assignments, we consider the case in which the light vertical bars
represent a transparent medium throught which the grey horizontal bars are viewed.
The dark “intersections” now represent these horizontal bars, while the grey verti-cal
bars represent the background. Let the background, horizontal bars and vertical bars
have luminances of L, L, and L3, and the transparent bars have a transmittance

7. The three intensity regions in the image are then formed as:

11 = TLl + L3 (4)
12 = TL2 + L3 (5)
Iz = L1 (6)
13 = L2 (7)
Using the constraints 0 < 7 <1, I; > I, and I3 > 0, it can be shown that:
I; < I, (8)
I, > l11 (9)

2

Stoner et al. (1990) used values of I; = 200cdm~2 and I, = 90cdm™2, which do not
satisfy (9) above. Values of I} = 70cdm™? and I, = 35cdm™2 were used here. These

values satisfy all the constraints given above, and thus were able to support both

transparent interpretations of the stimuli.
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