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Abstract

Human stereoscopic vision depends upon the slightly different geometrical 

projections of the world to the two eyes. Horizontal disparities between the eyes produce 
the sensation of depth. But what is stereopsis for?

One theory is that stereopsis extracts the spatial derivatives of horizontal disparity 
for the perception of shape and surface orientation. Discrimination tasks are devised here 

which compare sensitivity to the slant and curvature of stereoscopic surfaces with 

sensitivity to relative depth, both within and across tasks. Contrary to previous studies, 

where cues other than the second derivative were available, best Weber fractions for 
disparity curvature disrimination by these methods are no better than 15%. This compares 
with 6% for disparity gradient and 3.5 % for relative disparity.

Discrimination of the orientation, size (or separation) and position of cyclopean 
corrugated surfaces reveals these stimulus attributes are discriminated as accurately as 

their counterparts in the luminance domain, provided the spatial scale is quite coarse. 

Other analogous results include the independence of spatial discriminations on relative 
disparity, the meridional anisotropy for cyclopean orientation discrimination and a range 
of relative disparity effects analogous to classical simultaneous contrast effects in 
luminance vision. It was also found, contrary to a previous study, that cyclopean textures 
could be segregated pre-attentively.

These findings taken together imply that disparity is processed by spatial filters in 

a similar manner to luminance. This view of stereoscopic vision allows a fresh look at an 

old phenomenon: the stereoscopic slant anisotropy. An explanation is proposed on the 
basis of interactions between cyclopean spatial filters and a representation of disparity 

upon which they act.

If sensitivity is a guide to function, stereopsis is for estimating the position, 

location, size and orientation of nearby objects, but probably not for estimating their 

shape.
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Chapter 1

Introduction

Binocular stereopsis is the use of the geometric difference in the images presented 

to the two eyes for the perception of depth or three-dimensional shape. The astronomer 
Johannes Kepler is commonly credited with having been the first to realize that the 
horizontal separation of the two eyes results in their receiving slightly different images, 
and that this difference contains information regarding the depth of objects. Kepler's 
discovery was not without irony: he was a chronic sufferer from diplopia (double vision).

Left image Right image

F igure 1.1. One o f Wheatstone's stereograms. No information regarding 
the relative depth o f  the two circles is available in either m onocular 
image. When viewed through a stereoscope, the sm aller circle appears 
behind the larger, like viewing a lampshade fro m  below (the opposite  
effect can be obtained by free-fusion).

The Invention of the Stereogram

The first experimental evidence for binocular stereopsis came with Wheatstone's 
invention of the stereoscope, a method for presenting different pictures to the two eyes 
Wheatstone (1838). Wheatstone presented line drawings in which the horizontal positions 
of the lines were altered in the two images. These line stereograms produced strong 
sensations of depth. The importance of Wheatstone's discovery lies in the fact that each 

line drawing, when presented alone, contains no information as to the three-dimensional 

structure of the scene. Hence, it can be inferred that the sensation of depth is solely due to
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the difference between the two images; proof that the human visual system makes use of 
binocular stereopsis. An example of one of Wheatstone's line stereograms which makes 

this point is given in figure 1.1.

Random-dot Stereograms
The introduction of computer displays and the insight of Julesz (1960) produced a 

new tool for the study of stereopsis: the random-dot stereogram (RDS). In an RDS, each 
eye is presented with the same dense array of random dots, except that small lateral shifts 
introduce horizontal disparity between parts of the two images. Figure 1.2 depicts a 56 x 
56 pixel RDS in which a central square region of 24 x 24 pixels is displaced horizontally 
by two pixels. When free-fused by crossing the eyes the square can be seen standing out 
in depth.

F igure 1.2. A Julesz-style random-dot stereogram. When free-fused  with 
crossed eyes a square can he seen floating in fro n t o f the background.

The shape within the RDS is invisible to either eye alone and can only be 

perceived after the signals from the two eyes have come together. Stereoscopic form can 
therefore be perceived without the need for monocular processing of that form. Julesz 
referred to such processing as "cyclopean" vision, meaning perception of shape or form 

based entirely on the relation between the two eyes' inputs.
It is a remarkable feat that the visual system manages to choose the correct 

matches in order to perceive the figure, from amongst all the possible matches of dots 
within an RDS. The ability to perceive shape in RDS's therefore suggests that 

stereoscopic vision constitutes a computationally complex and separate subsystem for the 

perception of three-dimensional shape. Wheatstone's line stereograms provided proof that
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stereopsis can produce the sensation of depth; Julesz's RDS's extended this finding to the 
perception of three-dimensional form and shape.

i L

d

Left eye Right eye

F igure 1.3. The horizontal disparity o f  the point, P, is defined as a -  p, 
which may he rewritten as f  - 6. Hence, all points on the Vieth-MUller 
circle, through F and the nodal points o f  the eyes, have zero horizontal 
disparity.

Definitions of Binocular Disparity

Although both line stereograms and RDS’s were designed to present features at 
slightly different horizontal locations, there exist a number of differences between the 
images generated when two eyes view the same scene from horizontally displaced 
vantage points. All such differences are instances of binocular disparity.

Horizontal disparity

The horizontal disparity of a point in the visual scene is the difference in 

horizontal position (or direction) of the point from each eye, relative to the line of sight.
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Figure 1.3 provides a horizontal cross-section of an observer fixating the point, F, 
equidistant from the two eyes at a distance d (symmetric fixation), in the same horizontal 
plane as the eyes (the horizontal meridian). Horizontal position (or direction) is measured 
in terms of visual angle. Hence, from the above definition, the horizontal disparity of the 
point P is defined as a  -

i L

d

L R

F igure 1.4. Horizontal disparity, h = f  - 6. Employing the sm all angle 
approximation tan (x) =  x  fo r  small x: h =  (Hd) -  (Hd - p)  = ip / d(d - p). 
Thus, i f  p  is small relative to d, then horizontal disparity is inversely 
proportional to the square o f  the viewing distance.

Figure 1.3 also shows that horizontal disparity may be rewritten as /  - 0, where /  
and 0 are the angles of convergence necessary to fixate the points F and P respectively. 

Any point which lies on the circle through the nodal points of the eyes and the point of 

fixation, such as P', will also make an angle /  with the eyes. Therefore, this circle defines 

the theoretical set of points which have zero horizontal disparity; the Vieth-Miiller circle. 
Those points which lie within the circle have "crossed" disparity, whilst those which lie
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beyond the circle have "uncrossed" disparity; terms which refer to whether the lines of 
sight through the point have or have not crossed over when they contact the Vieth-Miiller 
circle. The Vieth-Miiller circle is only one part of the locus of points which have zero 
horizontal disparity during symmetric fixation. Those points which are contained in 
vertical lines through the Vieth-Miiller circle project to corresponding vertical lines in 
each eye and are hence at zero horizontal disparity. The theoretical surface containing 
points with zero horizontal disparity is therefore a vertical cylinder containing the Vieth- 
Miiller circle.

Given that one can rewrite the horizontal disparity of a point as /  - 0, which is the 

difference between the convergence angle and the angle of convergence necessary to 
fixate the point, it becomes clear that the horizontal disparity of a point depends crucially 
on where the observer is fixating. In addition, as is made clear in figure 1.4, horizontal 
disparity varies inversely with the square of the viewing distance, provided local depth 
changes are small relative to the viewing distance (see Cormack and Fox, 1985, for the 
limitations of this approximation). Hence, in order to compute depth or shape from 
horizontal disparity, the pattern of horizontal disparities must be scaled for the distance to 
the fixation point and the angle of gaze, as both will alter the angle of convergence, / ,  
thereby altering the values of horizontal disparity in a non-linear fashion. The information 
regarding these viewing parameters for calibrating horizontal disparity could, in principle, 
be obtained from extraretinal oculomotor sources. Alternatively, other depth cues or 
vertical disparity (see below) could be used.

Provided the visual system is only interested in computing the shape of a given 
surface, an alternative to calibration is to extract the second spatial derivative of 
horizontal disparity (Rogers and Cagenello, 1989). Consider two points at slightly 
different depths and a small separation apart. If the viewing distance is doubled, the 

relative disparity will be reduced to a quarter of its previous value (h 1/d^). The 

separation will only halve, so the first derivative of disparity will also halve. If the both 
the separation and the first derivative halve when the viewing distance is doubled, then 
the second derivative of disparity will be constant. Thus, the second derivative of 
disparity could be used to discriminate the shape of surfaces independently of the viewing 
parameters.

Vertical disparity
Vertical disparity is defined as the difference in vertical position (or direction) of 

a point from each eye, relative to the line of sight. During symmetric fixation, any points 
which do not lie in the horizontal or vertical meridians will have a vertical disparity. (The 
vertical meridian is the vertical plane which contains all the points equidistant from the 

eyes.) An intuitive feel for vertical disparity may be gained from figure 1.5. This figure 
depicts the images of a rectangle in the fronto-parallel plane projected to the two eyes.
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D u e  to  its b e ing  n e a re r  in d is tance ,  the  r igh t e d g e  o f  the r e c ta n g le  w ill su b ten d  a g rea te r  

an g le  at the r igh t ey e  than at the left eye . By sy m m e try ,  the  o p p o s i te  is true o f  the  left 

edge . In d eed ,  the an g le  su b te n d e d  by the ver t ica l  l ine  jo in in g  an  ec c e n tr ic  p o in t  and  the 

ho rizo n ta l  m er id ian  will a lw a y s  sub ten d  a la rg e r  ang le  at the  n e a re r  eye .  H e n c e ,  all such 

po in ts  hav e  a vertica l d isparity .

It is th e re fo re  p o s s ib le  to  g ive  the  lo c u s  o f  p o in ts  w h ic h  h a v e  no  b in o c u la r  

d is p a r i ty  d u r in g  h o r iz o n ta l  sy m m e tr ic  f ix a t io n .  P o in ts  c o n ta in e d  in  the  V ie th -M ii l le r  

c i r c le  a n d  a v e r t ic a l  l ine  th ro u g h  the  p o in t  o f  f ix a t io n  w il l  h a v e  e q u iv a le n t  v isu a l  

d irec t io n s ,  both  ver t ica l ly  and  h o r izon ta l ly ,  re la t iv e  to the l ine  o f  s igh t  o f  each  eye . T h is  

lo c u s  o f  p o in ts  is the  " g e o m e tr ic  h o ro p te r"  fo r  h o r iz o n ta l  s y m m e t r i c  f ix a t io n .  T h e  

e x p e r im e n ts  rep o r ted  in th is  thesis  e m p lo y  h o r izo n ta l  s y m m e tr ic  f ixa t io n  o r  a v e ry  c lose  

a p p ro x im a t io n  thereof .  T y le r  (19 9 1 )  p ro v id e s  a c o m p le te  d e s c r ip t io n  o f  the  g e o m e tr ic  

h o ro p te r  fo r  eccen tr ic  and e lev a ted  ang les  o f  gaze.

/ a #
nil®

............

\
\

R

Figure 1.5. The projected images o f a fronto-parallel rectangle showing 
differences in the height o f the vertical edges. The corners o f any such 
rectangle will possess vertical disparity.

T h e  p rec ise  m a th em a tica l  re la t io n sh ip  b e tw een  ho rizo n ta l  and  v e r t ica l  d isp a r i ty  is 

g iv en  by  M ay  h e w  (1982) .  T o  a first a p p ro x im a t io n ,  h o r izo n ta l  d isp a r i ty  c o r r e s p o n d s  to 

the  l in e a r  su m  o f  three  te rm s: one  re la ted  to re tina l e c c e n tr ic i ty ,  a n o th e r  to the an g le  o f  

g aze , the  th ird  d u e  to the depth  o f  a poin t re la t ive  to the f ixa tion  p lane . V ert ica l  d ispa r i ty  

on  the o th e r  han d  can be d e c o m p o se d  into te rm s fo r  e ccen tr ic i ty  an d  a n g le  o f  g aze ,  bu t is
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unaffected by local changes in depth. On this basis Mayhew and Longuet-Higgins (1982) 
proposed that vertical disparity could be used to calculate the viewing parameters 
necessary to calibrate horizontal disparity for the computation of absolute depth and 

distance.

Polar disparity
Liu, Stevenson and Schor (1994) have suggested that binocular disparity might be 

encoded in polar format, each point being described by its distance from the point of 
fixation (eccentricity) and its polar angle relative to fixation, rather than its horizontal and 

vertical position. They propose that polar angle disparity might be a useful binocular 
disparity, as for each surface slant and direction of surface slant, the distribution of polar 
disparities across space is unique. Like horizontal disparity, polar disparity requires 
scaling for different viewing parameters.

Horizontal, vertical and polar disparities are all instances of "position disparity", 
meaning a difference in visual direction measured in a coordinate system. The horizontal 
and vertical disparities of points in a scene provide a complete description of the 
binocular disparity of all visible points. However, the position disparity of points is only 
one way of describing the difference between the two images. The following sections 
define various alternatives based on the projection of contours.

/

F igure 1.6. An example o f  the orientation disparity (0 )  arising from  a 
vertical contour on a slanting plane.
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Orientation disparity
Orientation disparity is defined as the difference in the two-dimensional 

orientation of corresponding contours in the two images. A feel for orientation disparity 
can be obtained from figure 1.6, which depicts the projections of a vertical contour on a 
surface which is slanting in depth in the manner of a ground plane. Orientation disparity 
is an approximation to the first derivative of horizontal disparity and, for a contour of a 
given orientation, the amount of orientation disparity varies monotonically with surface 

slanth

Curvature disparity
Curvature disparity is the difference in the two-dimensional curvature of 

corresponding contours in the two images. An example of curvature disparity appears in 
figure 1.7. Curvature disparity is a close relative of orientation disparity and arises from 
contours on curved surfaces. As pointed out by Rogers and Cagenello (1989), curvature 
disparity provides a good approximation to the second derivative of horizontal disparity, 
which remains constant with viewing distance for a given surface. It is therefore a 
potential cue to shape which does not require calibration via the computation of viewing 
parameters.

/ \

F igure 1.7. An example o f  curvature disparity arising fro m  a vertical 
contour embedded in a surface curved in depth.

1A comprehensive maihematical ireatment of orientation disparity is given in Appendix A.
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Spatial frequency disparity (or size disparity)
Spatial frequency disparity is defined as the difference in spatial frequency 

content of the two images. The concept was first studied by Blakemore (1970). It results 
from differences in the projected size of objects or surface markings. There is thus no 
necessity to involve the concept of spatial frequency; it is just as legitimate to think of it 
as a size disparity. When an object is closer to one eye than the other its size in the nearer 
eye will increase in all directions. Differences in size occur when a surface is viewed 
eccentrically or slanted around any axis other than horizontal, with the largest differences 
occurring for slant about a vertical axis. This situation is shown in figure 1.8, where the 

size of the gaps between the bars in the right eye's image are larger than those in the left 

eye's image as a result of the surface slant.

/ \

L R

Figure 1.8. An example o f spatial frequency disparity using the horizontal 
separation o f  periodic lines. Spatial frequency disparity is usually studied  
using vertical gratings.

W hich Disparities are Involved in Depth Perception ?

There exists psychophysical and neurophysiological evidence for the processing 
of the different forms of binocular disparity defined above. It is clearly possible that the 

visual system processes all of the above disparities in parallel, but it may well be the case 

that one form predominates in the perception of depth.
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Horizontal disparity
Researchers in stereopsis have for the most part assumed that horizontal disparity 

is the primary stimulus for stereoscopic depth perception. Indeed, both line stereograms 

and RDS's were designed specifically to exploit processing of horizontal disparity. Yet it 
is surprisingly difficult to provide psychophysical proof of the use of horizontal disparity 
per se, because any stereogram which contains features in more than one depth plane will 
include either orientation disparity or size disparity, or both.

One line of inquiry is to find which binocular disparity governs the limits of 
stereopsis. Human stereopsis is remarkably sensitive. Measurements of the minimum 
horizontal disparity between two vertical lines necessary for observers to discriminate 
which is the nearer on 75% of trials have been known to be as small as 2 sec arc at least 

since Howard (1919). Thus, stereoacuity can be as fine as any of the "hyperacuities" 
(Westheimer, 1981). This level of acuity has also been observed with surfaces in dynamic 
(Stevenson, Cormack and Schor, 1989) and static (Bradshaw and Rogers, 1993) RDS's.

A two-line stimulus contains orientation disparity, size disparity or both, as well 

as horizontal disparity. Comparing dichoptic with non-dichoptic tasks^ is one method for 
determining which of these different disparities constitutes the underlying limitation on 
stereoacuity. Stereoacuity for two lines is best with lines separated by 10 - 30 min arc 

(McKee, 1983). For targets separated by 10 - 30 min arc, 2 sec arc of horizontal disparity 
corresponds to a size difference between the eyes of 0.11 - 0.33% for horizontal 
separation, and to an orientation disparity of 0.06 - 0.19 deg for vertical separation. This 
size disparity is an order of magnitude smaller than the best thresholds reported for non- 
dichoptic spatial interval discrimination (Morgan, 1991). Heeley and Buchanan-Smith 
(1990, Table 1) provide a synopsis of non-dichoptic orientation discrimination data 
collected from 14 studies, employing lines, edges and gratings. Performance in such tasks 
is generally in the region of 0.5 - 1.5 deg. According to Morgan's (1991) review of 
hyperacuity, the very best orientation discrimination threshold to be found is 0.17 deg, for 
a line of optimum length (Westheimer, 1981). It would be remarkable if the human visual 
system possessed the fine tuning to orientation and spatial intervals necessary to produce 

such fine stereoscopic performance, yet reserved it solely for that purpose.

Further evidence that horizontal disparity is the detemiinant of stereoacuity, arises 
from comparing the effects of target separation on non-dichoptic and stereoscopic 

acuities. Berry (1948) found that vernier thresholds increase more rapidly than 
stereoacuity thresholds when vertical separation is increased. McKee, Welch, Taylor and 
Bowne (1990) have compared the influence of line separation on two-line stereoacuity 
(figure 1.9a) and spatial interval discrimination (figure 1.9b). Thresholds for spatial 
interval discrimination rise significantly more rapidly than thresholds for stereoacuity as 
the separation of the lines increases. But McKee et al. found that relative width acuity

^"Non-dichoplic" implies either that the stimulus was presented only monocularly, or that identical stimuli 
were presented to both eyes.
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( f ig u re  1.9c), w h e re  the o b se rv e r  is req u ired  to  c o m p a re  the re la t iv e  w id th s  o f  tw o  non-  

d ic h o p t ic  pairs  o f  l ines, has the sam e  d e p e n d e n c y  on  sep a ra t io n  as s te reo acu i ty .  T h is  is 

g o o d  e v id e n c e  that the  v isual sy s tem , w h en  fa c e d  w ith  a tw o - l in e  s te re o a c u i ty  ta sk ,  is 

c o m p a r in g  the lo ca tion  o f  each  line w ith  its c o r r e s p o n d in g  line  in the  o th e r  ey e ,  then  

c o m p u t in g  the d i f fe re n c e  in h o r izo n ta l  d isp a r i ty  b e tw e e n  the  d ic h o p t ic  pa irs .  In o th e r  

w o rd s ,  these  d a ta  su p p o r t  the  c o n c lu s io n  that the  f in e s t  s te r e o s c o p ic  d i s c r im in a t io n  is 

a c h ie v e d  by the ex trac t ion  o f  h orizon ta l  d isp a r i ty  pe r  se.

d (± Ad)
M  ►

M-----

L R

(a) S tereoacuity

s (± As)

(b) Spatial interval 
d iscrim ination

L R

w (± Aw) 
— ►

w

(c) Relative w idth  
acuity

Figure 1.9. The three tasks studied by McKee et al. (1990). Thresholds fo r  
stereoacuity (a) and relative width acuity (c) have the same relation to 
separation. Spatial interval discrimination thresholds (b) rise more 
rapidly with separation.

F o rm s  o f  b in o c u la r  d isp a r i ty  o th e r  than  h o r iz o n ta l  d i s p a r i ty  c a n  be e l im in a te d  

f r o m  a s te r e o s c o p ic  d i sp la y  by p re s e n t in g  s t im u li  at a s in g le  d i s p a r i ty  v e ry  b r ie f ly  

fo l lo w in g  c o n tro l le d  f ixa t ion .  S te v e n so n ,  C o rm a c k ,  S c h o r  an d  T y le r  (1 9 9 2 )  p re se n te d  

la rg e  f la t  p la n e s  in d y n a m ic  R D S 's  fo r  2 0 0  m se c .  A d a p ta t io n  f o l l o w in g  p ro lo n g e d  

e x p o su re  and th resho lds  for  d e tec t ing  in te ro cu la r  co rre la t ion  w ere  both  fo u n d  to be h igh ly  

d e p e n d e n t  on  the ho rizo n ta l  d ispa r i ty  o f  the  su rface . T h is  e x p e r im e n t  su g g e s ts  c o m p le x  

p ro c e s s in g  o f  horizon ta l  d ispar i ty  and will be e x a m in e d  in g rea te r  de ta il  later.

S tro n g  e v id e n c e  fo r  the ex trac t io n  o f  ho r izo n ta l  d isp a r i ty  by  the v isua l  s y s te m  is 

d e r iv e d  f ro m  n e u ro p h y s io lo g y .  N e u ro n s  se le c t iv e  fo r  h o r iz o n ta l  d i s p a r i ty  w e re  f irs t  

d i s c o v e r e d  by B a r lo w ,  B la k e m o re  an d  P e t t ig r e w  (1 9 6 7 )  a n d  N ik a r a ,  B i s h o p  an d  

P e t t ig r e w  (1 9 6 8 )  in the p r im a ry  v isu a l  c o r te x  o f  the  ca t ,  by  v a r y in g  th e  h o r iz o n ta l  

d isp a r i ty  o f  s im p le  lu m in o u s  bar stim uli.  P o g g io  and c o l le a g u e s  h av e  s ince  r e c o rd e d  f ro m
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alert behaving monkeys (Poggio and Fischer, 1977; Poggio, Gonzalez and Krause, 1988) 
and have shown that approximately 50% of neurons in VI are differentially sensitive to 
horizontal disparity. This proportion is even greater in prestriate areas. Poggio (1991) 
summarizes the ratio of neurons tuned to binocular disparity to those not as 1:1 in V I, 2:1 
in V2, and 4:1 in V3 - V3A. Furthermore, these neurons respond to horizontal disparity 
with both excitation and inhibition. There is considerable debate as to whether such 

neurons fall into neatly defined classes as suggested by Poggio and colleagues, or 
whether tuning to horizontal disparity can be considered as a continuum (see Freeman 
and Ohzawa, 1990). Nevertheless, these studies provide strong evidence that the visual 
system processes horizontal disparity.

Vertical disparity
One of the most interesting aspects of the neurophysiological work on binocular 

disparity is that in the majority of cases, researchers have failed to find a greater number 
of cells selective for horizontal disparity than for other orientations of position disparity. 
It is a criticism of the work of Poggio and colleagues that they did not explicitly test for 
other orientations of disparity. Experiments in the cat have shown that all the cell types 
reported by these researchers occur at all orientations and with the same frequency 
(Ferster, 1979; Nelson, Kato and Bishop, 1977; Ohzawa and Freeman, 1986a, 1986b). At 
first sight, this would seem to suggest that vertical disparities are subject to the same 
extent of cortical processing as horizontal disparities.

However, a possible reason for the failure to find more cells tuned to horizontal 
disparity than to other orientations of position disparity is that investigators have 
traditionally looked for incongruity in the left and right receptive field positions as the 
source of disparity tuning. DeAngelis, Ohzawa and Freeman (1991) used a technique 
which allowed them to examine the internal structure of the right and left receptive fields 

which go to make up a binocular cell. They found that many simple cells in the primary 

visual cortex of the cat have a phase difference between right and left receptive field 
profiles. Moreover, cells which are tuned to orientations close to vertical possess a greater 

range of phase differences than those tuned to other orientations. The study therefore 
provides evidence for cortical specialization for the processing of horizontal disparity 
from vertical contours with no parallel for the processing of vertical disparity.

Indeed, it is not clear that vertical disparity has a well-defined role in the 
perception of depth. There is no sensation of depth produced by adding vertical disparity 
to isolated features in the absence of horizontal disparity (Westheimer, 1978). However, 
Ogle (1950) reported that when a textured fronto-parallel plane is vertically magnified in 
one eye's image it appears to slant about a vertical axis, as if the plane were rotated 

towards the eye with the magnifier. This effect, named the "induced effect", occurs 

entirely in the absence of horizontal disparity. Mayhew and Longuet-Higgins (1982)
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quote the induced effect as evidence for their theory that vertical disparities are used to 
calculate viewing parameters. Specifically, the vertical disparity resulting from vertical 
magnification could be interpreted by the visual system as asymmetric fixation, resulting 

in the misperception of the true fronto-parallel plane.
The situation must be more complicated than this, however, for if  vertical 

magnification is applied to the left half of the image in the left eye and the right half of 
the image in the right eye, both halves of the image rotate towards the observer 
independently (Rogers and Koenderink, 1986; Westheimer and Pettet, 1992). Hence, if 
the explanation does derive from miscalculation of the viewing parameters, they are 

calculated separately in different parts of the visual field.

There is nevertheless positive evidence that vertical disparity can result in the 
calibration of depth from horizontal disparity. Although Gumming, Johnston and Parker 
(1991) independently manipulated vertical disparity in RDS's and failed to show any 
scaling of horizontal disparity, Rogers and Bradshaw (1993) pointed out that vertical 
disparity and vertical size disparity reach a maximum at 45 deg eccentricity. They were 
able to show with a very large RDS (80 x 70 deg) that vertical disparity could alter both 
the perceived depth and size of a corrugated surface produced by horizontal disparity.

It therefore appears that vertical disparity does contribute to the perception of 
depth, but that it does not lead to the perception of local depth differences. Rather, 
vertical disparity may only operate as a depth cue in the sense that it is required for 
accurate calibration of other forms of disparity.

Polar disparity
Lui, Cormack and Stevenson (1994) propose that processing of polar disparity can 

provide an explanation for both the induced effect and Ogle's "geometric effect" (Ogle, 
1950). The geometric effect results from horizontal magnification of one eye's image. 
Like vertical magnification, this produces the perception of a plane slanting about a 
vertical axis, except that the direction of slant is reversed. Lui et al. showed that the 
pattern of polar disparity is unique for each direction of surface slant. By running 
simulations which match patterns of polar disparity to a stored set of slanted surfaces, 

they managed to provide adequate fits for Ogle's original data.
However, there are problems with the notion that the visual system processes 

polar disparity. In particular, the visual system is considerably less sensitive to vertical 
image differences. Westheimer (1984) showed that sensitivity to vertical magnification, 
measured by the criterion of detecting the slant of a simple pattern around a vertical axis 
(induced effect), is approximately an order of magnitude less than for the equivalent 
horizontal transformation (geometric effect). Furthermore, Westheimer and Pettet (1992) 

found that the perceived depth in patterns in which vertical magnification is applied to the 

left half of the image in the left eye and the right half of the image in the right eye could
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be nulled by approximately one fifth as much horizontal disparity. Processing of polar 
disparity would also require that the orientation tuning of cells be radial from the fovea. 
There is no evidence that the visual system samples the image in this fashion. Moreover, 
requiring such sampling would be a cumbersome constraint for a visual system which has 
to perform many functions other than stereopsis.

Orientation disparity
Von der Heydt (1978) presented observers with dichoptic patches of vertical 

gratings of dynamic noise^, uncorrelated between the two eyes. Adding equal and 
opposite rotations to the two images resulted in the perception of slant about a horizontal 
axis for orientation disparities ranging 0.3 - 20 deg. The lower limit of this range 
corresponds well with estimates of non-dichoptic orientation discrimination (see above). 
The crux of this experiment is that position disparities were randomized between the 
images and hence did not correspond to a slanting surface. This study therefore provides 
psychophysical proof that the visual system can perceive depth from orientation disparity 
alone. In addition, von der Heydt, Hanny, Dürsteler and Poggio (1982) found a small 
number of cells in V2 which responded to the stimuli used in the von der Heydt (1978) 
study. These studies used stimuli which isolate orientation disparity to show that the 
visual system responds selectively to it, and that orientation disparity alone can produce 
depth perception. However, they give no indication as to whether position or orientation 
disparity predominates in the perception of depth. An answer to this question can only be 
provided by stimuli in which both types of disparity are present in varying amounts, 
although it has already been argued that the extraction of horizontal disparity underlies 
stereoacuity.

Ninio (1985) constructed stereograms from line-elements, such that the centre of 
each line had a horizontal disparity and the stereogram as a whole depicted a pyramid. 
The orientation disparity and horizontal disparity of the line tips were independently 

manipulated by altering the length and orientation of the lines. The observer's task was to 

classify the stereogram according to its smoothness. Stereograms were more likely to be 
classified as smooth if the lines had the conect orientation disparity to be lying on a 

smooth slanted plane, than if the horizontal disparity of the tips was correct but the lines 
had no orientation disparity. By comparing these two conditions, Ninio concluded that 
the perception of surface slant was determined by orientation disparity.

However, Ninio's argument requires two assumptions which may not be valid. 

First, it assumes that the manipulation of line length did not affect fusion. The unequal 
line length in the two eyes' images may well have made fusion difficult, resulting in 
differences in the perception of smoothness. This explanation finds support from within 

the study itself because response times between the two conditions were different, which

^This stimulus appears as rapidly alternating vertical bars.
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would be expected if fusion was difficult. Second, it is assumed that any system 
calculating horizontal disparity would do so by comparing the position of the tips of the 
line in each eye. But using lines of different length creates a considerable vertical 
disparity at the tips, so it is far from clear that the horizontal disparity of the tips would 
govern perception due to position disparity. This study must therefore be regarded as 
equivocal regarding the relative input of orientation and position disparity to slant 

perception.
Further psychophysical evidence for the use of orientation disparity is presented 

by Cagenello and Rogers (1993; Rogers and Cagenello, 1989), who explicitly 
manipulated the surface markings of stereoscopic surfaces by generating surfaces from 
grids of lines. They found thresholds for the detection of slant and estimates of perceived 
slant in planar surfaces depended on whether the grids consisted of 0/90 deg or ±45 deg 
lines, despite equivalent gradients of horizontal disparity. If it is assumed that, in these 
stimuli, the only orientation disparity available to the visual system is derived from the 
orientation of the lines themselves"^, then the two grid orientations produce different 
amounts of orientation disparity. Moreover, these effects were found to depend on the 
direction of surface slant in a manner predictable from the orientation disparity produced 
by the grid lines (see section on slant anisotropy below).

Nevertheless, there are several problems with concluding from these studies that 
orientation disparity plays a strong part in the perception of planar surfaces. The equation 
for the orientation disparity of a line-element lying in a planar surface is derived in 
Appendix A. For a surface rotated about a horizontal axis:

2e
tan((|)i. - (1)r) =  cos^(|)tana (1)

d

where a  is the slant of the surface, (j) the orientation of the line-element with respect to 

vertical, e is half the interocular distance and d the viewing distance. Assuming an 

interocular distance of 6cm, to explain the slant detection thresholds of 1 deg found by 

Cagenello and Rogers (1993), the observer would need to detect orientation disparities of 
less than 7 min arc for 84% frequency of seeing. As stated above, the smallest orientation 
discrimination threshold recorded is 0.17 deg (Westheimer, 1981), which for 84% 
frequency of seeing corresponds to a threshold of 15 min arc. As argued above for the 

case of stereoacuity, it is therefore unlikely that orientation disparity is involved in slant 
detection. A second problem is that sensitivity to differences in horizontal disparity may 
vary with the orientation of the lines which form a stimulus, a factor not controlled for.

^Grids do contain Fourier components at 45 deg to their lines. The "spiders web" illusion (Prandtl, 1927; 
Morgan and Holopf, 1989), in which ghostly diagonal lines are seen in grid patterns, provides evidence that 
intersections of grid patterns do evoke a visual response. It is not known whether the visual system can 
detect the orientation disptirity of such responses.
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Finally, manipulating the grid orientation in suprathreshold surfaces may well affect the 
conflicting perspective cues and hence the perceived slant.

Nelson, Kato and Bishop (1977) recorded from binocularly driven cells in area 17 
of the cat using oriented bright bars. They found that the cells covered a broad range of 
both orientation and position disparity. Tuning was then evaluated by altering position 
disparity whilst keeping orientation disparity constant and vice-versa, over the complete 
range of orientation and position disparities. Of the six cells tested over the whole matrix 
of position and orientation disparity, even the cell most sharply tuned for orientation 
disparity required 4 deg of orientation disparity to produce a drop in firing equivalent to 
10 min arc of position disparity. On average the cells required 1 5 -2 0  deg of orientation 
disparity to reduce firing by 50%, compared with 20 min arc of position disparity. 
Furthermore, comparing monocular and binocular orientation tuning. Nelson et al. found 
no evidence of any inhibition or opponency which would sharpen orientation disparity 
tuning. This strongly suggests that the processing of binocular disparity, at least in area 
17 of the cat, is dominated by position disparity.

Psychophysical and neurophysiological evidence would therefore seem to support 
the conclusion that whilst the visual system does respond to orientation disparity, it is 
more sensitive to position disparity and, given the available neurophysiological evidence, 
is organized so as to preferentially extract position disparity from the earliest stages of 
binocular combination in visual cortex.

Curvature disparity
At present there exists no psychophysical or neurophysiological evidence which 

isolates curvature disparity in the same manner as the work on orientation disparity of 
von der Heydt and colleagues. However, there is some evidence that the "end-stopped" 
complex cells in monkey visual cortex are selective for the curvature of lines (Dobbins, 
Zucker and Cyander, 1987).

Along the same lines as their work on orientation disparity, Rogers and Cagenello 

(1989) have presented evidence for the use of curvature disparity by the visual system in 
the form of differences in detection thresholds and perceived depth for three-dimensional 
curved surfaces, using grids of different orientations. However, the same problems apply 
as listed above with reference to orientation disparity, except that Cagenello (1990) 
explicitly measured monocular curvature detection thresholds in grid stimuli and found 
them to be comparable to the binocular thresholds. However, the difference in threshold 
between +/-45 deg and 0/90 deg grids was quantitatively less than that predicted by the 
curvature disparity difference.

Curvature disparity does have the added computational advantage that it is 

invariant with changes in viewing distance. Indeed, Rogers and Cagenello (1989) report 

that observers can accurately match the curvature of two parabolic surfaces at different
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viewing distances, despite a four-fold difference in the range of disparities and a two-fold 
difference in disparity gradient of the flanking regions^. But this constancy is disputed by 

Johnston (1991), who required observers to discriminate the depth-to-height ratio of 
cylinders over a range of sizes and viewing distances. The point of subjective equality 
(PSE) in this task defined the surface perceived to be cylindrical. Measurements of the 
FSE indicated systematic distortions of perceived shape at different viewing distances. If 
a constancy mechanism such as extraction of curvature disparity does exist, then it failed 
to operate in the conditions employed in this study.

Spatial frequency disparity
Blakemore (1970) showed that dichoptic presentation of vertical sinusoidal 

gratings produces the perception of slant around a vertical axis if the gratings are of a 
slightly different frequency. However, even with drifting gratings it is not clear whether 
this perception is due to spatial frequency disparity or the horizontal disparity of the bars 
of the gratings. Tyler and Sutter (1979) presented observers with two vertical sinusoidal 
gratings moving in opposite directions in the two eyes. As the velocity of the gratings is 
increased, this stimulus produces the percept of a plane moving in depth, until a limiting 
velocity is reached. Tyler and Sutter argued that beyond this velocity, horizontal disparity 
cues were ineffective, so spatial frequency disparity could be studied in isolation. 
Observers were required to discriminate the direction of slant. This could be achieved for 
frequency ratios ranging from 1.2:1 to 2:1. A second experiment used dichoptic patches 
of vertical gratings of dynamic noise, uncorrelated between the two eyes. The noise was 
limited to a narrow band of frequencies centred on different frequencies in each eye^. 
Accurate discrimination of slant was possible, but only at ratios of 1.5:1 and above, 
corresponding to very slanted surfaces. This study constitutes psychophysical proof that 

spatial frequency disparity can lead to the perception of depth. However, given the high 
ratios of spatial frequency required to accurately judge the slant of a surface, it seems 
likely that spatial frequency disparity plays only a relatively min or role in depth 
perception. There are as yet no neurophysiological studies which are of direct relevance 

to this issue.

Summary of disparities involved in depth perception
In summary, it is clear that horizontal and vertical position disparities, orientation 

disparity and spatial frequency disparity are used by the visual system in the perception 
of depth, although horizontal disparity per se seems to underlie the remarkable precision 

of stereoacuity. It is argued here that the use of polar disparity by the visual system is

^Unfortunately, Rogers and Cagenello (1989) do not present the data nor the method of this experiment, so 
further analysis of the apparent contradiction between this and Johnstone (1991) is not possible.
^This is the equivalent experiment test for spatial frequency disparity as provided by von der Heydt (1978) 
for orientation disparity.
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unlikely proposition, whilst evidence for the com putation-of curvature disparity is 
inconclusive.

A Fram ework for the Processing of Binocular Disparity

Work on stereopsis may be categorized within a framework of the type presented 
in figure 1.10., which is similar to those employed by Tyler (1983) and Parker et al. 
(1991).

Matching/,
Correlation

Left eye 
Image

Right eye 
Image

Extraction of 
Contour 

and Spatial 
Frequency 
Disparities

Horizontal
Disparity

Map

Cue 
Combination 

and Calibration

Extraction of 
higher-order 
properties of 

disparity 
(slant, size, 

curvature etc...)

Figure 1.10. A fram ework fo r  the processing o f  binocular disparity.

Research has mainly concentrated on three stages of processing: stereoscopic 
fusion, the perception of depth within fused RDS's or line patterns containing elements at 
different disparities^, and the perception of depth resulting from the interaction of 

stereopsis and other cues to depth, such as motion or texture. Therefore, it is probably fair 
to say that this framework is more a reflection of assumptions common to, or questions 
posed by, different researchers, than it is a reflection of psychophysical or 

neurophysiological results. The most notable assumption, referred to previously, is that 
the primary goal of early stereoscopic vision is to calculate the horizontal disparity for 
each point in the visual scene. The representation resulting from this process may be 
referred to as a "disparity map"*. It is not enough, however, for the visual system simply 
to construct such a disparity map. Three dimensional surfaces possess properties such as 
curvature, slant, distance, position, orientation and continuity, all of which are only

^From this section onwards unless otherwise specified "disparity" refers to horizontal disparity.
*The process of cue combination is generally beyond the scope of this thesis, the general aim of which is to 
study strereopsis in isolation. Cue combination is therefore only referred to in specific instances.
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implicitly represented by a disparity map. Further processing is required in order to 

explicitly calculate these surface properties.
A separate parallel channel is included in the framework for contour and spatial 

frequency disparities. As has already been discussed, their role in the perception of 

surface slant and curvature is uncertain.

Stereoscopic Matching

An RDS places the ability to correctly match features in the two eyes at a 
premium, because the number of potential matches is so great. The visual system has to 
decide what type of features to match and how best to disambiguate the range of different 
possibilities: the "correspondence problem".

Matching primitives
Marr and Poggio (1979) suggested that matching could occur within spatial 

frequency channels tuned to different frequencies. More specifically, they suggested that 
matching might occur initially at low spatial frequencies and that this initial match could 
then refine matching at higher spatial frequencies, perhaps through the guiding of 
vergence eye-movements. Whilst this role for vergence eye-movements remains to be 
established, there is strong evidence for the use of spatial frequency tuned mechanisms in 
fusion.

Julesz and Miller (1975) presented observers with a spatially filtered RDS 
consisting of two pass-bands, one containing a correlated three-dimensional image, the 
other containing uncorrelated noise. The stereoscopic image could still be perceived if the 
pass-bands were 2 octaves apart, but the noise level was sufficient to destroy the signal 
when centred on the same frequency, regardless of whether the signal was contained in 
the high or the low pass-band. This study suggests that fusion can occur in different 

frequency bands independently.
Furthermore, there is good evidence that, at least for spatial frequencies below 

about 2.5 c/deg, the spatial frequency tuning of cells is correlated with the size of 
disparity which the cells signal. Schor and Wood (1983) measured stereoacuity for 
vertical difference of Gaussian (DOG) luminance profiles of varying centre frequencies. 
Below 2.5 c/deg threshold increased with a slope of 1, suggesting a constant phase 
disparity governs detection. Upper disparity limits also increased with lower spatial 

frequencies. Schor, Wood and Ogawa (1983) presented DOGs of different centre 
frequencies to each eye. Thresholds increased rapidly with the difference in centre 
frequencies. Again, thresholds increased below 2.5 c/deg, although the increase was less 

with dynamic stimuli.
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While it is clear that spatial filtering at different scales precedes fusion, greater 
debate has occurred regarding orientation specificity of the matching process. 

Ramachandran and Braddick (1973) measured observers response times to see 
stereograms made up of oriented line-segments. During a sequence of presentations, 
response times gradually decreased to an asymptotic level, but jumped back up to 
approximately half the original times when the line-segments were of the orthogonal 
orientation. The authors argued that their results support the notion that the matching 
process proceeds via orientation tuned filters. However, Mayhew and Frisby (1978) used 

orientationally filtered RDS's to study masking of stereopsis. They found that the 
orientation of the mask had no effect on stereopsis. Mayhew and Frisby (1979) also 
pointed out that orientational filtering of RDS's containing steep variations in depth made 
stereopsis impossible. Frisby and Mayhew (1980) concluded on the basis of these results 
that the matching process involves circularly symmetric filters.

More recently, Mansfield and Parker (1993) required observers to discriminate the 
direction of disparity in orientationally filtered RDS's in the presence of masks of varying 
orientations. They found signal-to-mask contrast thresholds were orientationally tuned, 
with the highest thresholds at the target orientation. However, thresholds for the 
orthogonal orientation were still above those measured in the absence of the mask, 
suggesting that although the matching process does involve orientationally tuned filters 
there is also some non-orientationally tuned input as well.

It may be concluded, then, that the matching process is preceded by spatial 
filtering at a range of spatial scales, and that at least some of the matching process 
involves orientationally tuned filters, with larger disparities being matched at lower 
spatial frequencies.

Matching constraints
Correctly matching the two halves of an RDS has often been regarded as the acid 

test of various matching algorithms (e.g. Marr and Poggio, 1976, 1979; Pollard, Mayhew 
and Frisby, 1985). In this context, "correctly matching" means that the output of the 
algorithm is a disparity map corresponding to the design of the stereogram. Various 
constraints inspired by the work of Marr (Marr, 1982; Marr and Poggio, 1976, 1979), 
have been employed successfully in matching algorithms. These constraints limit the 
potential number of matches for each feature and are largely independent of the type of 
feature chosen (edge, blob, point, etc.). Marr and Poggio's (1976) algorithm employed the 
constraints that a feature in one eye should only be matched to a single feature in the 
other eye (the "uniqueness" constraint), each feature should only be matched with a 

feature of the same type (the "compatibility" constraint) and matches should be made 
such that neighboring points have similar disparity almost everywhere (the "continuity" 

or "smoothness" constraint). Marr and Poggio (1979) added the "epipolar constraint": that
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m a t c h e s  sh o u ld  o n ly  o c c u r  a lo ng  s i mi la r  ho r i zon ta l  l eve ls  in e a c h  eye .  In a re v i e w  o f  

c o m p u t a t i o n a l  m a tc h in g  cons t ra in t s ,  Fr i sby  and  Pol la rd  (1991)  a l so  d i sc u s s  the  "order ing  

co ns t r a in t" ,  that fea tures in each  eye  should be m a t c h e d  in the  s a m e  spat ial  o rde r ,  and  the 

" f ig u ra i  c o n t i n u i t y "  con s t r a in t ,  tha t  an e x t e n d e d  fe a t ur e  s h o u l d  be m a t c h e d  so  as to 

p r e se rv e  its cont inui ty .

C o n f i g u r a t i o n s  that  v io l a t e  c o n s t r a in t s  h a v e  be en  e m p l o y e d  in p s y c h o p h y s i c a l  

e x p e r im e n ts .  F or  ex a m p le ,  in P a n u m 's  l imi t ing  ca se  ( f igure 1.1 l a )  the v isua l  s y s te m  does  

no t  m a t c h  tw o  l ines  to on e  e v e n  t h o u g h  a c o r r e s p o n d i n g  g e o m e t r i c  i n t e r p r e ta t i o n  is 

poss i b l e ,  sup por t in g  a role for  the un iq u e n e ss  const ra in t .  T h e  " d o u b le  nail" i l lusion (Krol  

a n d  V a n  d e r  G r i n d ,  1980;  f ig ur e  1 .11b)  p r o v i d e s  s i m i l a r  s u p p o r t  f o r  th e  o r d e r i n g  

cons t ra in t .

H o w e v e r ,  W e i n s h a l l  (1 9 9 1 )  has s h o w n  tha t  if P a n u m ' s  l im i t in g  c a s e  a n d  the 

" d o u b l e  na il " i l lus ion are e m p l o y e d  as m i c r o p a t t e r n s  wi th in  R D S ' s ,  t r a n s p a r e n t  p la nes  

c o r r e s p o n d i n g  to the po ss ib le  m a t c h e s  are o b s e r v e d  (in the c a s e  o f  the  " d o u b l e  nail" 

a n a l o g u e  up to fou r  t ransparent  p la nes  can  be s im u l t a n e o u s ly  o b s e rv e d ) .  T h u s ,  bo th the 

u n i q u e n e s s  and  o r d e r in g  co n s t r a in t s  are v io la ted  in c o m p l e x  e n v i r o n m e n t s  in v o l v i n g  

m a n y  features ,  such as RDS's .

(a)

I I
L  R

( b )

L  R

Figure 1.11. (a) Panum's limiting case: the single line cannot he fused  
with two lines, (h) The "double nail illusion”: the dark hlohs in the plan 
view, corresponding to the real situation, are not seen in preference to the 
situation (light blobs) which preserves the order o f features in both eyes.

B in o c u la r  r ival ry is p ro duced  by im ages  in w h ic h  d is s im i la r  fea tures  a re  s h o w n  to 

ea ch  eye ;  m o n o c u l a r  im ag es  dom in a te ,  o ften each  in turn.  T h i s  is e v i d e n c e  fo r  the  use o f  

the  c o m p a t i b i l i t y  cons t r a in t .  A s  ea r l y  as W h e a t s t o n e  (1 8 3 8 )  it w a s  d e m o n s t r a t e d  that  

fea tu re s  o f  m a r k e d l y  di fferen t  o r ien ta t ion  o r  oppos i t e  cont ra s t  wil l  no t  be fused .
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Evidence for the use of the epipolar constraint comes from work which suggests 
that Panum's area, the range of disparities for which fusion is possible, is elliptical and of 
greater extent in the horizontal direction. Schor and Tyler (1981) measured the maximum 
fusible disparity with sinusoidal and separated line stimuli modulating in counterphase. 
They found that the horizontal extent of Panum's area could be up to 2.5 times the vertical 
extent, particularly at low spatial and temporal frequencies. Schor, Heckmann and Tyler 
(1989) measured Panum's area with vertical luminance profiles of Cauchy functions, 
which are localized in both space and spatial frequency domains. Vertical fusion limits 
were smaller than horizontal limits and increased with a shallower slope as spatial 
frequency decreased. Panum's area retained its elliptical shape over a 0.5 - 16 c/deg range 
of centre frequencies.

Burt and Julesz (1980) presented observers with grids of dot-pairs. The disparity 
between each pair of dots was held constant but angular separation between the dots 
varied across the grid. Fusion was found to break down at an angular separation 
consistent with a disparity gradient limit for fusion, i.e. fusion was a function of the 
disparity divided by the angular separation. The critical disparity gradient for fusion was 
found to be approximately 1. Consistent with this interpretation, Tyler (1974, 1975a) 
found that in both line and RDS's, the maximum fusible disparity of a surface or line 
modulating sinusoidally in depth increased linearly with the frequency of modulation. 
These studies support the use of a smoothness constraint in the form of a disparity 
gradient limit. The "PMF" matching algorithm of Pollard, Mayhew and Frisby (1985) 
explicitly employs a disparity gradient limit for disambiguating RDS's and stereograms of 
natural scenes.

The approach of isolating a number of computational constraints for matching 
therefore receives support both from psychophysical studies and successful 
implementation in matching algorithms.

Matching as a process of interocufar correlation
The compatibility constraint states that like should be matched with like, but a 

more quantitative measure of the strength of candidate matches is required. Cormack, 
Stevenson and Schor (1991) manipulated interocular correlation in dynamic binary RDS's 
by interleaving correlated pairs of images with uncorrelated pairs in the appropriate 

temporal ratio. Cormack et al. found that, up to a saturation point, threshold for detecting 
correlation in the fixation plane was proportional to the square of contrast. This finding 
indicates that some sort of interocular cross-correlation is being performed on the images, 
which saturates above a given contrast. Cormack et al. modelled this process by first 
blurring and then employing a derivative edge-extractor on each separate image before 

combining them using a centre-surround cross-correlation function tuned to disparity. 

This simple model accounted for their correlation detection data. In addition, since the
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size of the peak signal output varied linearly with interocular correlation, the model was 
used to predict a linear variation of stereoacuity with interocular correlation, while 
stereoacuity was predicted to vary with contrast in the same manner as correlation 

detection. These predictions were confirmed in a second experiment, although 
stereoacuity did continue to improve slightly with contrast beyond the saturation point. 
This study suggests that binocular matching is well approximated by a process of 
interocular cross-correlation, at least for stimuli near fixation, and that interocular 
correlation can be considered as a measure of the strength of the cyclopean signal which 
results from fusion.

Tyler and Julesz (1978) found that observers could detect a square of uncorrelated 
dots in an otherwise correlated dynamic RDS's with presentation times of just 2 - 3  msec. 
Detecting a correlated square within uncoiTelated noise required upwards of 30 msec. 
Temporal thresholds had a square-root relation with target area up to 3 - 5 deg. Tyler and 
Julesz (1980) found the same square-root relation between target area and the upper limit 
for discriminating the direction of disparity in dynamic RDS's, which could be as large as 
2 deg. The square-root relation indicates a process of interocular correlation because the 
signal strength increases with the stimulus area but the uncorrelated noise increases with 
the square-root.

Poggio, Motter, Squatrito and Trotter (1985) recorded from the visual cortex of 
alert behaving monkeys using correlated and uncorrelated dynamic RDS's. 
Approximately 30% of neurons responded selectively to disparity in dynamic RDS's, 
although the proportion increased from area VI to V2 and V3 - V3A. Of this number, 
91% could be identified as cells with complex properties. Those neurons tuned to small 
disparities were most likely to be activated by interocular correlation and suppressed by 
uncorrelation. Poggio et al. propose that these complex cells are solving the 
correspondence problem, are selective for interocular correlation and provide the neural 
substrate for what they term "fine stereopsis", such as that employed in RDS's.

Learning in random-dot stereograms

One aspect of the matching process which remains almost totally without 
explanation is the extensive learning which accompanies viewing of RDS's. Julesz (1971) 
reported that it could take many minutes for a naive observer to first obtain the perception 
of depth in an RDS, but that once a coherent plane emerged in one part the remainder of 
the percept quickly followed. Furthermore, the time taken to resolve RDS's quickly 
decreased following initial exposure. Experienced obseiwers can resolve shape in RDS's 
in tens of milliseconds. Ramachandran (1976) provides examples of the steep asymptotic 

response-time curves which are produced when observers are required to respond on 

identifying the shape in a series of RDS's. Theories of stereopsis have almost entirely 
ignored these profound learning effects.
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Originally, it was thought that learning was the result of learning sequences of 
vergence eye-movements. Saye and Frisby (1975) sought to facilitate these movements 
by presenting a monocularly visible contour within or around the shape in an RDS. 
Perception times were facilitated at 67 min arc but not at 5 min arc of disparity. Frisby 
and Clatworthy (1975) failed to enhance perception times despite attempts to "prime" 
observers prior to presenting a complex RDS. This ranged from verbal description to 
providing a full-blown three-dimensional model. Christophers and Rogers (1994) 
recorded vergence movements with scleral contact lenses. They found that appropriate 
vergence movements were not sufficient for perceiving complex RDS figures. These 

results therefore suggest that there is a considerable sensory component to learning in 
RDS's.

In a more detailed study by O'Toole and Kirsten (1992), following asymptotic 
learning with two shapes in RDS's, observers were presented with a two-alternative- 
forced-choice (2AFC) discrimination at a presentation time designed to keep responding 
at the 70 - 80% level. Learning was found not to transfer completely to a new monocular 
dot pattern, nor to different depth planes (approximately 5 min arc of disparity apart). But 
learning did transfer completely when the edges of the shape within the RDS were made 
jagged. All of these effects were quite small, however, as responding was still well above 
chance when the new stimuli were introduced. Because the presentation times in this 
study were always less than 150 msec when the new stimuli were introduced, eye- 
movements cannot account for these effects. It appears therefore that learning within 
RDS's is sensory, and can be specific to particular disparities, monocular dot patterns and 
the depth of regions rather than the location of stereoscopic edges.

Evidence For a Disparity Map

As referred to above, it has been a common assumption that the goal of binocular 
matching is to produce a representation of the disparity of each point in the visual scene. 
This section reviews both psychophysical and neurophysiological evidence, which not 

only supports the existence of a disparity map, but is also informative as to the tuning of 

the mechanisms which produce the disparity map. A possible neural substrate is also 
suggested.

Neurophysiology
That there exist single cells in visual cortex tuned to a range of horizontal 

disparities is one prerequisite for the existence of a disparity map. However, often these 
cells are also sensitive to spatial frequency, orientation, contrast polarity and in many 

cases direction of motion. To posit the existence of a disparity map it is necessary to find 
cells whose design is more specialized to that required of a disparity detector.
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Ohzawa, DeAngelis and Freeman (1990) outlined the properties desirable in a 
cortical disparity detector. First, they suggested that certain complex cells are particularly 
suited to the job of disparity detection, because they are insensitive to contrast polarity 
and only broadly sensitive to stimulus position. In addition, Ohzawa et al. argued that for 
a complex cell to act as a disparity detector it must have three further properties: 
selectivity to much finer disparities than predicted by receptive field size, selectivity for a 
constant stimulus disparity at all positions within the receptive field, and the ability not to 
respond to opposite polarity features presented at the optimal disparity. Recordingj from 
cells in the primary visual cortex of the cat, the authors presented bars of optimal size and 
orientation to simple and complex cells, exploring the cell's receptive field with an 
exhaustive array of binocular positions and contrast polarities. Simple cells, although 

selective for disparity were found to also be selective for position and contrast polarity. 
But 15 of 39 complex cells displayed the properties listed above as being theoretically 
suited to a disparity detector. These cells were also found to be highly tuned to disparity, 
assessed via standard tests using luminous bars, and to be strongly binocular. These 
complex cells provide a plausible neural substrate for a disparity map.

Adaptation to disparity
A disparity map must represent disparity for each visual direction. Given the 

variety of tuning characteristics and peak disparities exhibited by cortical cells (e.g. 
Poggio et al., 1988; Freeman and Ohzawa, 1990), there are a number of potential forms 
which a disparity map might possess. Evidence for a distributed structure, in which a 
range of disparity detectors exist for each visual direction, comes from psychophysical 
studies of adaptation. The logic of adaptation studies is that if disparity is signaled by the 
distribution of activity across a range of broadly tuned disparity detectors, then prolonged 

exposure to a specific disparity, thereby selectively fatiguing detectors most sensitive to 
that disparity, should produce systematic distortions of perception in a direction away 
from the adapting disparity.

Blakemore and Julesz (1971) found that adaptation to an RDS containing a square 

in depth, defined by disparity, produced an aftereffect equivalent to approximately 25% 
of the adapting disparity in the opposite direction. Long and Over (1973) measured the 
extent of aftereffects when viewing a flat surface following extended viewing of a square 
in an RDS, at a range of adapting disparities. Peak aftereffects were found for adapting 
disparities of 4 - 8 min arc and could be as high as 25% of the adapting disparity. 
Aftereffects were not observed for adapting disparities of higher than 16 min arc. A very 
similar result was obtained by Mitchell and Baker (1973) using line stimuli. Aftereffects 
were found for disparities up to 20 min arc, with peak adaptation at about 6 min arc 

producing a depth shift which required a 90 sec arc nulling disparity; again a shift of 25% 
of the adapting disparity.
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If a disparity map is the product of the stereoscopic matching process, as the 
above framework proposes, one might expect adaptation to a plane at a specific disparity 
to affect fhe matching process in a manner specific to the adapting disparity. Stevenson, 
Cormack, Schor and Tyler (1992) measured thresholds for the detection of interocular 
correlation in flat planes presented at a range of disparities. Brief presentations (200 
msec) following fixation on nonius lines controlled for vergence eye-movements. 
Thresholds increased logarithmically from an interocular correlation of 0.1 at the fixation 
plane to 1.0 at a disparity of approximately 1 deg. Thresholds were then measured 
following adaptation to a perfectly correlated plane presented at a range of adapting 
disparities, whilst maintaining fixation. Thresholds were elevated for disparities tuned 
about the adapting disparity and showed some facilitation for distant disparities. Tuning 
functions had a bandwidth at half-height of 5 min arc at fixation rising to 20 min arc at an 

adapting disparity of 20 min arc. The data were modelled by a set of mechanisms tuned to 
disparity, with tuning becoming more broad at peak disparities away from zero. Each 
mechanism was given a centre-surround disparity profile such that the model could 
explain the facilitation at disparities far from the adapting disparity. It was found that at 
least 10 tightly-tuned mechanisms were required to model the smooth detection 
functions. However, it is likely that the data reflect some summation across the 9 deg 
field employed, so it is not necessary to posit that as many as 10 mechanisms exist for 
each visual direction.

These data strongly suggest that those visual mechanisms which process 
interocular correlation (and hence those which are performing binocular matching) are 
tuned for horizontal position disparity. No other fomis of binocular disparity were present 
in the briefly presented displays. This is an example of psychophysical results which are 
very well paralleled by neurophysiology. The properties of complex cells selective for 
disparity and interocular correlation (Poggio et al., 1985), but not for position and 

contrast polarity (Ohzawa et al., 1990), provide a neural substrate with the properties 
necessary for modelling the above result and hence the properties necessary to constitute 
a disparity map.

Disparity discrimination
The term "disparity map" is frequently substituted by "cyclopean retina" (e.g. 

Tyler and Julesz, 1980; Nothdurft, 1985). The analogy to the retina extends as far as the 

fact that the photoreceptors signal the amount of luminance (subject to the spectral 
sensitivities of the cone classes) of each point in the visual scene, whilst a disparity map 
signals the disparity of each point. However, in the retina, a single photoreceptor 
corresponding to each visual direction changes its response with changes in luminance. 

Such coding may be termed "rate coding". The model developed by Stevenson et al. 
above is therefore a departure from the retinal analogy, because it requires a distribution
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of firing across a number of mechanisms all responding to the same visual direction. 
Lehky and Sejnowski (1990) distinguish "rate coding" from "population coding", in 

which the quantity is signalled by a distributed set of mechanisms with overlapping 

tuning functions, and "interval coding", in which large numbers of mechanisms are 
exclusively tuned to different values of the quantity. The vast majority of computational 
algorithms for solving the correspondence problem employ interval coding (e.g. Marr and 
Poggio, 1976; Pollard, Mayhew and Frisby, 1985). The model required by Stevenson et 
al. to account for their data is an example of "population coding".

Further evidence for population coding comes from studies of disparity 
discrimination. Blakemore (1970) measured stereoacuity both for stimuli at the fixation 

plane and at a range of pedestal disparities, again using brief presentations to control for 
vergence eye-movements. He found a smooth exponential relationship between 
discrimination and pedestal disparity. This relationship was also obtained by Schumer 
and Julesz (1984) for detecting corrugations in RDS's. If noise in a disparity map, such as 
the one envisaged by Stevenson et al. (1992), is a potential determinant of discrimination, 
then it is interesting to note that detection of interocular correlation also varies 
exponentially with disparity. However, Regan and Beverly (1973) found that above 
pedestal disparities of about 20 min arc discrimination deviated from the predicted 
logarithmic trend. Furthermore, no quantitative comparison of discrimination and 
interocular correlation detection has been attempted. Nevertheless, if one accepts that the 
signal-to-noise ratio of a disparity map is a limiting factor in discrimination, then 
population coding is implicated. Lehky and Sejnowski (1990) have shown that in order to 
account both for the smooth nature of the discrimination curve and high stereoacuity at 
fixation, a population of disparity detectors with overlapping tuning curves is necessary. 
In fact, these authors estimate that at least 17 overlapping mechanisms are required for 
local patches of the visual field in order to model a smooth discrimination curve. This is 
probably an overestimate due to omitting some tightly tuned mechanisms with peaks at 

non-zero disparity. There is some neurophysiological evidence (Poggio et al., 1988) for 
tightly tuned detectors away from fixation. Tightly tuned mechanisms away from fixation 
can also account for the psychophysical facilitation of interocular correlation detection at 

fixation following adaptation to planes at disparities away from fixation (Stevenson et al, 
1992).

Stevenson, Cormack and Schor (1989) compared performance in three separate 
tasks using an identical temporal 2AFC procedure in dynamic RDS's: a stereoacuity task, 
in which one interval contained a flat plane at fixation, whilst in the other interval the top 
half of the plane was given an offset in depth (figure 1.12a); a supe ire solution task, in 
which one interval contained a flat plane at fixation and the other interval contained two 

planes alternating at 60 Hz either side of fixation (figure 1.12b); and a gap resolution 

task, in which one interval contained two planes alternating either side of fixation and the 
other interval contained four equally spaced planes which appeared as one thick surface
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( f igure  1.12c).  T h r e s h o l d s  to p e r fo rm  these tasks w e re  a p p r o x im a te ly :  3, 30  and  2 00  sec 

arc o f  d i s pa r i ty  re spec t ive ly .  If the noise  w i th in  a d i sp ar i ty  m a p  is the  l imi t in g  fac tor  in 

p e r f o r m a n c e ,  then  this  resu lt  is s t r o n g  e v i d e n c e  fo r  a d i s t r i b u te d  p o p u la t i o n  c ode .  A n  

in te rva l  c o d e  w o u l d  predic t  near ly  e q u i v a l e n t  p e r f o r m a n c e  for  the se  tasks ,  w h i l s t  a rate 

c o d e  w o u l d  p red i c t  that  o n ly  the acu i ty  task  co u ld  be p e r f o r m e d .  I f  o n e  c o n s i d e r s  a 

d i s t r i b u t io n  o f  ac t iv i ty  with in a p o p u la t i o n  c o d e  o f  d i sp ar i ty  d e te c to r s ,  then the se  tasks  

c o r r e s p o n d  to d e t e c t i n g  d i f f e re n t  s ta t i s t ica l  p roper t ie s :  the  h y p e r a c u i t y  task d e m a n d s  

de te c t io n  o f  a d i f f e r e n c e  b e tw een  the m e a n s  the  d i s t r ib u t io ns  c o r r e s p o n d i n g  to d i f fe ren t  

a r e a s  o f  sp ace ,  the su p e r r e s o l u t i o n  task c o r r e s p o n d s  to d e t e c t i n g  a d i f f e r e n c e  in the 

v a r i a n c e  o f  the d i s t r ib u t io n ,  and  the gap  re so lu t i o n  task c o r r e s p o n d s  to d i s t i n g u is h in g  

b e t w e e n  a uni m o d a l  and  a b im od a l  d i s t r ib u t ion .  A s  po in ted  ou t  by  S t e v e n s o n  et  al.,  the 

t h r e s h o l d s  o b t a i n e d  c lo s e ly  pa ra l l e l  t h o s e  f o u n d  for  l u m i n o u s  t a rg e ts  in t r a d i t i on a l  

r e s o lu t i o n  and  h y p e ra c u i ty  tasks ,  in wh ich  the s a m e  d i f f e re n c es  m u s t  be  o b t a i n e d  f ro m  

the d i s t r ibu t ion  o f  l ight  across  the ret ina.  It is a l so  o f  inte rest  to no te  that  S t ev en so n  et al. 

r e p e a t e d  the  s a m e  th re e  ta sk s  e m p l o y i n g  v e r t i ca l  r a t h e r  th a n  h o r i z o n t a l  d i s p a r i ty .  

T h r e s h o l d s  were  la rger and  rou gh ly  cons tan t  ac ross  the three tasks.

Interval

(a) HyperacLilly

interval 2

(b) Superresolution(b) Superresolution (c) Gap resolution

Figure 1.12. The three tasks employed by Stevenson et al. (19S9}.(a) The 
observer judges in which interval the top plane is behind the bottom plane, 
(b) The observer judges which interval contains the thicker surface in 
depth, (c) The observer judges which interval contains a gap between two 
surfaces.

T h e r e  is thus  co n s id e r a b le  p s y c h o p h y s i c a l  and  n e u r o p h y s i o l o g i c a l  e v i d e n c e  for  

the  e x i s t e n c e  o f  a d i spa r i ty  m ap  w h ic h  c o d e s  the  hor izonta l  d i sp ar i ty  o f  each  poin t  in the
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visual scene. Further evidence suggests that for each visual direction there exists a 
distributed population of disparity detectors with overlapping tuning to disparity and 
broader tuning away from fixation. This makes a disparity map fundamentally different 
from a "cyclopean retina". Although in most circumstances only one disparity value will 

be derived for each visual direction, a distributed code is capable of resolving more 
than one disparity value for each visual direction. Combining the observations of 
Weinshall (1991) and Stevenson et al (1989), the number of resolvable disparities for 
each direction may be anything up to four.

The Stereoscopic Slant Anisotropy: Evidence Against a 
Disparity Map ?

Despite the very convincing sensation of depth produced by stereoscopic displays, 
a curious anisotropy exists. The extent of depth seen in surfaces slanting about a vertical 
axis of rotation (such surfaces may be thought of as "walls" and are hereafter referred to 
as "vertical surfaces") is markedly less than that produced by surfaces slanting about a 
horizontal axis of rotation (these surfaces may be thought of as "floors" or "roofs" and are 
hereafter referred to as "horizontal surfaces") (Rogers and Graham, 1983). Depth in 
horizontal surfaces is also perceived more quickly (Gillam, Chambers and Russo , 1988).

The original finding: Rogers and (iraham (1983)
Rogers and Graham (1983) presented observers with large (20 x 20 deg) random 

dot surfaces, with depth produced either by binocular disparity or relative motion within a 
monocular display (the motion of the dots in this latter case was linked to the horizontal 
movement of the subject's head via a potentiometer). Obseiwers were asked to null the 
difference in perceived depth produced by the depth analogue of the Craik-O'Brien- 

Cornsweet illusion (Anstis, Howard and Rogers, 1978) (figure 1.13). For both the 
stereoscopic and relative motion displays, Rogers and Graham (1983) found that the 
illusion was strong when the depth discontinuity was oriented vertically but not when it 
was oriented horizontally. The authors argued that the discontinuity was being accurately 
perceived, but that the slowly changing flanks of the vertical surface were being seen 

with less depth.

In a second experiment, Rogers and Graham found that if the depth profile was 
produced by vertical head movements with corresponding vertical dot motion, the 
anisotropy reversed, such that the horizontal surface produced the larger illusion. This 
result leads to the conclusion that the anisotropy is a product of the type of geometric 
transformation which signals depth, rather than of surface orientation per se. For 

horizontally separated vantage points (stereoscopic viewing or motion parallax produced 

by horizontal head movement) a horizontal surface generates images related by a
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ho r iz o n ta l  sh e a r  ( f igure  1.14a).  H o w e v e r ,  the c o r r e s p o n d i n g  ver t ica l  su r f ace  gen e ra t e s  

im a g e s  re la ted  by a horizonta l  e x p a n s i o n - c o m p r e s s i o n  ( f igure 1.14b)^.  P la n a r  sur faces  are 

c o n s i d e r e d  f o r  s i m p l i c i t y ,  as  n o n - p l a n a r  s u r f a c e s  p r o d u c e  th e  s a m e  t y p e  o f  

t r a n s f o r m a t i o n ,  bu t  wi th c h a n g e s  in the m a g n i t u d e  o f  e x p a n s i o n - c o m p r e s s i o n  o r  sh ea r  

a c r o s s  the  su r f ace .  R o g e r s  and  G r a h a m ' s  r e s u l t  i n d i c a t e s  th a t  th e  v i s u a l  s y s t e m  is 

re la t ive ly  insens i t ive  to e x p a n s io n - c o m p r e s s io n  t r ansfom ia t ions .

Depth

Figure 1,13. The depth analogue o f  the Craik-O'Brien-Cornsweet illusion 
in perspective view. The stronger the illusion, the closer the left side 
appears relative to the right side

T h i s  last  c o n c l u s i o n  c a s t s  d o u b t  on  any  a c c o u n t  w h i c h  p r o p o s e s  th a t  the 

a n i s o t r o p y  is a ub iq u i to us  fea ture o f  a visua l sy s t e m  wh ich  has  e v o l v e d  to pay  par t ic u la r  

a t t e n t i o n  to g r o u n d  p la n e s  (i.e. ho r i zon ta l  su r f aces) .  T h i s  a c c o u n t  c a n n o t  e x p l a i n  the 

reve rsa l  o f  the e f fec t  with vert ical  m o t io n  or  w h y  o t he r  de p th  c u e s  d o  not  s h o w  a s imi la r  

an iso t r opy .

T h e  s t e r e o s c o p i c  s lan t  a n i s o t r o p y  is no t  m e r e l y  a q u e s t i o n  o f  c a l i b r a t i o n  o f  

p e rc e iv e d  depth.  Fo l lo win g  on f rom Rog er s  and  G r a h a m  (1983) ,  la te r s tudies  h a v e  sh ow n 

that  the t ime  taken to reso lve  the dep th  o f  ver t ica l  sur faces  is o f ten  an o r d e r  o f  m a g n i t u d e  

l o n g e r  than  for  ho r i zonta l  su r f a c e s  (G i l l a m ,  C h a m b e r s  and  R u s s o ,  1988) .  T h e  v isua l  

s y s t e m  is a l s o  less se n s i t i v e  to ver t ica l  s u r f a c e s .  T h r e s h o l d s  fo r  the  d e t e c t i o n  and

^ T h c s c  a r c  t h e  h o r i / o n i a l  d i s p a r i t y  o r  r e l a t i v e  m o t i o n  i r a n s l ' o r m a l i o n s .  S m a l l  c h a n g e s  i n  v e r t i c a l  d i s p a r i t y  o r  

r e l a t i v e  m o t i o n  w o u l d  a l s o  h e  p r o d u c e d  b y  s u r f a c e s  in  t h e  r e a l  w o r l d .  T h e s e  a r e  n o t  d e p i c t e d  i n  f i g u r e  1 . 1 4  

a n d  a r c  g e n e r a l l y  n o t  p r c . s e n t  in  t h e  s t i m u l i  u s e d  in  e x p e r i m e n t s  w i t h  s l a n t e d  s u r f a c e s .
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discrimination of depth are higher for vertical than for horizontal surfaces (Cagenello and 
Rogers, 1993; Mitchison and McKee, 1991).

Horizontal planar surface

Vertical planar surface

Figure 1.14. Geometric transformations. On the left is a perspective view  
o f the 3-D surface. On the right is the corresponding stereo pair.

If a disparity map is available to the visual system, then it is not easy to see why 
the direction of change of disparity should have such a drastic effect on performance in 
visual tasks. In some cases twice as much disparity is required in vertical surfaces to see 
the same depth as in horizontal surfaces and detection and discrimination thresholds are 
often 2 - 3 times higher. Indeed, explanations for the anisotropy proposed thus far have 

abandoned the concept of a disparity map. Instead, it has been argued that stereoscopic 
processing aims to compute relative disparity, rather than disparity per se (Gillam, Flagg 

and Finlay, 1984; Gillam, Chambers and Russo, 1988), whilst Rogers and Cagenello 
(1989; Cagenello and Rogers, 1993) have emphasized the different pattern of contour 
disparities resulting from horizontal and vertical surfaces. In the framework presented 
above, contour disparities are given a separate parallel pathway, because deriving depth 
from contour disparities requires no processing of horizontal disparity as such.

Nevertheless, the stereoscopic slant anisotropy and the explanations proposed thus 
far go against the grain of the findings presented above which support the existence of a 

disparity map. An explanation is required which is in keeping with this other evidence. A 

new theory of the anisotropy is examined in Chapter 7.
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What is Stereopsis For ?

It might be thought that once a map of disparity is constructed, then all that is 

required is for the disparities to be scaled appropriately for viewing distance and the job 
of the visual system, at least with respect to perceiving depth from binocular disparity, is 
as good as done. However, as previously mentioned, three-dimensional properties of 
surfaces are only implicitly represented within a disparity map. If one wishes to 
discriminate between higher-order properties of disparity, such as slant, tilt, curvature, 
orientation, relative disparity, spatial intervals, size or texture, then further processing is 
required in order to make these properties explicit.

The question which naturally arises is to ask which properties of the disparity map 
are extracted for further visual processing. Presumably, the stimulus dimensions to which 
cyclopean vision has the greatest sensitivity will reflect the functions of stereopsis. 
Stereopsis has a number of potential functions. Examples include: judging the absolute 
distance to objects, judging the relative distance between objects, segmenting the visual 
scene into separate surfaces, estimating the size and orientation of objects, judging the 
shape of surfaces (both two-dimensional and three-dimensional), perceiving motion and 
motion in depth, guiding hand-movements, and probably more. One may be able to make 
informed guesses as to which cyclopean properties have priority in the visual system, on 
the basis of other available cues, the difficulty of computation and so on. However, the 
only way to really answer the question "What is stereopsis for?" is to measure sensitivity 
to various cyclopean stimulus attributes: in other words, to discover what the visual 
system is capable of purely on the basis of binocular disparity. Much of this thesis is 
concerned with this task and the sections which follow review previous work on 
sensitivity to a range of cyclopean stimuli.

Two caveats should be mentioned. First, only the case of static vision is 
considered. Cyclopean motion perception and ego-motion are beyond the scope of this 
thesis except where they affect particular experimental designs in later chapters. Second, 
RDS's enable stereopsis to be studied in isolation (hence the term "cyclopean vision"), but 
it is possible that stereoscopic processing interacts with other stimulus attributes which by 
definition are excluded from RDS's. Nevertheless, the very fact that form in an RDS can 

be perceived at all is evidence that stereoscopic vision is capable of sophisticated 
perception in isolation. Moreover, tasks which can be performed with high sensitivity in 
RDS's only serve to further the claim that stereopsis can act as an independent subsystem.

Research on further cyclopean processing consists almost entirely of 
psychophysics, although Poggio, Motter, Squatrito and Trotter (1985) comment that a 
number cells in the primary visual cortex of monkeys which responded to dynamic 

RDS's, were insensitive to changes in the size and orientation of the disparate region. 
However, theirs was by no means an exhaustive search.
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The Analogy Between Disparity and Luminance

Psychophysical investigation is influenced by the possibility of presenting stimuli 
which have been successfully employed in the luminance domain in the cyclopean 
domain, through the use of RDS's. The analogy to the luminance domain extends beyond 

the stimuli. Many results have paralleled findings in the luminance domain. The logic of 
inferring a range of tuned channels or filters from adaptation studies is much in evidence.

Selectivity for cyclopean size and orientation
Analogously to the work of Campbell and Robson (1968) detection thresholds 

have been measured for sinusoidal variations in disparity, both with vertical line stimuli 
^^(Tyler, 1975a) and horizontally corrugated RDS's (Tyler, 1974; Schumer and Ganz, 
1979; Rogers and Graham, 1982). These stimuli appear as smooth corrugated three- 
dimensional lines or surfaces. Using the method of adjustment in each case, observers 
produced band-pass functions with peak sensitivity at corrugation frequencies (the depth 
equivalent of "spatial frequency") in the range 0.2 - 0.5 c/deg. Corrugation frequencies 
above 4 c/deg could not be resolved. The "disparity sensitivity function" (DSF) is thus 
very similar in form to the "contrast-sensitivity function" (CSF) for sinusoidal contrast 
gratings, with peak sensitivity and cut-off frequency shifted towards lower frequencies by 
about a factor of ten.

Schumer and Ganz (1979) provided evidence that the band-pass nature of the DSF 
reflects multiple channels (or "filters") tuned for corrugation frequency. They employed 
the techniques of subthreshold summation and selective adaptation in dynamic RDS's. In 
their first experiment, detection thresholds were measured for compound corrugations 
consisting of first and third harmonics. Detection was only possible at the threshold for 

the individual components regardless of their relative phase. The second experiment 
measured detection thresholds for a range of corrugation frequencies following prolonged 
exposure to a suprathreshold surface of a single corrugation frequency. It was ensured 
that adaptation was to corrugation frequency as opposed to depth or disparity per se, by 
requiring observers to use scanning eye-movements orthogonal to the depth modulation 
during the adaptation phase of the experiment. Thresholds were maximally elevated at the 
adapting frequency with tuning functions of the order of 2 - 3 octaves full bandwidth at 

half-height. Tyler (1983) measured the threshold elevation in RDS's due to masking from 

narrow-band noise. Tuning functions were found to peak at the target frequency, but to 
have a much narrower band-width of less than 1 octave. Co bo-Lewis and Yeh (1994) 

showed that threshold elevation is a linear function of noise centred on the target 
frequency. In addition, they measured detection with notched noise (i.e. narrow-band

^ ^ T h i s  s t i m u l u s  i s  n o t  i n  f a c t  c y c l o p e a n ,  b e c a u s e  i l i e r e  e x i s t s  m o n o c u l a r j  i n f o r m a t i o n  a s  t o  t h e  t h r e e -  

d i m e n s i o n a l  f o r m .  I t  i s  i n c l u d e d  h e r e  t o  i n d i c a t e  t h a t  s i m i l a r  r e s u l t s  a r e  f o u n d  w i t h  l i n e  a n d  R D S  s t i m u l i .
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noise centred on two frequencies either side of the target frequency) and obtained 
bandwidth estimates of I - 2  octaves. Hence, whilst the precise bandwidth of the filters 
underlying the DSF is uncertain, there is good evidence that its band-pass form is the 
product of a set of broadly tuned filters selective for corrugation frequency. These filters 
behave in an approximately linear manner, at least for disparities close to threshold. The 

results strongly parallel those of the luminance domain.
Graham and Rogers (1982) reported that after prolonged exposure to horizontal 

sinusoidal corrugations in an RDS, a flat plane appeared to be corrugated in the opposite 
phase to the adapting plane. In this case, the observers were required to use horizontal 
scanning eye-movements such that adaptation was to depth itself. Using a nulling 
technique, the strength of these aftereffects was 40 - 75% of the adapting disparity; 
considerably greater than the 25% effects reported for flat planes (Blakemore and Julesz, 
1971; Long and Over, 1973). The authors argue that this result indicates adaptation not 
only of mechanisms tuned to disparity but also of higher-order mechanisms which, by 
elimination, must be sensitive to disparity change across space.

Concrete evidence for corrugation frequency and cyclopean orientation 
selectivity for supra-threshold stimuli is provided by Tyler (1975b). Following prolonged 
exposure to corrugations at a given orientation a shift occurs in the perceived orientation 
of subsequently presented corrugations in a direction away from the adapting orientation. 
Similarly, adaptation to corrugations of a given frequency produces a shift in the 
perceived frequency of subsequently presented corrugations in a direction away from the 
frequency of the adapting corrugations. This latter effect was also found to be specific to 
orientation: following adaptation to corrugations of one orientation the effect does not 
transfer to corrugations at 45 deg to the adapting corrugations. As was the case in the 
Schumer and Ganz (1979) study, during the adaptation phase observers were required to 
make scanning eye-movements orthogonal to the corrugations, such that adaptation was 

not to depth or disparity per se. These effects parallel results with size (Blakemore and 
Sutton, 1969) and orientation (Campbell and Maffei, 1971) of luminance contrast 
gratings, providing evidence of filters tuned to cyclopean orientation as well as to 

corrugation frequency.

Cyclopean spatial filters
Tyler (1983, 1991) argues that the experiments of Schumer and Ganz (1979) and 

of Tyler (1975b) described above, where adaptation to coiTugation frequency and 

orientation occurs despite orthogonal scanning eye-movements, isolate a level of 

processing he refers to as hypercyclopean. Tyler envisages hypercyclopean receptive 

fields which:

"...are best understood by analogy to the prim ary cortical processing o f

retinal information..." and "...would have characteristics defined in terms
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o f  the fo rm  o f  the cyclopean image, but independent o f  its specific  

disparity values" (Tyler, 1991, p67-68).

There is however a problem with this definition of hypercyclopean, because mechanisms 
tuned to corrugation frequency and cyclopean orientation, in a manner consistent with the 
phase-independent adaptation found by Tyler (1975b) and Schumer and Ganz (1979), 
may also still be tuned for disparity itself. One fundamental departure from the analogy 
between luminance and disparity is that spatial filters in the luminance domain respond to 
contrast, not luminance, but cyclopean spatial filters may also be tuned for absolute 

disparity.
For example, Lee and Rogers (1992) studied the transfer of aftereffects across 

disparity planes. They measured the peak-trough disparity required to null an opposite- 
phase aftereffect produced on viewing a flat plane following prolonged exposure to 
sinusoidal corrugations. But both the adapting surface and the test surface were given a 
variety of pedestal disparities while fixation was held constant. Aftereffects were 
maximal for planes of the same disparity as the mean of the adapting surface. The effects 
were largest for adapting surfaces away from the fixation plane, where they could be as 
large as 60% of the adapting disparity. The tuning functions had bandwidths at half 
height of 12 - 16 min arc of disparity. A residual aftereffect of 10 - 15% remained for all 
test disparities. The extent to which these results can be accounted for by adaptation to 
disparity per se is not clear, because Lee and Rogers did not study a phase-independent 
aftereffect, but the study does suggest the possibility of two sorts of mechanisms tuned to 
cyclopean form: those also tuned about particular disparity planes and those entirely 
independent of disparity.

Sensitivity to corrugation frequency changes systematically with pedestal 
disparities. Julesz and Schumer (1984) examined corrugation detection in planes away 
from fixation as a function of frequency. As the pedestal disparity increased, peak 

sensitivity shifted to lower frequencies and the high frequency cut-off became much more 

severe.
Given that results with cyclopean stimuli can be specific to disparity planes, there 

is an ambiguity about the notion of a hypercyclopean mechanism, namely, whether it 

implies complete independence from disparity, analogously to spatial filters in the 
luminance domain which respond to contrast not luminance, or selectivity for cyclopean 
form which is independent of the phase of disparity modulation.

In general, the term hypercyclopean is avoided in this thesis. Mechanisms which 
are tuned to changes in disparity across space are referred to as cyclopean spatial filters. 
A cyclopean spatial filter may or may not still be tuned to absolute disparity. The 

analogous quantity to contrast in the luminance domain is referred to as relative disparity.
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Simultaneous contrast and relative disparity effects
T h e r e  is m u c h  e v id ence  to sugges t  that w h e re  there a re  sh a rp  d i s con i in u i t ie s i n  the 

d i s p a r i t y  prof i le  with in  an R D S ,  s i m u l t a n e o u s  re lat ive  d i sp ar i ty  e f f ec t s  in de p th  can  be 

o b t a i n e d  w h ic h  paral le l  s im u l t a n e o u s  co n t r a s t  e f f ec t s  in the  l u m i n a n c e  d o m a i n .  Ans t i s ,  

H o w a r d  and  R o g e r s  (1978)  r epor ted  that  the  C r a i k - O ' B r i e n - C o r n s w e e t  i l lus ion  c a n  be  

ob t a in e d  in RDS 's .  G r a h a m  and  Ro ger s  (1 982)  repor t  a var ie ty  o f  s im u l t a n e o u s  re la t ive  

d i s pa r i ty  e f fec t s  assoc i a te d  with sharp  d i s con t in u i t ie s ,  an e x a m p l e  o f  w h ic h  is g iv en  in 

f igure  1.15.

D i s p a r i t y  p r o l l i c P e r c e i v e d  s u r f a c e

Figure 1.15. .Sifntiltancous contrast effect in depth taken from  Graham  
and Rogers {19H2).

B ro o k e s  and S tevens  (1989)  a c k n o w l e d g e  that  s im u l t a n e o u s  co nt ra s t  e f fec t s  have  

been  wide ly  used to infer  the ex is tence  o f  spat ial  in te rac t ions in the v i sua l  sy s t em  such  as 

lateral  inhib i t ion ,  mos t  no tab ly  e m b o d i e d  in the c lassical  c e n t r e - s u r r o u n d  r ecep t iv e  f ield 

prof i le ,  wh ich  s igna ls  an a j )proximat ion to the s econ d  spatial  der iv a t i v e  o f  the lu m i n a n c e  

signal .  B rook es  and  S tevens  provide  and ci te a n u m b e r  o f  e x a m p l e s  o f  edg e -e f f ec t s  whi ch  

o c c u r  in bo th  the l u m i n a n c e  and  d i sp a r i t y  d o m a i n s .  T h e y  a r g u e  on  the bas i s  o f  th e i r  

f i n d i n g s  tha t  s te r e o s c o p ic  v is ion  is a l so  s ens i t i ve  to s e c o n d  spa t ia l  d e r iv a t i v e s ,  but  o f  

d i sp ar i ty  ra ther  than lumi nance .  H o w e v e r ,  they a lso  a rgue  that the R D S  a n a lo g u e s  d o  not  

g ive  the  c l ass ica l ly  repor ted  e ffect s  which  c o r r e s p o n d  to M a c h  b and s ,  the  H e r m a n n  grid 

and  s i m u l t a n e o u s  co nt ra s t  for  the p e rc e iv e d  b r ig h tn e s s  o f  s q u a r e s  on b a c k g r o u n d s  o f  

d i f f e r e n t  l u m i n a n c e s .  B r o o k e s  and S t e v e n s  (1 9 8 9 )  t h e re fo re  a r g u e  tha t  the  a n a l o g y  

b e t w e e n  d is pa r i ty  and  l u m i n a n c e  br eaks  d o w n  wi th  re spec t  to the  p r ec is e  s t r uc tu re  o f  

spa tial  fi l ters.  M o re  specif ical ly,  they co n te n d  tltat cyc lo p e a n  spat ial  f i l ters are un l ike ly  to 

po ss e s s  the ce n t r e -s u r ro u n d  s t ructure wh ich  is typica l  o f  fi l ters in the lu m in a n c e  d o m a in .
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However, the present author finds the demonstration stereograms provided by Brookes 
and Stevens (1989) unconvincing. Casual observation may therefore be insufficient to 

establish the non-existence of these effects. Forced-choice methods are therefore applied 
to this problem in Chapter 3.

The Perception of Surface Orientation and Shape

There are reasons why one might expect differences between the processing of 
changes in disparity and changes in luminance. The first derivative of disparity, disparity 

gradient, when calibrated for viewing parameters, is a signal for surface slant. The second 
derivative, disparity curvature, which needs no such calibration, is a signal for surface 
curvature^F Mechanisms for processing contour disparities constitute specialized 
mechanisms for perceiving slant and curvature, which have no analogue in the luminance 
domain. In addition, there may well exist cyclopean mechanisms which obtain estimates 
of the first and second derivatives of disparity by performing operations on a disparity 
map.

Sensitivity to both slant and curvature is limited by the relationship between 
disparity and viewing distance. Disparity due to differences in local depth is inversely 
proportional to the square of the viewing distance (figure 1.4). Thus, the accuracy with 
which the slant and curvature of real-world objects may be perceived will fall off very 
rapidly as the distance to an object increases.

Marr's 2 V2D Sketch
Marr (1982; Marr and Nishihara, 1978) argued that the function of all depth cues 

is to generate a representation of the surface orientation of all points in the visual scene: 
the 2 V2D Sketch. Any complete representation of surface orientation requires two 
parameters for each point. Marr envisaged a representation consisting of a measure of 
slant and tilt. Slant is defined as the angle between the surface normal and the line of 
sight. Tilt is defined as the angle formed by the projection of the surface normal onto the 
fronto-parallel plane. Thus, tilt is the direction of slant. Surface orientation may be 

uniquely specified relative to an observer by the slant and tilt. Figure 1.16 illustrates this 
scheme for a variety of surtace slants and tilts.

Slant and curvature provide two very different forms of information about a 

surface. Slant is one of two free parameters of the orientation of the surface relative to the 
viewer. Curvature is a property related to the shape of a surface. A point on a surface of a

Under certain circumslanccs the luminance derivatives of an image may also provide information as to 
the slant and curvature of  a surface. Although it is generally stated that the visual system is insenstitive to 
slow changes in luminance, it remains an empirical question as to under what lighting conditions the 
derivatives oljluminanceiiight be used as a cue to shape and whether the visual system is sensitive to them.
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g iv en  cu rv a tu re  can  a p p e a r  at any  slant  and  tilt to the o b se rve r ,  wh i le  a ve ry  sma l l  pa tch  

o f  su i f  ace  o f  a g iven  slant  and  tilt can  have  a large r ange  o f  curva tures .

M ar r  did not  e nv is age  a d irect  role for  s te reops is  in the p e rcept io n  o f  cu rva ture .  In 

M a r r ’s s c h e m e ,  c u r v a t u r e  is r e p r e s e n t e d  at a f u r t h e r  l evel  o f  p r o c e s s i n g  a f te r  the 

c o m b i n a t i o n  o f  d e p t h  cue s .  T h i s  f u r t h e r  r e p r e s e n t a t i o n  is c o n s t r u c t e d  o u t  o f  the  

r e p r e s e n t a t i o n  o f  s lan t  and  tilt ( M a r r  and  N is h ih a ra ,  1978) .  H e n c e ,  the  s c h e m e  m a k e s  

s p e c i f ic  p r e d i c t i o n s  r e g a r d i n g  re la t i ve  s e n s i t iv i ty  to d i s p a r i t y  g r a d i e n t s  a n d  d is pa r i ty  

c u r v a t u r e .  C u r v a t u r e  d i s c r i m i n a t i o n  and  d e t e c t i o n  s h o u l d  be  p r e d i c t a b l e  f r o m  the  

sens i t iv i ty  to slant  a n d  tilt, wi th  pe rh aps  the addi t ion  o f  s o m e  ex t r a  var iab i l i t y  d u e  to the 

p ro ces s  o f  c o m b i n i n g  slant  and tilt m e a s u r e m e n t s  f ro m  d i f fe ren t  spat ial  loca t ions.

t

Figure 1.16. Marr's 2^Hi) Sketch. Two dimensions are required to 
represent each visible surface, in this case slant and tilt. Slant increases 
with the length o f  the arrow. Tilt is given by the orientation o f the arrow.

K o e n d e r i n k ' s  s h a p e  i n d e x

K o e n d e r in k  (1990)  explo i t s  the k n o w n  facts  o f  d if ferent ia l  g e o m e t r y  to pr o d u c e  a 

theore t ica l  po l a r  represen ta t ion  o f  surface  shape .  If sec t ions  are taken  t h ro u g h  a point  on a 

t h r e e - d i m e n s i o n a l  sur f ace ,  the m a x i m u m  and  m i n i m u m  c u r v a t u r e s  at that  po in t  (Kmax 

a n d  Kmi n )  wi l l  lie in p e r p e n d i c u l a r  p la n e s .  T h e  local  s h a p e  o f  s u r f a c e s  c a n  be 

c h a r a c t e r i z e d  by a poin t  in Kmax, Knim space .  K o e n d e r i n k  d e f in e d  t w o  qu an t i t i e s :  the
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s h a p e  in dex  (S) and  the  c u r v e d n e s s  (C),  c o r r e s p o n d i n g  to a p o l a r  c o o r d i n a t e  s y s t e m  

wi th in  this  space ,  as depic ted  in f igure 1.17.

A s  wi th M a r r ’s 2V2D Ske tch ,  K o e n d e r i n k ' s  sc h e m e  is no t  spec i f ic  to s te reops is ,  

bu t  p r o v id e s  a represen ta t io n  o f  shape  which  can  be co n s t ru c te d  f r o m  all dep th  c u e s  and  

is p r i m a r i l y  ba se d  on sens i t iv i ty  to su r fa ce  c u rv a tu re .  It has  a l s o  b e e n  p r o p o s e d  tha t  

s t e r e o p s i s  is e s p e c i a l l y  se n s i t i v e  to d i s p a r i t y  c u r v a t u r e  on  the  g r o u n d s  o f  v i e w i n g  

g e o m e t r y  (R o g e r s  and  C a g e n e l l o ,  1989) a n d  c o m b i n a t i o n  wi t h  m o n o c u l a r  p e r s p e c t i v e  

c u e s  (S t eve ns  and  Brookes ,  1988).

min

-0.5

m a x

0.5

Figure 1.17. Koenderink's (1990) representation o f surface shape, based 
on a polar coordinate system in a space defined by two principle  
curvatures {K,naxy ^min)- Shape is ^iven by the shape index, S, and  
curvedness, C.

Sensitivity to the Spatial Derivatives of Disparity

If  s t e r e o s c o p ic  v i s ion  is o r g a n i z e d  so as to c o m p u t e  the s lan t  and  c u r v a t u r e  o f  

s u r f a c e s ,  o n e  can  ex p ec t  to find h igh  se ns i t iv i ty  to d i s p a r i t y  g r a d i e n t s  and  d i sp a r i ty  

c ur va tu re .  I ' h e  s te reosc opi c  slant  an i so t ropy  p ro v id e s  an e x a m p l e  o f  insensi t ivi ty  to slow 

c h a n g e s  in di spar i ty .  T h e  fo l l ow in g  sec t ion s  e x a m i n e  s tud ies  w h i c h  ha ve  a d v a n c e d  the 

h y p o th e s i s  that  s te r eoscopi c  vis ion is sens i t ive  to on e  or  both o f  the spa tial  de r iv a t iv e s  o f  

d i spar i ty .
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Sensitivity to disparity gradient
It has been suggested that a disparity gradient limit operates in the process of 

binocular matching (Burt and Julesz, 1980; Pollard. Mayhew and Frisby, 1985). 
However, the use of a disparity gradient limit is logically independent of whether the 
visual system employs disparity gradients for the perception of surface slant. 
Nevertheless, there is empirical evidence to suggest that in certain conditions the visual 
system is sensitive to disparity gradient.

A very simple approach is to examine the perception of just two targets as a 
function of disparity and disparity gradient. Bülthoff, Fahle and Wegmann (1991) used a 
matching technique to measure the perceived depth between two small targets. They 

found that as the two targets were moved closer together with the relative disparity 
between them held constant, the perceived depth decreased. The effect was found when 
the targets were separated vertically and horizontally, so orientation disparity cannot be 
responsible for the result. The authors concluded that perceived depth is scaled with 
disparity gradient rather than relative disparity. Ryan and Gillam (1993) measured the 
aftereffect produced by extended free viewing of two lines of varying separation and 
relative disparity. The test stimulus was also a two-line stimulus of varying separation in 
which the observer had to alter the relative disparity in order to null the aftereffect. 
Adaptation was found to be to disparity gradient, rather than to the relative disparity. In 
some cases, the nulling disparity required in test lines at a large separation could be 
greater than the adapting disparity of a more narrowly separated pair. Again, the effect 
was found with both horizontal and vertical separations. The authors concluded that 
disparity gradient may plays an important role in stereopsis.

A problem with both of these two-target studies is that results obtained with 
reduced stimuli may not generalize to situations where many features are present. For 
these reasons, the results need not imply that processing of disparity gradient takes 
priority over processing of relative disparity. Furthermore, as regards the Ryan and 
Gillam (1993) study, strong effects of adaptation need not imply sensitivity. In fact, 
according to the logic of selective adaptation usually employed in psychophysics, strong 
effects of adaptation imply coarse coding of a stimulus variable, as the fatiguing of a 

section of coarsely tuned detectors produces greater shifts in perception. Hence, that the 
aftereffect due to disparity gradient swamped the effect due to relative disparity might 
imply relative insensitivity to disparity gradient! Another factor to consider in this 
experiment is that the free viewing of the adapting stimulus may have made it more likely 
that adaptation would be to disparity gradient. Mechanisms sensitive to disparity gradient 
may sum over a larger area of visual field or be less likely to be tuned to absolute 

disparity than mechanisms sensitive to relative disparity.
Holliday and Braddick (1991) have shown "perceptual pop-out" on the basis of 

stereoscopic slant. Response times to locate a target parallelogram of different slant were 
found to be largely independent of the number of distracting parallelograms. This result
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implies that stereoscopic slant is processed in parallel across the visual field, either by 
extracting orientation disparity or disparity gradient.

Sensitivity to disparity curvature
Stevens and Brookes (1988) required observers to judge the relative depths of 

pairs of dots superimposed on stereograms made from grid patterns. The perspective 
information in the grid was found to strongly dominate and sometimes to completely veto 
the stereoscopic information for slanting planar surfaces, but not for surfaces whose 
profiles were Gaussian ridges or edges. The authors argued that stereoscopic vision was 
hence primarily sensitive to stimuli with non-zero second spatial derivatives and 
relatively insensitive to disparity gradient. One problem with this study is that in order to 
introduce the patterns of disparity the lines in the monocular images of the curved 
stereograms were changed from straight to curved. Viewing the demonstrations provided 
by Stevens and Brookes one can see large differences in the monocularly available 
perspective information in the curved surfaces. The increase in strength of the 
stereoscopic cue may thus have resulted from a decrease in the strength of the monocular 
perspective cue, which was not independently controlled for.

Front v iew

Plan v iew

(a) (b)

Figure 1.18. Stereoacuity m easured with pattern (a) is an 
order o f magnitude greater than when m easured with  
pattern (b). From Mitchison and Westheimer (1984).

Detection and discrimination studies
All of the studies reviewed in this section so far imply that there exist mechanisms 

which process stereoscopic slant and curvature. Yet none of them genuinely isolate and 
measure the sensitivity of mechanisms tuned to disparity gradient or disparity curvature.
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Measuring the detection and discrimination of slant and curvature is the best way to 
gauge how accurate perceptions of surface orientation and shape resulting from 

stereoscopic vision really are.
Mitchison and Westheimer (1984) found stereoacuity to be an order of magnitude 

higher for seeing rotation about the vertical in a grid pattern of dots (figure 1.18a) 
compared with deciding which of the two lines of dots is closest in a two-line pattern 
(figure 1.18b), despite the fomier figure containing six replicates of the latter. Similarly, 
Fahle and Westheimer (1988) showed that! threshold for two points rises monotonically 
with the number of intervening points. Clearly, sensitivity to disparity gradient does not 
govern performance in these studies. Mitchison (1993) argues that these results require 

that the visual system is sensitive to the second derivative of disparity. Furthermore, in 
contrast to Brookes and Stevens, Mitchison argues that they are best accounted for by 
Cyclopean spatial filters with a centre-surround structure.

Using surfaces much larger (10 x 10 deg) than the dot-arrays employed by 
Mitchison and Westheimer (1984), Cagenello and Rogers (1993) report thresholds for 
detecting the direction of slant from the fronto-parallel (ground plane vs. sky plane) to be 
as low as 1 deg at a viewing distance of 57 cm. Although this is impressive sensitivity to 
surface slant, Rogers and Cagenello (1989) report greater sensitivity to surface curvature. 
The detection thresholds for curvature in parabolic surfaces, measured by requiring 
observers to discriminate convex from concave, was found to be such that the difference 
in slant between the extremes of the parabola was smaller than the slant detection 
threshold over the same spatial extent. They also reported that discrimination of disparity 
curvature gives a Weber fraction of just 4 - 6%^  ̂ across a range of reference curvatures. 
Johnston (1991) measured disparity curvature Weber fractions of approximately 7% for 
84% frequency-of-seeing, requiring observers to discriminate the curvature of elliptical 
cylinders; surfaces which unlike those employed by Rogers and Cagenello (1989) also 
have a non-zero third spatial derivative. All of these studies varied disparity only in one 

direction. That is, they provide estimates of curvature and slant sensitivity which take no 
account of the second free parameter which is necessary to represent the orientation of a 

planar surface, namely tilt (Marr, 1982). The present author is unaware of any study 

which has assessed tilt judgements for stereo.scopic surfaces. Furthermore, the curvature 
studies only examined sensitivity to surfaces curving in a single direction. Recently, De 
Vries, Kappers and Koenderink (1994) have measured observers' ability to discriminate 
the shape index of surfaces curving in more than one direction. They observed results 

consistent with the notion that the visual system extracts curvature with a sensitivity 
similar to that found by Rogers and Cagenello (1989) and Johnston (1991), then 

combines curvature estimates into a representation of shape index.

w a s  u n f o r u i n a i e l y  n o t  s i a i c d  w h e t h e r  t h i s  t h r e s h o l d  w a s  l o r  7 5 % ,  8 4 %  o r  s o m e  o t h e r  f r e q u e n c y - o f -  

s e e i n g .
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Discrimination of Relative Disparity and Cvclopean Form

All of the above studies add weight to the notion that human vision possesses 
mechanisms sensitive to the spatial derivatives of disparity (most notably to disparity 
curvature) specifically designed for the perception of shape and surface orientation. 
However, the strong analogy between cyclopean and luminance domains appear curious 
in the light of the studies on shape and surface orientation. It is often thought to be the 
case that the visual system is insensitive to slow changes in luminance and that spatial 
filtering is useful for the representation of features such as edges and bars (e.g. Marr, 
1982; Watt and Morgan, 1985; Wilson, 1991). Yet scant attention has been paid to the 
ability of observers to discriminate relative disparity, cyclopean orientation, cyclopean 
size, cyclopean texture, or to the accuracy of locating a cyclopean feature. Indeed, in 
many of the shape and surface orientation discrimination studies cited above, relative 
disparity and cyclopean size would have existed as potential cues for solving tasks, but 
were not independently manipulated. To the best of this author's knowledge, there is just 
a single published study on the discrimination of relative disparity, three on cyclopean 
spatial discrimination and one on cyclopean texture.

McKee et al. (1990) performed relative disparity discrimination of two thin 
luminous lines. The best performance they obtained corresponded to a Weber fraction of 
9%, but the majority of thresholds were around 15%. However, it is not clear that 
performance with such reduced stimuli can be compared with performance for the large 
surfaces employed in the slant and curvature tasks referred to above. Therefore, 
comparison of sensitivity to the spatial derivatives of disparity and to relative disparity 
within the same types of stimuli is attempted in Chapter 4.

Mustillo, Francis, Cross, Fox and Orban (1988) measured orientation 
discrimination for cyclopean bars. It is important to distinguish orientation discrimination 
as it is generally thought of in the luminance domain from the discrimination of surface 

orientation as it is described above. "Orientation" usually refers to the angle made by an 

elongated feature (an edge, blob or bar) with a reference orientation such as vertical, in 
the fronto-parallel plane. This terminology is used to define orientation disparity as a 

difference in the two-dimensional orientation of a feature in each eye. An elongated 
three-dimensional feature (a ridge, depth edge, or depth bar) will have an orientation in 

the fronto-parallel plane in this classic sense. But it may also slant away from the fronto- 
parallel plane. Mustillo et al. (1988) used a stimulus consisting of a fronto-parallel bar in 

front of or behind a fronto-parallel plane. Thus, the task was the cyclopean analogue of 
performing orientation discrimination for a sharp-edged light or dark bar of a different on 
a grey background. They reported thresiiolds of 0.65 deg for 84% frequency-of-seeing, 
which is in the same range as thresholds regularly reported for luminance stimuli (Heeley 

and Buchanan-Smith, 1990; Morgan, 1991).
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Morgan (1986) measured cyclopean vernier acuity for bars in an RDS. He 
recorded thresholds of 35 - 45 sec arc for 75% frequency-of-seeing. This is an order of 
magnitude higher than lowest thresholds in the luminance domain (Morgan, 1991), but 
compares well when the high-frequency cut-off point of the DSF is taken into account. 

Regan and Hamstra (1994) found that observers could discriminate the aspect ratio of 
cyclopean rectangles to better than 5%. This is also comparable with performance in the 
luminance domain. Therefore, what small evidence there is suggests that discrimination 
of the size and orientation of cyclopean features and the ability to localize them in space 
can be reasonably acute. Chapter 5 provides a systematic examination of cyclopean 
spatial discrimination.

Patches of texture defined by changes in the size and orientation of luminance 
features segregate easily to give a perception of separate homogeneous surfaces (Beck, 
1966; Julesz, 1962). Nothdurft (1986) claims that cyclopean textures cannot be 
segregated in this manner, on the basis of analogous experiments to classic texture 
segregation tasks using RDS's. Nothdurft's study was not exhaustive and used small 
elements which may not have allowed stereopsis to reveal its full potential, but it does 
suggest that texture segregation may be a function which cyclopean vision does not 
possess. A more detailed examination of cyclopean texture segregation is provided in 
Chapter 6.

Summary

O f the range of binocular disparities available, neurophysiological and 
psychophysical evidence suggests that the visual system is most sensitive to horizontal 
position disparity, although contour disparities are employed, at least as a cue to surface 
slant. In addition, vertical disparity influences perceived depth due to horizontal disparity. 
Disparity discrimination and adaptation studies suggest that the initial stage of stereopsis 
involves the construction of a disparity map consisting of a distributed population of 
disparity detectors for each visual direction. The matching process is well approximated 
by a process of interocular correlation following spatial filtering, provided certain 

matching constraints are met. Previous work has revealed that, following or during the 
construction of a disparity map, a curious anisotropy for perceiving slow changes in 

disparity is produced which is not yet understood. Detection and adaptation studies have 
revealed that the disparity map is processed by cyclopean spatial filters selective for 
coiTugation frequency and cyclopean orientation. Nevertheless, it has been argued that 
cyclopean spatial filtering is of a different form to that found in the luminance domain. 
There also exists evidence to suggest that the di.scrimination of the slant and curvature of 

stereoscopic surfaces can be very acute. These studies have been taken as evidence that 
stereoscopic vision is especially sensitive to the spatial derivatives of disparity and that 
the function of stereopsis is to construct a representation of surface orientation and
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surface curvature. The relationship between these mechanisms and the cyclopean spatial 
filters implicated by detection and adaptation is not yet clear. Furthermore, little is known 
of the ability of cyclopean vision to locate features of stereoscopic surfaces or to 
discriminate properties other than slant and curvature.
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Chapter 2

General Methods

All  the  e x p e r i m e n t s  u n d e r t a k e n  for  inc lu s i on  in thi s  thes i s  re q u i r e d  o b s e r v e r s  to 

v i e w  t w o  i m a g e s  v ia  a W h e a t s t o n e - s t y l e  s t e r eo sc o p e .  T h i s  c h a p t e r  d e s c r i b e s  the  basic  

e x p e r i m e n t a l  se t -up ,  the  c o n s t r u c t i o n  o f  s t e r e o s c o p i c  i m a g e s  a n d  the  p s y c h o p h y s i c a l  

p r o c e d u r e  e m p l o y e d  in the vas t  m a jo r i ty  o f  the  e x p e r im e n ts .  A  p i lo t  e x p e r i m e n t  to test  

the  e f f e c t i v e n e s s  o f  the  g ene ra l  m e t h o d s  is a l so  p r e s e n t e d .  A n y  d e v i a t i o n s  f r o m  the  

m e t h o d s  g iven  in this  ch apt e r  are pro v id ed  in the exp e r im e n ta l  detai l  o f  l a te r  chapters .

M i r r o r s

B e n c h  b a r

d) ©

Figure 2.1. The Wheatstone-style stereoscope used in all experiments. The 
displays were mounted to mimic viewing a single monitor at 57.5 cm.

The Stereoscope

T h e  W h e a t s t o n e - s t y l e  s t e r e o s c o p e  e m p l o y e d  in all e x p e r i m e n t s  is d e p i c t e d  in 

f i gu re  2.1.  A pa i r  o f  f ron t - s i lvered  mi r ror s  w e re  m o u n t e d  at 45 d e g  to the l ine o f  s ight  on 

a h e a v y  o p t ic a l -b e n c h  bar. T w o  ident ica l  12- inch M a c in to s h  m o n o c h r o m e  d is p la y s  were  

p o s i t i o n e d  so as to m i m i c  v ie w in g  a s ingle  d i s p l a y  f r o m  a v i e w i n g  d is ta n c e  o f  57 .5  cm.
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Viewing took place in a dimly-lit room (background luminance was 0.05 cd/m^). The 
entire apparatus was surrounded by stiff matte-black card. The optical bench, including 
the bench-bar and the mountings in which the mirrors were held, was covered with a 
matte-black cloth. These precautions ensured that any reflection was kept to a minimum. 

During experimental sessions the observer could make out only the images themselves 
and the light-coloured surround of the monitors. The monitor surround provided a 
rectangular fronto-parallel frame subtending approximately 2 deg at a mean eccentricity 
of 18 deg vertically and 14 deg horizontally

It was important that the two images were always presented at exactly the same 
height and orientation. This required the monitors to be mounted accurately and the 
mirrors to be perfectly vertical. These requirements were met by the use of a spirit-level 
and were regularly checked by lining up a large cross presented on the two monitors with 
an extended cross drawn through the simulated fixation point on the card behind the 
mirrors. The monitors and mirrors were clamped firmly in place and it was rare that any 
corrections were required.

It is common during experiments on stereopsis to employ a chin-rest or similar 
restraint on head-movement. No such restraint was used in the experiments reported here. 
Instead, observers were instructed to place their nose against a gap in the base of the 
mirrors. The height of the bench was such that the observer could place his or her elbows 
comfortably upon it. Prior to any of the main experiments the author conducted a series 
of pilot experiments with and without a chin-rest. If anything, stereoacuity and 
stereoscopic discrimination were slightly better without the use o f a chin-rest. One 
possibility is that head-movements were in fact more frequent with the chin-rest. 
However, in a recent review Collewijn, Steinman, Erkelens and Regan (1991) concluded 
that even quite large head-movements have little or no impact on stereoscopic 
performance. It was therefore decided that comfort of the observer was paramount and 
the chin-rest was discarded.

Image Generation

All the experiments employed random-dot stereograms (RDS's) or a comparison 
of performance between RDS's and stimuli defined by luminance changes. The stimuli 
were generated and presented using a Macintosh Ilex computer and 24-bit RasterOps 

graphics board. The graphics board was designed to connect to a single colour monitor 
and assigned 8 bits per pixel for controlling the variable voltage of each of three colour 
guns. For the present purposes the output was separated electronically, such that the two

l^The experiments in fact took place in two laboratories, one in Edinburgh and one in London. There were 
only two differences between the set-ups. In the Edinburgh laboratory; (1) The matte-black card was 
replaced by black cloth which surrounded the entire apparatus (2) The monitors were rotated by 90 deg 
such that the frame was at a mean distance of 14 deg vertically and 18 deg horizontally. Some experiments 
were conducted in botli laboratories. No differences in results were anticipated or found.
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monochrome monitors were driven by the red and the green outputs respectively. The 
blue output was not used. This provided 256 grey-levels which could be independently 
manipulated on each display.

The resolution of the displays was 30 pixels per cm, which when viewed from 
57.5 cm results in each pixel subtending 2 min arc. As indicated in Chapter 1, 
stereoacuity can be as high as 2 sec arc of horizontal disparity. In order to obtain the sub
pixel spatial resolution necessary, luminance interpolation was employed. With 256 grey- 
levels and pixels subtending 2 sec arc it is possible, in principle, to achieve a spatial 
resolution of 0.47 sec arc by linear interpolation. However, in the case of horizontal 
disparity it is desirable to produce equal and opposite displacement of the two images in 
order to preserve visual direction. This requirement doubles the effective minimum 
resolution to 0.94 sec arc. Furthermore, if multiple grey-level random-dot images are 
used, resolution is further reduced by the statistical distribution of pixel luminances^^.

This section describes the method of generating RDS's used throughout this 
thesis. The goal was to establish a method to produce multiple grey-level surfaces 
varying continuously in depth, with a resolution at least as fine as that of stereoacuity. A 
test of the method is provided in Experiment 1.

Gamma correction
For the purposes of linear interpolation and accurate presentation of luminance 

profiles it is important that the luminance produced by the displays corresponds perfectly 
to the luminance value assigned in software. To achieve this aim the gamma functions of 
both monitors were measured using a Minolta CS-100 photometer. The RasterOps 
graphics card allowed direct access to the 8 bits of memory for each colour gun of every 

pixel, giving luminance values of 0 - 255. The maximum luminance of each monitor, 

corresponding to a pixel value of 255, was set manually to be 100 cd/m^. Separate 

measurements were then made for values between 0 and 255 in steps of 15. The two 

gamma functions are plotted in figure 2.2.
Two separate cubic equations were fitted to each gamma function, accounting for 

more than 99% of the variance in each case. In the description of RDS generation which 
follows it is assumed that each luminance value was correctly transfonned, according to 
the two cubic functions fitted above, such that luminance values of 0 - 255 varied on a 
linear scale corresponding to 0.1 - 100 cd/m^ on each display. The monitors were 

regularly checked for any alteration of their maximum or minimum luminance and the

l^Binary images are often used in generating RDSs. Multiple grey-level images are more desirable for at 
least two reasons. (1) They are more ecologically valid than binary patterns, as surfaces reflect a large 
distribution of discriminable luminances. (2) Binary patterns introduce image features which are strongly 
rectangular and therefore provide a greater conOicting texture cue within an RDS depicting a surface which 
is not fronto-parallel.
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gamma functions were measured twice during 18 months of experiments. The result was 

identical on the two occasions.
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F igure 2.2. Gamma functions o f both displays. Fits with cubic equations 
account fo r  over 99% o f the variance.

The basic RDS algorithm
The algorithm for producing the RDS images begins with a two-dimensional array 

of luminance values (the luminance image) and a two-dimensional array of horizontal 

disparity values (the disparity map). The luminance values are drawn randomly from a 
distribution covering integers in the range 0 - 255 inclusive (see below for the form of
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this distribution). The luminance image contains an integer for each pixel, the disparity 
map contains a floating point value for each pixel. This floating point value gives the 
horizontal disparity in pixels required for each visual direction.

10 11 12 13 14

204 68 162 215 122 183

9 10 11 12 13 14

0.0 0.2 0.4 0.6 0.8 1.0

9 10 11 12 13 14

9.0 10.1 11.2 12.3 13.4 14.5

9 10 11 12 13 14

9.0 9.9 10.8 11.7 12.6 13.5

10 11 12 13
204 + 

[(68-204)X 
(1.0/1.1)]

= 80

68 +
[(162-68) X
(0.9/1.1)]

= 147

162 +
[(215-162) X 

(0.8/1.1)]
= 201

215 + 
[(122-215) X 

(0.7/1.1)]

= 156

10 11 12 13
68 +

[(162-68) X
(0.1/0.9)]

= 79

162 + 
[(215-162) X 

(0.2/0.9)]

= 174

215 + 
[(122-215) X 

(0.3/0.9)]

= 184

122 +
[(183-122) X 

(0.4/0.9)]

= 149

Luminance raster

Disparity raster

Right position 
raster

Left position 
raster

Right image 
raster

Left image 
raster

F igure  2.3. An example o f  the sequence o f operations used by the RD S  
algorithm, on a small section o f a horizontal raster. See text fo r  details.

The goal is to generate a left image and a right image by sampling the original 

luminance image, pixel by pixel, at horizontal locations corresponding to the appropriate 

values given in the disparity map. The algorithm proceeds by dealing with a single
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horizontal raster at a time. An example of the sequence of operations performed on a 
section of an individual raster is given in figure 2.3.

The first step is to produce two one-dimensional arrays of floating points which 
give the positions that the centre of each pixel of the luminance raster would ideally 
occupy in the left and right images, following the geometric transformation imposed by 
the disparity map (referred to as a "position raster"). In the case of figure 2.3 the disparity 
transformation is that required to produce a constant horizontal disparity gradient of 0.2, 
corresponding to a surface slanting about a vertical axis. Each pixel is shifted positively 
to produce the right position raster and negatively to produce the left position raster. For 
example, the 11th pixel of the luminance raster is designated a disparity of 0.4 pixels. Its 
position is therefore 11.2 in the right position raster and 10.8 in the left position raster. In 
the example the resultant right position raster is an expansion where each position is 
separated by 1.1, and the resultant left position raster is a compression where each 
position is separated by 0.9.

The second stage is to produce the left and right image rasters one pixel at a time. 
Consider the 11th pixel in the right image. The right position raster is scanned until the 
two neighboring locations are found which contain numbers that straddle the number 11. 
In this case these locations in the position raster are 10 and 11. This indicates that the 
luminance value of the 11th pixel in the right image is interpolated from the values of the 
10th and 11th pixels in the luminance image. The luminance of the 11th pixel in the 
luminance raster is 162, its position 10.2, whilst the luminance of the 10th pixel is 68 and 
its position 10.1. Interpolation is linear. Hence the luminance of the 11th pixel in the right 
image takes on a value between 162 and 68 according to the equation:

68 + 1(162-68) X 0 .9/(10.1 -9.0)] = 147

The luminance value of each pixel in the right image raster is calculated and rounded to 
the nearest integer, then the same process is applied to each pixel in the left image raster. 
The algorithm then moves on to the next raster in the luminance image, calculates the 
corresponding position rasters, and so on.

Problem s with the basic algorithm

The algorithm as it is described above was first employed using luminance images 
produced by extracting the luminance of each pixel randomly from a uniform distribution 
in the range 0 - 255. Two problems were immediately apparent, both due to the image 
sampling. Interpolation is equivalent to a process of low-pass filtering, or blurring. Hence 

those areas of the image at disparities corresponding to half-pixel shifts appeared more 

blurred than those areas corresponding to shifts of a whole number of pixels, which had 

not been subject to any process of interpolation. When a slanted plane was produced, 
stripes of blur could be seen in the monocular images.
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A solution to the this problem is to selectively blur the original luminance image 
prior to performing any transformation. A pixel to be given a half-pixel shift maintains its 
luminance value, whilst a pixel which the disparity map assigns a whole-pixel shift is 
given the luminance value which is the mean of the pixel and its nearest neighbour in a 
given direction. A pixel assigned a quarter-pixel shift is given a value interpolated 
between the pixel and its nearest neighbour in the ratio 0.75:0.25, and so on. This 
selectively blurred image is then used as the original luminance image. Following the 
generation of the left and right images, each area of the image has thus been blurred by a 
half pixel shift. For this process to work sufficiently the blurring process must be 
approximately linear. That is, an area of the image whose disparity corresponds to a 
quarter-pixel shift will be blurred by two quarter-pixel shifts and this must be equivalent 
to one half-pixel shift. Evidence that the blurring process is approximately linear is 
provided by the fact that no differences in blur could be discriminated in the images 
produced by this method (see Appendix D).

1280 256

(a)

256 0

(b)

F igure 2.4. (a) The luminance distribution em ployed to generate the 
random dots in the original luminance image, (b) The distribution o f  
luminance values in the fina l left and right images follow ing blurring and  
disparity transformation.

256

Once this first problem was solved it was found that surfaces containing only 
horizontal disparity gradients were of lower quality than those containing only vertical 
disparity gradients. Consider the example provided in figure 2.3. The left position raster 
contains values separated by 0.9. A single randomly assigned luminance value is 
associated with each position. But the left image samples these luminance values at a 
spacing of 1. If an image created by random samples at a given spacing is then itself 
sampled at a greater spacing, aliasing results. The left image therefore contains spurious 

spatial frequency components which make the two images imperfectly matched. A 
solution to this problem is also to blur the original image, but to do so uniformly. One
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possibility would be to convolve the image with a low-pass filter. However, for ease of 
computation interpolation is again used. Each pixel in the original luminance image is 
given a series of half-pixel shifts in the same manner as described above, first vertically, 
then horizontally, then vertically again, before the generation of the left and right images. 
Stereograms produced by this method were found to be easily fusible up to horizontal 
disparity gradients well in excess of 1. No aliasing could be detected.

Finally, the statistical distribution of luminance values produced in the left and 
right images is narrowed by the interpolation process, effectively lowering the contrast. 
This narrowing reduces the spatial resolution of the images. The contrast can be improved 
by altering the original luminance distribution. Instead of drawing the values randomly 
from a uniform distribution, the distribution depicted in figure 2.4a is used. This produces 
an approximately Gaussian distribution of luminance values in the left and right images. 
Figure 2.4b presents the distribution of luminance values taken from ten 300x300 images 
generated by the algorithm.

The final product of the RDS algorithm can be judged by observation. The images 
produced appear as finely-textured multiple grey-level images which vary smoothly in 
depth. Example photographs are given in Appendix D.

It was not possible to present or to blank the stimulus within a single frame of the 
67 Hz monitors. For all but the experiments of Chapter 6, the stimulus took 60 msec (4 
frames) to draw and the same time to be blanked. It was not anticipated that the slight 
flicker produced by this limitation had any effect on the experiments, because almost all 
used presentation times of 1000 msec or greater. Presentation times quoted refer to the 
time between the start of the drawing process and the start of the blanking process. Only 
in the experiments of Chapter 6 were shorter presentation times involved. In those 
experiments, the images were transformed from 8-bit to 5-bit, reducing the number of 

grey-levels to 32. The 5-bit images still appeared smooth and all were suprathreshold 
surfaces, so the decrease in resolution was not important. Using the 5-bit images, the 
stimuli could be drawn in 30 msec (2 frames). The shortest presentation time used with 

this method was 75 msec.

Psychophysical Methods

The vast majority of experiments to be described are either single-interval or two- 

interval forced-choice tasks, in which the observer must choose one of two responses 
following the presentation of a single stimulus or a pair of stimuli respectively. The 
experiments were designed to measure thresholds or biases associated with a given 
perceptual task. This section describes in detail the psychophysical methods employed in 

the forced-choice experiments. An adaptive method of constant stimuli was used for all 
but the matching experiments of Chapter 7, the relative disparity effects experiment of
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Chapter 3 and the texture experiments of Chapter 6. The methods used in these latter 
experiments will be described in the experimental detail of the appropriate chapter.

Psychophysical procedures and learning
A perceptual threshold is the quantity of a stimulus cue necessary to detect its 

presence or absence, or to discriminate it from a standard, on a given proportion of 
occasions. The concept of the threshold therefore assumes a constant level of 
performance; the threshold is a stable property of the visual system. In practice, 
thresholds will vary with the tiredness, attentiveness and motivation of the observer. 
These artifacts can be removed by averaging across many randomly interleaved 
measurements. Thresholds are also affected by adaptation, which can build up during a 
series o f stimulus presentations, and by learning. The effect on threshold measurements 
of adaptation within psychophysical runs is an area of study in its own right (e.g. Legge, 
1981) and although adaptation does occur in cyclopean vision it is not thought to be of 
specific importance to stereoscopic stimuli, when compared with any other types of 
visual stimuli (see Chapter 1). Where psychophysical studies acknowledge the effects of 
learning, it is common to assume that threshold performance is asymptotic following a 
given number of practice trials or informal observations. However, as mentioned in 
Chapter 1, RDS stimuli produce particularly strong learning effects. In order to monitor 
these effects it is therefore necessary to employ a psychophysical procedure which allows 
frequent threshold measurements to be obtained.

The classical Method of Constant Stimuli requires the observer to make a number 
of forced-choice responses to stimuli drawn at random from a predetermined set of 
stimulus levels. A psychometric function is then fitted to the responses, often a 
cumulative normal fitted by Probit analysis (Finney, 1971). Learning can be a problem in 

at least two ways. Firstly, pilot runs are required in order to set the stimulus levels at a 
separation which produces a useful psychometric function. A considerable amount of 

learning may therefore take place which cannot be monitored. Secondly, a large number 
of observations are required to obtain an accurate threshold measurement. Any learning 
which occurs during the observations cannot be monitored and will be an artifact in the 

eventual threshold measurement.
Staircase procedures adapt to the observers forced-choice responses by 

sequentially increasing or decreasing the stimulus level in order to home in on a 

predetermined level of performance (e.g. Corn sweet, 1962). These procedures typically 
obtain a threshold estimate using fewer observations than the classical Method of 
Constant Stimuli. However, staircase procedures do have drawbacks. The stimuli are not 
presented in a random order, even when two staircases are interleaved, leading to an 

amount of serial correlation in the responses. More specifically to learning, the number of 

trials within a staircase is not predetermined by the experimenter, but by a stopping rule
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which depends on the observer's response accuracy. This means that threshold estimates 
are not obtained after a constant number of presentations. Observer fatigue may occur and 
accurate setting of stimulus increments is required, again requiring a prior estimate of 
performance.

APE: Adaptive Probit Estimation
APE is an adaptive Method of Constant Stimuli designed by Watt and Andrews 

(1981). It combines the Method of Constant Stimuli with the beneficial aspects of 
staircase procedures by allowing the chosen set of stimulus levels to be updated on the 
basis of the subjects recent response history. In the version used in this thesis a run 
consists of 64 trials. On any one trial APE selects stimuli randomly from a set of 4 
stimulus levels. Following each trial APE computes a Probit analysis on the last 32 trials 
or, if less than 32 trials have occurred, all the trials which have occurred up to that point. 
The estimates of the mean and standard deviation arising from the Probit analysis are then 
used to determine a new set of 4 stimulus levels, which are placed symmetrically about 
the estimated 50% point and are narrowed or widened depending on the number of 
observer errors.

APE has a number of advantages for use in threshold estimation with RDS's. It 
allows an estimate of the threshold and bias to be taken every 64 trials. There is also a 
considerable amount of leeway on the initial estimates of stimulus levels, removing the 
need for pilot trials. Both of these properties are advantageous in experiments where 
learning can be considerable and the initial stages of learning are worthy of examination 
in their own right, as is the case with RDS's.

Due to increases in computational speed APE has undergone improvements since 
the publication of the original algorithm. Using Monte-Carlo simulations. Watt and 
Andrews (1981) showed that the first version of APE, which estimates the ongoing 
threshold and bias from fewer previous trials than the version employed here, produces 
smaller standard errors on threshold estimates from a given number of trials, when 

compared with the classical Method of Constant Stimuli. APE was employed in all the 
threshold and bias estimation tasks to be presented.

The experimental environment
Experimental sessions were controlled by a "C" computer program written by the 

author. The program read a set of stored images into Random Access Memory (RAM) 
prior to each psychophysical run. On the completion of each run the data were written to 
a file on the computer's hard-disk and displayed with the psychometric function on the 

screen. An example of the program output is provided in figure 2.5. The psychometric 

function was always obtained by fitting a cumulative normal by Probit analysis from 64 

trials, as controlled by APE. Threshold is defined throughout this thesis as one standard
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d e v ia t io n  o f  the u n d e r ly in g  n o rm a l  d is t r ib u t io n  f i t ted  by  th is  m e th o d .  O n e  s ta n d a rd  

d e v ia t io n  c o r re s p o n d s  to  a p p ro x im a te ly  the  d is ta n c e  b e tw e e n  the  5 0 %  and  8 4 %  co rrec t  

p o in ts  o f  the  p s y c h o m e tr ic  fu n c t io n .  T h e  lo c a t io n  o f  th e  5 0 %  p o in t ,  o r  m e a n  o f  the 

u n d e r ly in g  n o m ia l  d is tr ibu tion , g ives  an e s t im a te  o f  the po in t o f  su b jec t iv e  e q u a l i ty  (PSE) 

o r  b ias .  P ro b i t  a n a ly s is  a lso  p ro v id e s  s ta n d a rd  e r ro rs  fo r  the  e s t im a te  o f  the s ta n d a rd  

d e v ia t io n  and  m ean ,  as well as a v a lu e  o f  chi sq u a re  fo r  use in a s se s s in g  the  g o o d n ess -o f-  

f it  o f  the  c u m u la t iv e  n o rm a l .  O n  the ra re  o c c a s io n  tha t a fu n c t io n  sh o w e d  s ig n if ic a n t  

d e v ia t io n  f ro m  the p re d ic te d  c u m u la t iv e  n o rm a l  the e s t im a te  o f  the  th re sh o ld  an d  bias 

w ere  d iscarded .

T h e  re q u ire m e n t  that im ag es  be s tored  in R A M  placed  a res tr ic t io n  on  the n u m b e r  

o f  im a g e s  o f  a g iven  size av a ilab le  for  use in each  run. By s t r ip p in g  the sy s tem  so f tw are  

d o w n  to a m in im u m ,  7 7 0 0 K  o f  R A M  w as  m a d e  ava ilab le .  T h is  c o r re s p o n d s  to a set o f  20 

10 X 10 d e g  R D S  im a g e s  f ro m  w h ich  A P E  c o u ld  se lec t ,  w h ic h  p ro v e d  to be a m p le  fo r  

o b ta in in g  th re sh o ld  e s t im a te s  ac ro ss  a w id e  ra n g e  o f  d i f fe re n t  sen s i t iv i t ie s .  N o  im a g e s  

la rg e r  than 10x10 d eg  w ere  used in any ex p er im en t .
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Figure 2.5. An example o f  the program output following each run o f 64 
trials. This particular example is taken from  an orientation discrimination 
experiment to he described in Chapter 5.

T h is  l im ita t io n  on the n u m b e r  o f  im a g e s  a v a i la b le  fo r  u se  in an y  s in g le  run 

in t ro d u ced  a po ten tia l  artifact.  An R D S  co n s is ts  o f  a r e c o g n iz a b le  d o t -p a t te rn  and  du r in g  

a run each  R D S  co u ld  a p p e a r  on a n u m b e r  o f  sep ara te  o c c a s io n s .  P o ten t ia l ly ,  o b se rv e rs  

co u ld  th e re fo re  learn  to a s so c ia te  a g iven  d o t-p a t te rn  w ith a p a r t ic u la r  r e sp o n se ,  ra th e r  

than  u s in g  the a p p ro p r ia te  s t im u lu s  v a r ia b le  (e .g . d isp a r i ty )  to  m a k e  th e  fo rc e d -c h o ic e  

ju d g e m e n t .  T h is  p ro b le m  w a s  so lv ed  in a n u m b e r  o f  d i f fe re n t  w a y s ,  a c c o rd in g  to the 

p a r t icu la r  task. In som e  ca se s  it w as  en su red  that the each  ind iv id u a l  d o t-p a t te rn  w as  used 

to  g e n e ra te  at least o ne  s t im u lu s  w h ich  c o r re s p o n d e d  to each  o f  the av a i la b le  re sp o n ses .  

In o th e r  cases ,  all the s tim uli  fo r  a g iven  run w ere  gen e ra ted  f ro m  ju s t  tw o  d if fe ren t  dot-
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patterns. A solution or part-solution is provided in the experimental detail of individual 
experiments. In all cases, no observer reported a realization that the dot-patterns could 
potentially be helpful in making judgments nor that the reappearance of a given dot- 
pattern in any way affected responding.

A final check was always employed to ensure that no monocular cue could be 
used to solve the task. Prior to each experiment the author performed at least one 
psychophysical run, with feedback, whilst viewing only one of the displays. The data 

obtained were invariably at chance for all stimulus levels, confirming the absence of a 
monocular cue.

Experiment 1: Pilot Experiment

It will be recalled that the sampling of the luminance image required to produce 
the left and right images of the stereo pairs relies on linear interpolation of luminance 
values. The primary aim of Experiment 1 was to evaluate the assumption that the linear 
interpolation used in the construction of the RDS images provides correspondingly linear 
stimulation of horizontal disparity detectors. An equal and opposite shift of half a pixel in 
the left and right images corresponds to the introduction of a disparity of 2 min arc, or 
sixty times some previous estimates of stereoacuity (see Chapter 1). At the viewing 
distance of 57.5 cm used in all experiments and assuming an interocular separation of 6.5 
cm, 120 sec arc is equivalent to a depth difference of approximately 3 mm. This gives a 
further indication of how fine stereoacuity can be. But it also indicates that despite the 
appearance of smooth changes in depth resulting from the image generation process 
described above, it is possible that simple inspection of surfaces generated by this method 
is not sufficient to substantiate whether the linear interpolation is valid or not. Any 
undetected departure from linearity would distort the discrimination of depth intervals or 

the shape of a discrimination function which measured a given ability at a number of 
different amplitudes of disparity.

The present experiment sought to test the linear interpolation process by 
measuring stereoacuity at a range of pedestal disparities from zero to one pixel (0 - 120 

sec arc), produced by equal and opposite shifts in each eye. Any significant departure 
from linearity should reveal itself as a difference in performance at the different pedestal 
disparities. If the linearly interpolated images do indeed provide linear stimulation of 
disparity detectors then the estimates of stereoacuity should be identical at the different 
pedestal disparities.

It is important not to confuse the type of pedestal used here with those used in 
previous estimates of stereoacuity at a range of pedestal disparities (e.g. Blakemore, 

1970; Schumer and Julesz, 1984). These studies have found an increase in stereoacuity 

with pedestal disparity. But the pedestal disparity in both cases was relative to fixation, 
which was controlled by using short presentation times. In the present study the pedestal



67

disparity is relative to the display. The pedestals are all small and, with the longer 
presentation times used here, it is safe to assume that fixation will shift appropriately for 
each pedestal. Hence, any dependence of stereoacuity on pedestal disparity can be put 

down to the interpolation method, not a decrease in stereoacuity away from the fixation 

plane.
A further reason for obtaining estim ates of stereoacuity is to compare 

performance with previously published results obtained on other types of equipment, by 
different researchers, using alternative psychophysical procedures. Other measures of 
stereoacuity using RDS surfaces in the literature are 1.7 - 3.6 sec arc (Stevenson, 
Cormack and Schor, 1989) for detecting edges in dynamic RDS and approximately 2 sec 

arc in static RDS (Bradshaw and Rogers, 1993)^^.

M ethods
Stereoacuity was measured by a phase identification task, based on the design of 

Bradshaw and Rogers (1993). An illustration is provided in figure 2.6. The observer 
experienced a single interval in which the 0.5 c/deg sinusoidal corrugated surface was 
presented for 1500 msec in one of two opposite phases. The observer's task was to decide 
whether the central bar of the corrugations was convex or concave. Two 60x4 min arc 
horizontal lines of the same mean luminance as the stimulus were presented at the left 
and right edges of the stimulus, so as to coincide with the central bar of the corrugations. 
These lines were present constantly throughout each experimental run and served as a 
marker for the central bar.

The stimuli in Experiment 1 were square 10x10 deg RDS's presented at the centre 
of the display on a dark background. Each RDS had a sinusoidal profile of horizontal 

disparity, giving the appearance of a corrugated surface. The corrugations were set to be 
horizontal in order to avoid any effects due to the slant anisotropy discussed in Chapter 1. 
The corrugation frequency was set at 0.5 c/deg to coincide with previous estimates of the 
corrugation frequency at which hypercyclopean vision is most sensitive (e.g. Tyler, 1974; 
Rogers and Graham, 1982)^  ̂ Stimuli were ramped to zero disparity at the edges with a 

profile corresponding to a half-cycle of a cosine extending a distance of 1 deg from the 

edge.
Prior to each stimulus presentation a 4x4 min arc fixation spot of the same mean 

luminance as the stimulus was presented in the centre of the display for 500 msec. The 
fixation spot was simply to aid accommodation and vergence and was eclipsed by the 
presentation of the stimulus.

^^Thcse measures were taken using very wcll-praciiccd observers. For this reason the data reported here are 
actually taken from the author at a time subsequent to the completion of the rest of the experiments, when 
he could be considered well-practiced. This enables appropriate comparison with previous data.
^^This frequency also coincides with the peak sensitivity of the author’s own corrugation sensitivity curve 
(see Experiment 2).
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T o  av o id  the  a sso c ia t io n  o f  re sp o n se s  w ith  p a r t ic u la r  lu m in a n c e  im a g e s  the  do t-  

p a t t e rn s  o f  the  im a g e s  w ere  s e le c te d  such  tha t  fo r  e a c h  p e a k - t r o u g h  d is p a r i ty  the  

" c o n v e x "  and  " c o n c a v e "  s t im uli  w e re  m a d e  f ro m  the  s a m e  d o t -p a t te rn .  F iv e  p ed es ta l  

d isp a r i t ie s  w ere  te s ted  by se t t ing  the  m e a n  d isp a r i ty  o f  e a c h  re la t iv e  to  the  sc re e n  to a 

c ro s se d  d isp a r i ty  o f  0, 30 , 60, 90 , o r  120 sec arc. A  d isp a r i ty  o f  120 sec arc co r re sp o n d s  

to  a 60  sec arc shift on  each  screen , o r  h a lf  o f  a p ixel.

m

"Convex" "Concave"

Figure 2.6. The phase ide.mification task employed in Experiment 1. The 
observer had to decide whether the central bar o f a sinusoidal corrugated 
surface was convex or concave.

A P E  se lec ted  the s t im u lu s  to be p re se n te d  on each  trial f ro m  17 s to red  im a g e s  

v a r y in g  in p e a k - t ro u g h  a m p l i tu d e  o f  d isp a r i ty  f ro m  16 sec a rc  " c o n v e x "  to  16 sec arc 

"c o n c a v e "  in s teps  o f  2 sec arc. T h e  o b s e rv e r  re sp o n d e d  by p re s s in g  o n e  o f  tw o  bu ttons.  

T h e  o n se t  o f  the f ixa tion  spo t for the  nex t  trial w as  tr ig g e red  by the  o b se rv e r 's  re sp o n se .  

F e e d b a c k  w as  p ro v id ed  by a short  tone  w hich  in d ica ted  an in co rrec t  re sp o n se .  E ach  run 

la s ted  64 tr ia ls .  In an e x p e r im e n ta l  s e ss io n  the  o b s e r v e r  c o m p le te d  o n e  run  at each  

p e d e s ta l  d i s p a r i ty ,  w ith  a p p ro x im a te ly  1 m in u te  b e tw e e n  ru n s  w h i ls t  the  n ew  set o f  

im a g e s  w ere  loaded .

O n ly  the  au tho r ,  P D L , se rv ed  as an o b s e rv e r  in th is  p ilo t e x p e r im e n t ,  a s  it w as  

d e e m e d  a r e a s o n a b le  test o f  the l in ea r i ty  o f  the  in te rp o la t io n  p ro c e s s  to  m e a s u r e  the 

s te re o a c u i ty  o f  ju s t  one  o b se rv e r  at a ran g e  o f  p edes ta l  d ispa r i t ie s .  P D L  has  co rrec ted - to -  

n o rm a l  v is ion  and is a very  w e l l -p rac t iced  obse rve r .
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Results
Stereoacuity thresholds measured by the phase identification task are plotted for 

the 5 pedestal disparities in figure 2.7. Each datum represents the root-mean-square 
(r.m.s.) of the threshold estimates of 3 runs. Error bars are the standard error of 3 
threshold estimates^^. No learning was observed in this experiment, as PDL is a very 
well-practiced observer and had performed this task previously on a number of occasions.

PDL
3.5^

12030 60 900
Pedestal disparity (sec arc)

F igure 2.7. Stereoacuity thresholds a t a range o f  pedesta l disparities, 
m easured by the phase identification technique. A pedestal disparity o f  
120 sec arc corresponds to a half-pixel shift in each eye. The pedestal has 
no effect on performance.

The most noteworthy aspect of these data is that stereoacuity is invariant with 

changes in pedestal disparity of between zero and one pixel of disparity, produced by 

equal and opposite shifts in each eye. This result suggests that the method of linear 
interpolation of luminance used to generate the stimuli produces correspondingly linear 
responses in disparity detectors. Any significant deviations from linearity should have 

produced noticeable differences in stereoacuity. Hence the linear interpolation method is 
a good method for producing RDS stimuli which vary continuously in depth.

The horizontal line in figure 2.7 gives the r.m.s. of all 15 runs pooled across the 5 
pedestal disparities. Stereoacuity for PDL measured by this method is 2.37 (±0.14) sec 

arc. This is excellent stereoacuity and compares very favourably with estimates of the 
stereoacuity of well-practiced observers in other laboratories, both in RDS and line 
stimuli (e.g. Howard, 1919; McKee, 1983; Stevenson et al., 1989). Obtaining such high

l^Throughoul this thesis, unless otherwise stated, error bars represent the standard error of at least 3 
estimates. Where an error bar does not appear, as for the point corresponding to 90 sec pedestal disparity in 
figure 2.7, it is because the error bar is smaller than the point itself.
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stereoacuity in at least one observer is reassuring from the point of view of assessing the 
experimental set-up described in this chapter and used for all of the experiments which 
follow. Any noise present in the images due to the inaccuracy of pixel placement or non- 
homogeneous variation in luminance across the displays is clearly very small.

100
PDL

16 12 8 4 0 4 8 12 16
Concave Peak-trough disparity (sec arc) Convex

Figure 2.8. The psychometric function obtained after pooling the data o f  
Experim ent 1 across pedestal disparities. The steepness o f  the central 
region indicates that the step-size o f 2 sec arc was above the disparity- 
resolution limit o f  the RDS images.

It is difficult to calculate a precise figure for the disparity-resolution limit of the 
RDS images following the image generation process outlined above. However, whether 

the 2 sec arc step-size employed in this experiment is above the resolution limit can be 
determined by examination of the psychometric function for the task as a whole. Figure 
2.8 plots the psychometric function obtained from the pooled data. This function is the 
product of 960 individual forced-choice trials. Due to the selection criteria employed by 
APE, the 5 points which lie on the slope of the function are each the result of more than 

66 individual trials, with the centre 3 points being the product of at least 149 trials. If the 
disparity-resolution limit of the RDS images were to be greater than the step-size of 2 sec 

arc, one would expect a Hattening-out of the psychometric function in the central region 
surrounding zero disparity. In such circumstances, the flat region would extend over 
stimuli which would be physically indistinguishable and hence would produce chance 
responses. As can be seen from figure 2.8, flattening-out of the psychometric function did 
not occur, suggesting that the 2 sec arc step-size was above the disparity-resolution limit 

of the images. The smallest step-size used in the experiments which follow is 2 sec arc of 
disparity.
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Concave

93 131 5 7 11 15
Run

F igure 2.9. Plot showing the variation in the location o f  the PSE over the 
15 runs o f  Experiment 7. There is significant variation in the position o f  
the PSE from  run to run.

To examine the performance of APE in this experiment the pooled data were 
subjected to a separate Probit analysis. The 84% threshold computed from all 960 trials 
was 2.61 (±0.15) sec arc. This value is higher than the value obtained by taking the r.m.s 
of the 15 separate estimates by 12.5%. The difference is too small to affect the 
comparison with other published estimates of stereoacuity, but nevertheless deserves 
explanation. A possible reason for the different estimates is that the observer may shift 

his or her criterion over the course of data collection. Shifts in the mean of the 
distribution of observer errors means that the pooled psychometric function may in fact 

be the sum of a number of functions centred at marginally different locations. The effect 
of summing Gaussian distributions of the same standard deviation but different means is 
to produce a Gaussian of a larger standard deviation. Hence any differences in the 
observer's point of subjective equality (PSE) between psychometric functions prior to 
pooling will lead to an increase in the threshold estimate. Figure 2.9 plots the position of 

the PSE throughout the 15 runs of Experiment 1. There are significant shifts in the 
location of the PSE. Feedback was provided and there is perhaps a tendency for the PSE 

to approach the "correct" value of 0. These modifications of the observer's criterion can 
explain why the two different threshold estimation techniques gave slightly different 
results when applied to the same set of data. Therefore, the threshold estimates reported 

in this thesis may be slightly lower than those obtained by the classical Method of 
Constant Stimuli, which generally pools over more than 64 trials. However, if the above 

analysis of the discrepancy in threshold calculations is correct, taking the r.m.s. of
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independent psychophysical runs provides the more accurate estimate of threshold, which 
is logically independent of the bias.

Summary

This chapter presents a method of generating RDS images of surfaces varying 
continuously in depth based on luminance interpolation. The method was found to 
generate smooth surfaces of fine texture. Using an adaptive Method of Constant Stimuli, 

Experiment 1 validated the use of linear interpolation by producing constant estimates of 
stereoacuity at a range of pedestal disparities corresponding to different amounts of 
interpolation. Stereoacuity compared favourably with previous data and the resolution of 
the images was found to be better than 2 sec arc of disparity. The r.m.s of independent 
threshold estimates was compared with the threshold obtained by applying Probit analysis 
to the pooled data. Slightly higher estimates resulted from the latter method and it was 

hypothesized that the difference was due to slight shifts in the mean of the observer's 
distribution of errors.
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Chapter 3

Brightness, Darkness and Depth

Discrepancies between the distribution of perceived brightness and darkness and 
the physical distribution of light falling upon the retina have been subject to study at least 
since the time of Helmholz (1867). Two classic examples of these simultaneous contrast 
effects are given in figure 3.1. In one respect at least, explanations of simultaneous 
contrast effects have not changed since Helmholz: it is argued that the effects result from 
spatial interactions in neural processing. Single-cell recording and computational 
advances have meant that theories can now be framed in terms of the receptive fields of 
single neurons (e.g. Ratliff, 1965) or convolution with spatial filters (e.g. Cornsweet, 
1970). All such theories make the strong assumption that there is a link between the 
properties of neurons early in the visual pathway and the sensations of brightness and 
darkness produced when a stimulus of a known luminance distribution is viewed. There 
are also discrepancies between observers' sensations of depth and the known distribution 
of disparity in RDS's. This chapter examines the claim that some of the effects which 
occur in the luminance domain are not paralleled in cyclopean vision (Brookes and 
Stevens, 1989).

(a) (b)

Figure 3.1. (a) "Embedded squares" effect. The central square on the 
right appears darker than its counterpart on the left, (h) The Hermann 
Grid. Illusory dark circles are observed at the intersections. Brookes and 
Stevens (1989) argue that neither phenomenon is observable in the RDS 
analogue.
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Breakdown in the Analogy Between Disparity and 
Luminance

Evidence presented in Chapter 1 suggests that cyclopean spatial filtering of 
disparity proceeds in a very similar fashion to early spatial filtering of the luminance 
image, albeit at coarser spatial scales. This evidence consists of the band-pass nature of 
the disparity sensitivity function (DSF) (Tyler, 1974; Rogers and Graham, 1982), 
subthreshold summation and selective adaptation to corrugation frequency (Schumer and 
Ganz, 1979), masking with narrow-band (Tyler, 1983) and notched noise (Cobo-Lewis 
and Yeh, 1994), and supra-threshold adaptation to cyclopean orientation and corrugation 
frequency (Tyler, 1975b; Graham and Rogers, 1982). These results parallel findings 
obtained in the luminance domain, implying that spatial filtering of disparity occurs via 
band-pass filters tuned to orientation and corrugation frequency. Band-pass spatial filters 
have been modelled in the luminance domain as receptive field profiles or weighting 
functions corresponding to difference-of-Gaussian (DOG) functions (Rodieck, 1965), 
Laplacian of a Gaussian (Marr and Hildreth, 1980), Gabor functions (Daugman, 1980) 
and others. The majority of these filters possess a centre-surround p r o f i l e a n d  are 
sensitive to contrast while being insensitive to luminance.

Figure 3.2. A simultaneous contrast effect which may he predicted from  
the contrast sensitivity function (CSF) (Cornsweet, 1970).

Evidence for centre-surround spatial filters has also been gathered from 

simultaneous contrast effects. An example is given in Figure 3.2, in which steps of 
constant luminance appear to possess a gradient of brightness. Cornsweet (1970) argued 
that this effect could be predicted from the contrast sensitivity function (CSF). 
Convolution of the staircase luminance profile with a with a centre-surround filter, 
derived from the CSF, produces a profile which is qualitatively similar to the percept 
obtained.

odd-symmcU'ic Gabor funciion docs not have a centre-surround structure, but nevertheless signals 
contrast, not luminance.
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T h e  an a lo g o u s  e ffec ts  to s im u ltan eo u s  co n tras t  e ffec ts  in the  d isp a r i ty  d o m a in  will 

be  re fe r re d  to here  as "re la t ive  d isp a r i ty  e ffec ts" .  R e la t iv e  d isp a r i ty  e f fe c ts  h a v e  been  

re p o r te d  fo r  the R D S an a lo g u e  o f  the C ra ik -O 'B r ie n -C o rn s w e e t  i l lus ion  (A nstis ,  H o w ard  

an d  R o g e rs ,  1978) and  by G ra h a m  and  R o g e rs  (1 9 8 2 ) ,  w h o  o b ta in e d  a v a r ie ty  o f  re la t ive  

d i s p a r i ty  e f fe c ts  a s so c ia ted  w ith  sh a rp  d isc o n t in u i t ie s ,  an e x a m p le  o f  w h ic h  is g iv en  in 

f ig u re  1.15 (in C h a p te r  1).

Brookes and Stevens (1989)
B ro o k e s  and  S tev en s  (1989)  have  d irec t ly  ad d re ssed  the  is su e  o f  the  re la t io n sh ip  

b e tw e e n  re la t iv e  d isp a r i ty  e f fec ts  and  s im u l ta n e o u s  c o n tra s t  e f fec ts .  T h e y  n o ted  tha t  the 

R D S  a n a lo g u e  o f  the  s ta i rca se  e f fe c t  o f  f ig u re  3 .2  can a lso  be p re d ic te d  by the  D SF . 

F ig u re  3.3 d e p ic t s  the d isp a r i ty  p ro f i le  and  the s e n sa t io n  o f  d e p th  p r o d u c e d  by  the  

d e m o n s t r a t io n  R D S  in B ro o k e s  and  S tev en s  (1 9 8 9 ) .  T h e  s tu d y  a lso  o b ta in e d  an e f fec t  

w ith  the  C yc lopean  a n a lo g u e  o f  K o ffk a 's  r ing . O n  th is  b a s is  a n d  in a g r e e m e n t  w ith  

G r a h a m  and  R o g e rs  (1982) ,  B ro o k es  and  S tev en s  (1989)  a rg u e  that sh a rp  d isco n t in u i t ie s  

can  a ffec t  the p e rce ived  dep th  o f  su rfaces  in R D S 's .

D isp a r i ty  p ro file

D ep th  p e rcep t io n

P erspective view Plan view

Figure 3.3. The analogue o f the staircase effect o f  figure  3 2 ,  in the 
disparity domain. The fla t planes appear slanted in depth.

H o w e v e r ,  B ro o k e s  and  S te v e n s  (1 9 8 9 )  a l s o  a rg u e  tha t  the  a n a lo g y  b e tw e e n  

lu m in a n c e  and  d isp a r i ty  b reak s  d o w n  u n d e r  c e r ta in  c o n d i t io n s .  T h e y  fa i led  to  o b se rv e  

C yclopean  an a lo g u e s  o f  th ree  effec ts  w h ich  are k n o w n  to o c c u r  in the lu m in a n c e  d o m a in .  

A p e r sp e c t iv e  d ra w in g  o f  the RDS an a lo g u e  o f  f igu re  3 .1a, te rm ed  the  " e m b e d d e d  sq u a re s  

e f fec t"  he re ,  is g iven  in f igu re  3 .5a. B ro o k es  and  S tev en s  d id  no t f ind  a re la t ive  d ispa r i ty  

e f fec t  fo r  th is  s t im ulus :  the squares  ap p ea red  at the  sa m e  dep th . T h e  R D S  a n a lo g u e  o f  the 

H e rm a n n  g rid  ( f igure  3.1b) is a grid  o f  slats in fron t  o f  a p la n a r  b ac k g ro u n d .  B ro o k es  and 

S te v e n s  d id  not n o tice  any  te n d en cy  for  the in te rsec t io n s  o f  the  s la ts  to  a p p e a r  co n c a v e .
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F in a l ly ,  f igure  3 .4a  p ro v id es  an il lu s tra t ion  o f  the  p h e n o m e n o n  o f  M a c h  bands .  A  ram p  

c o n n e c t in g  tw o  areas  o f  co n s ta n t  lu m in an ce  p ro d u c e s  the sen sa t io n  tha t  the  ram p  ex ten d s  

to  g iv e  br igh t  and  dark  b an d s  at its ends .  T h e  c o r re s p o n d in g  re la t iv e  d isp a r i ty  e f fec t  is 

d r a w n  in f igu re  3.4b. If  the  e ffec t  o ccu rs  in R D S 's  it shou ld  re su lt  in the  p e rc e p t io n  o f  a 

r id g e  at the top  o f  the ram p  and  a trough  at the b o t to m  o f  the ra m p .  N e i th e r  a r id g e  no r  a 

tro u g h  w as  o b se rv e d  in B ro o k es  and S tevens  (1989).

(a)

L um inance 
profile

Perception

Ü S

Figure 3.4. (a) Mach hands. The ramp is seen as extended producing a 
bright and a dark bar at each end. (b) An illustration o f  the surface one 
expects to see if the phenomenon of Mach bands occurs in RDS's. A ridge  
should appear at the top of the ramp and a trough at the bottom.

T h e  au th o r 's  e x p lan a t io n  o f  the ir  f in d in g s  is that w h ile  b o th  b r ig h tn e s s  an d  dep th  

a re  rec o n s t ru c t io n s  from  b o u n d a ry  "contrast  fea tu res" ,  w here  co n tra s t  fea tu re s  are  d e f ined  

by d is c o n t in u i t ie s  o r  second  spatia l  d i f fe re n c es ,  the  p ro cess  o f  spa tia l  d if fe re n t ia t io n  is 

d i f f e r e n t  in the tw o  d o m a in s .  M o re  sp e c if ic a l ly ,  they  f a v o u r  the  in te rp re ta t io n  tha t the 

la te ra l  inh ib i t io n  assoc ia ted  w ith  c e n t re - su r ro u n d  o p e ra to r s  d o e s  no t o c c u r  in c y c lo p e a n  

spa tia l  f i l te r ing . A c c o rd in g  to B ro o k es  and S te v e n s  re la t ive  d isp a r i ty  e f fec ts  at ed g e s  in 

d e p th  o c c u r  in R D S 's  a n d  can  be e x p la in e d  by la te ra l  in h ib i t io n  b e tw e e n  d isp a r i ty  

d e te c to r s .  But, the au th o rs  a rg u e ,  e f fec ts  w h ich  req u ire  f i l te r in g  o v e r  e x te n d e d  spatia l  

re g io n s  w ith cen tre -su r ro u n d  filters do  not o c c u r  in R D S 's .

T h e re  are  a n u m b e r  o f  p ro b le m s  with this c o n c lu s io n .  T h e  first an d  m o s t  o b v io u s  

d if f icu l ty  is that it runs c o u n te r  to  all the  e v id e n c e  c i ted  a b o v e  that the re  ex is t  c y c lo p e a n  

sp a t ia l  f i l te rs  a n a lo g o u s  to th o se  in the  lu m in a n c e  d o m a in  an d  se n s i t iv e  to a r a n g e  o f  

c o r ru g a t io n  f re q u e n c ie s .  T y le r  (1 9 9 1 )  used  a F o u r ie r  t r a n s fo rm  to d e r iv e  a c y c lo p e a n  

spa tia l  f i l te r  f ro m  the D S F  and found  it to be o f  the sam e  c e n tre - s u r ro u n d  s t ru c tu re  as is 

ty p ic a l ly  found  in the lu m in a n c e  d o m a in .  A seco n d  p ro b le m  is tha t  it is not at all c lea r  

tha t  th e  e f fe c ts  B ro o k es  and  S te v e n s  (1 9 8 9 )  fa i led  to o b ta in  can  be g ro u p e d  to g e th e r  

u n d e r  the  u m b re l l a  o f  e f f e c t s  c a u s e d  by c e n t r e - s u r r o u n d  f i l t e r in g .  F o r  e x a m p le ,  

c o n v o lu t io n  w ith  a c e n t re -su r ro u n d  o p e ra to r  p red ic ts  tha t M a c h  b a n d s  sh o u ld  o c c u r  fo r



77

sh a rp  lu m in a n c e  edges .  C o m b in in g  da ta  f ro m  a n u m b e r  o f  se p a ra te  s tu d ie s  on th is  issue, 

F io ren tin i  et al. (1991)  c o n c lu d e  that M ach  b an d s  d o  not o c c u r  at sh a rp  ed g es .  F ina lly ,  the 

fa i lu re  o f  B ro o k e s  and  S te v e n s  (1 9 8 9 )  to  o b ta in  a re la t iv e  d is p a r i ty  e f fec t  w ith  the 

s t im u lu s  d e p ic te d  in f igu re  3 .5a  s tan d s  in m a rk e d  c o n tra s t  to the  f in d in g  o f  a re la t iv e  

d isp a r i ty  e ffec t for the s t im u lu s  in f igure  3 .5b  (R o g e rs  and G ra h a m ,  1982).

(a) ( b )

Figure 3.5 . (a) Brookes and Stevens ( 19S9) observed no depth difference 
between the squares marked / and 2. (h) Graham and Rogers (1982) 
observed rectangle 2 in front of 1.

The advantage of forced-choice methods
A po ss ib le  reason  fo r  the d isc re p a n c y  b e tw e e n  R o g e rs  and  G r a h a m  (1 9 8 2 )  and 

B ro o k e s  and S tev en s  (1989) is that re la tive  d ispa r i ty  effec ts  o n ly  o c c u r  fo r  reg io n s  w hich  

are  o r ien ted .  But this is un like ly ,  as an o r ien ted  c y c lo p e a n  spatia l  f i l te r  at the app ro p r ia te  

p o s i t io n  w o u ld  resp o n d  to the sq u a re s  in B ro o k e s  and S te v e n 's  (1 9 8 9 )  d isp lay .  W h a t  is 

m o re  l ike ly  is tha t the d i f fe re n c e  b e tw e e n  the  tw o  s tu d ie s  can  be  e x p la in e d  by  the 

d i f f e re n t  ty p es  o f  R D S  e m p lo y e d  and  poss ib ly  ev en  fro m  the d i f fe re n t  e x p e r ie n c e  o f  the 

o b se rv e r s .  U n fo r tu n a te ly ,  B ro o k es  and S te v e n s  (1 9 8 9 )  d o  no t p ro v id e  in fo rm a tio n  as to 

th e  s t im u lu s  d i m e n s i o n s  w h ic h  th e y  e m p l o y e d ,  a l th o u g h  it is  c l e a r  f r o m  th e i r  

d e m o n s t r a t io n  s te re o g ra m s  that the d o t-d e n s i ty  o f  the ir  R D S 's  w as  c o n s id e ra b ly  lo w e r  

than  the  50% density  e m p lo y e d  by G ra h a m  and R o g ers  (1992). F u r th e rm o re ,  the  s t im u lus  

in the G ra h a m  and R ogers  s tudy  w as  very  large (20  x 20  deg).

N e i th e r  s tu d y  ac tu a l ly  p re se n ts  any  d a ta  on  the e f fe c ts ;  c a su a l  o b s e rv a t io n  is 

e m p lo y e d .  A s s u m in g  that the p re se n c e  o r  a b se n c e  o f  these  e f fe c ts  re f lec ts  p ro p e r t ie s  o f  

c y c lo p e a n  sp a t ia l  f i l te r s ,  the  e f f e c t  will p r e s u m a b ly  o n ly  be o b s e r v e d  by  c a s u a l
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observation if the signal-to-noise ratio of the filter which produces the effect is 
sufficiently high for the signal to be detectable. This means that casual observation is a 
reasonable tool for establishing the existence of an effect, but a poor tool for establishing 

its non-existence. Perception of figures in RDS requires much pre-processing and 
depends on the experience of the observer (Ramachandran, 1976; Julesz, 1971), which 
may be a key determinant of the signal-to-noise ratio of a putative cyclopean spatial filter. 
Furthermore, whether an effect is observed will depend crucially on the size of the 
surface within the RDS, as this will also affect the spatial scale of the filters stimulated 
and hence the sensitivity to the effect. In a situation where the signal-to-noise ratio is not 
sufficiently high, the observer may not reach a criterion for recognition of the effect by 
casual obseiwation. Therefore, the failure to observe a given effect by casual observation 
cannot be used to infer the spatial structure of underlying spatial filters, as any of the 
above factors may act to mask the effect. The only way to reliably infer whether a signal 
exists is to use forced-choice methods.

Experiment 2: Hermann's Hollows, Stereoscopic Squares 
and Mach's Modulations

The purpose of Experiment 2 was to re-examine the effects which Brookes and 
Stevens (1989) failed to obtain, but to do so using forced-choice methods. A large 
number of naive observers were asked a single forced-choice question to determine 
whether they obtained relative disparity effects for cyclopean versions of the Hermann 
grid, embedded squares, and Mach bands.

Methods
Three 1 0 x 1 0  deg square stereograms were constructed as follows. The design 

was based on preliminary observations made by the author. It should be noted that the 
size of the features in the images are larger than would normally be used in the luminance 
domain. This adjustment is made to compensate for the difference in the peak 
sensitivities of the DSF and the CSF (Tyler, 1974).

(1) Cyclopean Hermann gr id  (figure 3.6a). A  square grid was devised 
consisting of 6 horizontal and 6 vertical bars standing out from a zero- 
disparity planar background at a disparity of 4 min arc. The bars were 30 
min arc in width and were separated by spaces of 70 min arc. Where the 
ends of the bars met the edges of the stimulus they were ramped to zero 
disparity with a half-cycle of a cosine extending over 10 min arc.

(2) C yclopean em bedded  squares (figure 3.6b). The stereogram was 
divided into two equal rectangles vertically such that the right-hand
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r e c ta n g le  w as  at a c ro s s e d  d is p a r i ty  o f  2 m in  a rc  an d  the  le f t -h a n d  

rec tan g le  w as  at an u n cro ssed  d isp a r i ty  o f  2 m in  arc. In the  cen tre  o f  each  

rec tan g le  w as a square  at zero  d ispa r i ty  w hich  su b te n d e d  2 deg . T h e  ed g es  

o f  the s t im u lus  as a w h o le  w ere  ram p ed  to zero  d ispa ri ty  as in (1).

(a) "A re  the in te rsec t io n s  o f  the grid  
c o n v e x  o r  c o n c a v e ?  T h a t  is, are they 
b u m p s  o r  h o l lo w s?"

(b) "Is square  n u m b e r  1 nearer  o r  t 'urther 
aw ay  than square  n u m b e r  2?"

A
B

A
B

(c) "Is the su rface  level w ith ba r  A 
nea re r  o r  fu r th e r  a w a y  than the 
su rface  level w ith  b a r  B? F irs t  fo r  
the top pair ,  then fo r  the b o t to m  
pair."

Figure 3.6. The pictures and forced-choice (/nestions used in Experiment 
2 to test for the cyclopean versions o f  the Hermann grid, embedded  
scjuares and Mach hands.
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(3) Cyclopean M ach bands (figure 3 .6c). The stimulus was divided 
horizontally into 3 sections. The top 3.33 deg was a planar region at 2 min 
arc uncrossed disparity. The bottom 3.33 deg was a planar region at 2 min 
arc crossed disparity. The centre 3.33 deg region was a planar ramp 
connecting the 2 flanking regions. Two pairs of 40 x 4 min arc horizontal 
lines of mean luminance were placed 40 min arc apart at the side of the 
surface 10 min arc above and 10 min arc below the ends of the ramp (see 
figure 3.6c). The edges were ramped as in (1).

The stereograms were always presented in the order given above. The procedure 
was the same for each stereogram. The observer was first asked to describe the image, 
then shown a picture of the surface and finally asked a verbal forced-choice question. If 

the observer could not describe the image (i.e. report the grid, the squares and the ramp) 
then the trial was aborted. The purpose of the picture was to allow the observer to point to 
the relevant features in order to make sure that he or she correctly understood the 
question. The pictures are shown with their accompanying questions in figure 3.6. 
Observers were allowed as long as they liked to produce an answer. A few observers 
complained that the question was too difficult. They were encouraged to decide one way 
or the other and always complied with this last instruction. Responses were recorded by 
hand.

depth

Effect N  
(A nearer than B)

depth 
^  - ...

No effect  
(A = B )

A

B

F igure 3.7. I f  the Mach bands are seen, the surface at A should should be 
perce ived  as nearer than at B.

The observer was categorized as having observed the effect if his or her response 
to question (1) was "concave", to question (2) was "1 is nearer" and to question (3) was 

"A is nearer" in each case. This latter case is illustrated once more in figure 3.7, which 

shows the vertical cross-sections through the Mach band stimulus.
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The observers were 46 staff and students of the Institute of Ophthalmology, 
London. All had not seen the effects before and were naive to the purpose of the 
experiment. All 46 viewed the cyclopean Hermann grid and the embedded squares 
stimulus. Only 23 viewed the Mach band stimulus, but each gave responses for both the 
upper and lower pairs of lines making a total of 46 responses.

Results
The results for the 46 observers are presented both in tabular form and as a 

histogram in figure 3.8. A normal approximation to the binomial distribution was 
calculated, with n = 46 minus those observers who failed to correctly describe the 
stimulus^^, assuming the probability of a response in the direction of the effect to be 0.5. 
On this basis, the p-values in the final column of the table correspond to a single-tailed 
significance test of the hypothesis that the probability of giving a response in the 
direction of the given effect is 0.5. The hypothesis can be rejected in all three cases.

The perception of cyclopean Mach bands was found to be particularly convincing. 
In their initial descriptions 9 of the 23 observers spontaneously reported that a curved 
ridge could be observed at one or both of the ends of the ramp. This can be compared 
with 2 of 46 observers spontaneously reporting dips at the intersections the Hermann grid 
and 3 of 46 spontaneously reporting the embedded squares effect. No observers 
spontaneously reported any effects in the opposite direction from that predicted by the 
classically observed effect.

The results of Experiment 2 demonstrate that the cyclopean analogues of the 
Hermann grid, the embedded squares effect and Mach bands can be observed using 
forced-choice methods. This finding runs contrary to the observations of Brookes and 
Stevens (1989) and extends the analogy between disparity and luminance. Brookes and 
Stevens comment that:

"Although subtle depth effects analogous to Mach bands and the Hermann  

grid  effect might eventually be demonstrated, we f in d  it noteworthy that 

they are not readily apparent..." (Brookes and Stevens, 1989, p608).

However, casual observation by well-practiced observers within the laboratory and also 
by some of the inexperienced observers in Experiment 2, suggests that the effects can be 
readily apparent. Furthermore, that the effects are perceptually "weaker" for some 
observers in cyclopean stimuli need only be seen as an indication that the signal-to-noise 

ratio of the cyclopean spatial filters which produce a given effect is higher for some 

observers than is the case for the analogous fillers in the luminance domain. This is not 
surprising given the amount of pre-processing necessary to successfully combine two

In fact, 2 observers failed to successfully fuse all 3 stimuli and 1 other observer failed to see the 
Hermann «rid stimulus.
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c o m p le x  im a g e s  w h ich  go  to m a k e  up an R D S . It is not so  m u c h  th a t  these  e f fec ts  are 

m o re  sub tle  than the ir  c o u n te rp a r ts  in the lu m in an ce  d o m a in ,  as tha t they  are m o re  noisy. 

T h e re fo re ,  it is c o n ten d ed  here  that the fa i lu re  o f  B ro o k es  and S te v e n s  (1989)  to o b se rv e  

the  c y c lo p e a n  a n a lo g u e s  o f  the H e rm a n n  g r id ,  the e m b e d d e d  sq u a re s  e f fec t  an d  M ach  

b a n d s  d o e s  not lead  to the c o n c lu s io n  that there  ex is ts  a fu n d a m e n ta l  d i f f e re n c e  in the 

s t ru c tu re  o f  sp a t ia l  f i l te rs  in the  c y c lo p e a n  and  lu m in a n c e  d o m a in s ,  such  as the  n o n 

e x is te n c e  o f  cen tre -su rro u n d  spatia lf i l te rs  in c y c lo p e a n  vision.

Hermann
grid

Effect

28

Wrong
description

15 3 0.024

Embedded
squares

Mach
bands
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0.035
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1  20
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o 4
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Embedded

squares

E I T c c l

O p p o s i t e  c f f c c i  
I n c o r r e c t  d e s c r i p t i o n

Mach
bands

Figure 3.8. The responses lo forced-choice cpiesilons regarding the 
visihiliry of cyclopean versions of the Hermann grid, embedded squares 
and Mach hands.
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Siininiarv

Previous work has drawn the analogy between simultaneous contrast effects in the 

perception of brightness and darkness and the parallel cyclopean effects in RDS stimuli 
for the perception of depth, named relative disparity effects here. Brookes and Stevens 
(1989) have claimed that the equivalent relative disparity effects of three classical 
simultaneous contrast effects do not occur in RDS's, because cyclopean spatial filtering 
does not involve centre-surround mechanisms which are thought to produce the effects in 
the luminance domain. It was hypothesized that their failure to find these effects was 
caused by noise in cyclopean spatial filters which would mask the effects, not by any 

limitation on the spatial structure of cyclopean filters. This hypothesis predicts that the 
effects will be observed by forced-choice methods. The prediction was confirmed.
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Chapter 4

The Spatial Derivatives of Disparity

The spatial derivatives of horizontal disparity provide information regarding the 
shape of surfaces in the visual scene. A planar slanting surface produces a constant first 
derivative of disparity, or disparity gradient. A curved surface produces a gradient in the 
first derivative of disparity across space, or disparity curvature. The disparity curvature 
resulting from a three-dimensional curved surface does not vary with the viewing 
distance (Rogers, 1986) and therefore does not need calibration for viewing parameters 
(Rogers and Cagenello, 1989). Yet the elegance of the geometry is insufficient to 
establish whether the visual system computes the spatial derivatives of disparity. This 
chapter examines whether there exist mechanisms in the human visual system which 
compute the shape of surfaces by extracting the spatial derivatives of disparity.

Johnston (1991)

Rogers and Cagenello (1989)

Figure 4.1. Johnston (1991) measured discrimination o f  cylinders by  
requiring observers to discriminate the depth (z) fo r  a constant half-height 
(a). Rogers and Cagenello (1989) measured discrimination o f  parabolas  
terminated in tangential planes o f  constant d isparity  gradient. Best 
thresholds corresponded to Weber fractions fo r  disparity curvature o f  5%.
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The Discrimination o f  Slant and Curvature

A number of researchers have argued that stereoscopic vision is particularly 

sensitive to one or both of the spatial derivatives of disparity, for the purposes of 

computing slant and curvature. Processing of disparity gradient is implied by the 

perceived depth of two-dot stimuli (Bulthoff, Fahle and Wegmann, 1991), aftereffects 
following prolonged viewing of two-dot stimuli (Ryan and Gillam, 1993) and "pop-out" 
for targets of different disparity gradient in visual search (Holliday and Braddick, 1991). 

Processing of the second derivative of disparity is implied by various contrast effects 
(Graham and Rogers, 1982; Anstis, Howard and Rogers, 1978; Brookes and Stevens, 
1989), stereoacuity with arrangements of lines and dots (Mitchison and Westheimer, 

1984; Fahle and Westheimer, 1988), and the fact that surfaces made up of grids or lines 

are more likely to be dominated by perspective information if they are planar than if they 
are curved (Stevens and Brookes, 1988). However, as was argued in Chapter 1, all of this 
evidence only suggests that mechanisms exist which respond to the spatial derivatives. To 

really assert that stereoscopic vision has developed specifically for the perception of slant 
or curvature, it is necessary to measure the detection and discrimination of these 

properties. Such measurements give an idea of how useful stereoscopic vision is for 
providing information about shape and surface orientation for recognition or action. For 
example, curvature discrimination must reach a particular level of performance in order 
to be useful for recognizing which of a number of potential objects is in view. 
Stereoscopic slant discrimination must reach a certain acuity before it is useful for 
deciding on which part of a surface an object should be placed in order that it balances. 
These examples assume that estimates of performance for discriminating a relative 
quantity give an indication of absolute performance once stereoscopic information has 

been calibrated for viewing parameters. But regardless of the extra uncertainty which 

calibration may produce, discrimination will give an indication of the resolution of 

whatever property is being discriminated.

The discrimination of disparity curvature

The discrimination of disparity curvature has been studied by Rogers and 

Cagenello (1989) and Johnston (1991) for surfaces curved in one direction only. 

Perspective illustrations of the stimuli employed by both studies are provided in figure

4.1.
Rogers and Cagenello (1989) employed RDS's of horizontal parabolic disparity 

profiles. Successive surfaces were terminated in identical tangential planes such that 

observers could not use the slant of the flanking regions to perform the discrimination. 

The second derivative of a parabola is constant, so the surfaces had a constant disparity 

curvature over the parabolic region and zero disparity curvature in the flanking regions.
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Detection thresholds for large surfaces o f this type were as low as 0.02 min/deg^, a radius 

o f curvature of over 350 cm at the 57cm viewing distance, while discrimination 
thresholds were 4 - 6% of pedestal curvature over approximately a 0.5 - 20.0 min/deg^ 

range of curvatures^®. Rogers and Cagenello argued on the basis of their data that 
stereoscopic vision is particularly sensitive to disparity curvature.

Johnston (1991) measured discrimination of the depth-to-height ratio of cylinders. 

Observers were required to discriminate the depth of the cylinder relative to a constant 
half-height. Unlike a parabola, the disparity curvature of a cylinder increases from the 
peak to the edges. Hence, the Weber fractions for disparity curvature calculated in this 
study refer to a surface which itself changes in disparity curvature. Nevertheless, Weber 

fractions were mostly in the region of 7% for 84% frequency-of-seeing, with the lowest 

thresholds at 5%. However, this latter study also produced the interesting result that shape 

constancy for the cylinders was quite poor. The point of subjective equality (PSE) of the 

psychometric function for this task provides an estimate of the depth at which the depth 
and height are perceived as equal and hence the cylinder perceived as circular. Observers 
PSE's were not veridical, but showed systematic distortions of the shape of the cylinder 
with viewing distance. What is puzzling about this result is that if the discrimination is 
performed by a mechanism sensitive to disparity curvature, it should provide a shape 
estimate which is independent of viewing distance (Rogers and Cagenello, 1989). 

Johnston comments that:

"There is an obvious contrast between the non-veridicality o f  absolute 

shape judgem ents and the high sensitivity to changes in shape. This 

find ing  parallels other observations that the visual system  is sensitive to 

differences rather than absolute measures." Johnston (1991), p i359.

It is true that there exist other examples where the visual system ignores changes in 

absolute value. An example from stereoscopic vision is that when horizontal disparity is 

changed equally over the whole of a visual display no movement in depth is observed 
(Erkelens and Collewijn, 1985). But in cases such as this there is often an inherent 

ambiguity about the absolute information which the visual system throws away: the 

change in disparity could arise either from a moving surface or from vergence eye- 

movements, hence the system responds only to changes in relative disparity, which 

cannot be produced by eye-movements. What is puzzling about Johnston’s (1991) 

conjecture is that it proposes that the visual system throws away information about an 

absolute value which is robust, i.e. the second derivative of disparity which is invariant 
with viewing distance.

2®W hether these thresholds correspond to the 75% , 84% , or som e other frequ en cy-of-see in g  point, is 
unfortunately not referred to in the paper.
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Slant detection
Cagenello and Rogers (1993) report that thresholds for the detection of slant from 

the fronto-parallel can be as low as 0.8 deg at 57 cm, both in RDS's and grid stereograms, 

although sensitivity falls off for surfaces of 2.6 deg angular subtense or less. It is argued 
in Chapter 1 that these thresholds are unlikely to reflect the detection of orientation 
disparity because the orientation disparity produced by slants o f this magnitude is too 

small to be realistically detectable. In fact, the ability to detect deviation of a planar 

surface from fronto-parallel does not necessarily require a mechanism which computes 

disparity gradient. The criterion for a disparity gradient mechanism is that it computes the 

disparity difference per unit distance. But slant can be detected using a mechanism which 

responds to a difference in disparity in a given direction irrespective of distance. 
However, such a mechanism could not perform slant discrimination. Thus, to determine 
how accurately the visual system represents disparity gradient, it is necessary to measure 
observers' ability to discriminate supra-threshold slant, or at least find some way to show 
that detection is achieved by coding disparity gradient.

A further problem with studies of stereoscopic slant is that where slant varies but 
the size of the stimulus does not, the disparity difference between the edges of the surface 

may be used as cue. Use of this cue does not constitute sensitivity to disparity gradient, as 
it does not depend on the distance between the edges. In such cases, the slant may not be 
discriminable if the surface were to be extended or windowed to remove the edges.

Relative disparity discrimination
Sensitivity to the spatial derivatives of disparity can be compared with sensitivity 

to relative disparity. To the best of the author's knowledge, no study has directly 

measured sensitivity to relative disparity using RDS stimuli. McKee, Levi and Bowne

(1990) required observers to discriminate the depth difference between two thin luminous 
lines. Thresholds corresponded to a constant Weber fraction for reference disparities of 

up to 10 - 20 min arc. Best Weber fractions in the study were approximately 9%  for 84% 

frequency-of-seeing. This level of perfomiance was only obtained for one observer with 
stereoacuity of 2 sec arc and for reference disparities higher than 6 min arc. The general 

level o f perfomiance in the study was closer to 15%. McKee et al. argued on the basis of 

their findings that stereopsis provides only imprecise information about relative depth and 

that other depth cues must be more extensively relied upon for estimating depth intervals.

Experiment 3: Disparity Increment Discrimination for 
Sinusoidal Corrugations

The purpose of Experiment 3 was to compare sensitivity to relative disparity, 

disparity gradient and disparity curvature. To achieve this aim, observers' ability to
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discriminate the amplitude of sinusoidal coirugations was measured. There are a number 
of potential cues for solving this task: the discrimination can be performed by coding and 

comparing the peak-trough disparity; alternatively, the disparity gradient of the sloping 

sections can be compared; or the disparity curvature of the peaks and troughs might be 

encoded. The equations corresponding to the distributions of disparity, slant and 

curvature across a sinusoidal corrugated surface are as follows:

disparity = f(x) = (d /  2)sin(27cfx + p) (1)

disparity gradient = f '(x ) = Tifd cos(27ifx + p) (2)

disparity curvature = f"(x) = -27t^f^d sin(27ifx + p) (3)

where d is the peak-trough disparity, f is the frequency and p is the phase of the 

corrugations. Both disparity and the spatial derivatives o f disparity have sinewave 

profiles, the amplitudes of which are directly proportional to d. Hence, the Weber fraction 
(Ad/d) for performing the task will correspond to the W eber fraction for disparity, 
disparity gradient or disparity curvature, depending on which cue is actually used to solve 
the task. Peak-trough disparity is independent of frequency, disparity gradient is 
proportional to frequency and disparity curvature is proportional to frequency squared. 
Hence, measuring the Weber fraction for a range of peak-trough disparities at different 
frequencies should indicate which cue is being employed to perform the task and show 
that, at least for stimuli of this type, it is the most sensitive of the cues available.

Experiment 3 is the cyclopean equivalent of contrast increment discrimination for 
sinusoidal luminance profiles. Many studies have reported that the contrast increment 
discrimination function is "dipper" shaped. As reference contrast increases contrast 
increment discrimination thresholds decrease such that they dip below the detection 

threshold, before beginning to rise with background contrast once it is greater than 

approximately ten times the detection threshold (e.g. Campbell and Kulikowski, 1966; 
Nachmias and Sainsbury, 1974). The rise in the latter portion of the contrast increment 

discrimination function is generally modelled as a power law of the form:

à C  =  kC^ (4)

Exponents of this power law (N) are typically in the region of 0.5 to 0.8 (Legge, 1981) 

and hence contrast increment discrimination shows significant departure from Weber's 

law, which would predict an exponent of 1. The behaviour of the contrast increment 

discrimination function has been modelled by Legge and Foley (1980), who argue that 
the "dipper" function is the result of non-linear transduction in the response of early 

visual filters. Best Weber fractions (AC/C) occur for high contrast gratings and tend to be 

in the region of 3 - 10%.
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One possibility is that the analogy between disparity and luminance will extend to 
disparity and contrast increment discrimination. In the case of disparity increment 
discrimination, one would not expect to obtain a "dipper" function, as presumably 

cyclopean spatial filters are not subject to the same non-linearity. However, if cyclopean 
spatial filters respond to relative disparity in similar fashion to the contrast response of 
their counterparts in the luminance domain, the rising part of the discrimination function 

may conform to a power law with a similar exponent. However, if either the disparity 

gradient or disparity curvature of the surface were to be employed as a cue, one might 

expect a significant departure from the luminance analogy. The results of Rogers and 

Cagenello (1989), Johnston (1991) and McKee et al. (1990) lead one to predict that 
disparity curvature will influence discrimination.

Methods

The procedure was a two-alternative temporal forced-choice (2ATFC). The two 
stimulus intervals were 1000 msec in duration and were separated by 500 msec. The 
observer was presented with one corrugated surface at the reference peak-trough 
disparity, d, and another at a peak-trough disparity equivalent to the reference disparity 
plus an increment, d + Ad. Apart from one extra condition (see below), both surfaces had 
the same corrugation frequency. The observer was required to decide which interval 
contained the corrugations with the largest depth.

Surfaces were 10 x 10 deg sinusoidal corrugations produced as described in 
Chapter 2. Horizontal coiTugations were used to avoid any effects due to the slant 
anisotropy (see Chapters 1 & 7). The vertical edges of the stimuli were ramped to zero 

disparity with a half-cycle of a cosine over a region of 20 min arc.

APE selected stimuli from 18 stored images, made up from just two random-dot 
patterns. The reference stimulus and each of 8 stimulus levels of increasing disparity 
increments could appear as either of the two dot-patterns in either the first or second 

interval, and on each trial both of the two dot-patterns were presented. This ensured that 

no correlation existed between the dot-pattern and the correct response and hence the task 

could not be solved by learning the dot-patterns.

Due to the limit of the number of images which could be stored in the computer 

memory at any one time, the phase of the stimuli was not altered between trials. The 

corrugations were always presented with a peak at the centre o f the surface. Potentially, 

this could introduce undesirable cues into the discrimination task, such as the disparity 

between the horizontal edge of the stimulus and the dark surround, or the disparity 

between the surface and the fixation mark. To remove these possible artifacts, the size of 

each stimulus was jittered by up to 1 deg according to a uniform probability distribution. 

The fixation mark was also shifted from presentation to presentation. The mark was a 4 x 

4 min arc square at the mean luminance of the RDS images. Its position was randomized
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vertically and horizontally by up to 4 min arc, in 2 min arc steps. This resulted in 25 

possible positions with the added constraint that it never appeared in the same vertical or 
horizontal position on successive presentations.

Two corrugation frequencies were tested: 0.25 and 0.5 c/deg. These values were 
selected to be as close as possible to the peak of the disparity sensitivity function (DSF) 
(Tyler, 1975; Rogers and Graham, 1982), yet far enough apart that they contained a two
fold difference in peak disparity gradient and a four-fold difference in peak disparity 
curvature. Reference peak-trough disparities were chosen to span the range from 

detection to close to the highest value fusible at 0.5 c/deg. The values were: 0, 0.23, 0.47, 

0.83, 1.67, 3.33, 6.67 and 13.33 min arc.

Runs of 64 trials were completed in blocks of 3 or 4. Within the constraint that the 
frequency was alternated between consecutive runs, the different conditions were 
randomized and counter-balanced. Feedback was provided.

After completing the main data-sets as described, 3 extra conditions were run at a 

frequency of 0.5 c/deg and a reference disparity of 6.33 min arc, with the stimulus size 

reduced to 6 x 6 deg. First, the basic task was performed to control for the change in 
stimulus size. Second, a condition was run with jittered frequency. The frequency for the 
first interval was randomly selected to be 0.4, 0.45, 0.5, 0.55 or 0.6 c/deg, while the 
frequency for the second interval was randomly selected subject to the criterion that it 
differed from the first by at least 0.1 c/deg. Thus, on each trial the disparity curvature 
jittered by between 20%  and 40% and the disparity gradient jittered by 10% to 20%. 
Finally, a square wave condition was run.

The observers in this experiment were EC and PDL. At the time of data- 
collection, PDL could be considered a well-practiced observer, having completed a 
number of data-sets using RDS stimuli. EC has corrected-to-normal vision and is an 
experienced psychophysical observer. He had viewed a number of RDS images 

previously but had not participated in an extensive experiment with the type of stimuli 

employed here.

Results
Following the first block, no effects of learning were observed and most data- 

points represent the r.m.s. threshold of the first 3 runs. Disparity increment detection and 

discrimination thresholds are plotted on log-log coordinates for both observers in figure

4.2. There is a clear difference in sensitivity for the two observers, but little difference in 

the structure of the data. Discrimination thresholds remain at the same level as detection 

threshold up to a reference disparity of 5 - 10 times detection threshold. Thresholds then 

rise with reference disparity. Performance for the two frequencies is indistinguishable. 

This equivalence occurs despite a two-fold difference in disparity gradient (both peak and
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range) and a four-fold difference in disparity curvature (both peak and range) at each 

reference disparity.
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observers at two corrugation frequencies. There is no difference between 
perform ance fo r  the frequencies despite a two-fold change in disparity  
gradient and a four-fo ld  change in disparity curvature.

Figures 4.3 and 4.4 re-plot the data as a function of peak-trough disparity gradient 

(equation 2) and peak-trough disparity curvature (equation 3) respectively. As can be 

seen from the figures, the detection thresholds and discrimination functions for the two
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frequencies become separated. Furthermore, an abrupt j jump appears between the 
detection and discrimination thresholds. These data strongly suggest that the task is 
performed by comparing the peak-trough disparity of the two corrugated surfaces, not the 
disparity gradient or the disparity curvature.
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That observers used the relative disparity cue is reinforced by the results for the 

extra conditions which are presented in figure 4.5 for both observers. The first two 
columns re-plot the thresholds for both frequencies with the 10 x 10 deg stimuli.
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Changing the stimulus size to 6 x 6 deg has no discernible effect on thresholds. Jittering 

the frequency of the corrugations, which destroys the spatial derivative cue, also has no 

effect on thresholds. Finally, thresholds were also identical in the squarewave condition 
which contains no disparity gradient or disparity curvature.
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It might be objected at this point that because observers were required to select the 

surface with the greatest depth, they used a strategy o f  com paring  peak-trough disparity 

and ignored the slant and curvature infom iation. This objection can be discarded for two  

reasons. First, the observers were both aware o f  the possibility  o f  using slant or curvature 

to so lve  the task. A lthough EC was naive to the purpose o f  the experim ent he com m ented  

on the range o f  potential cu es  on several occasions . Second, observers were performing  

the task to the best o f  their abilit ies  with feedback. Under such c ircum stances ,  it is a 

reasonable  assum ption  that they w ill  use w hatever  cues  are ava ilab le  to aid them  in 

so lv in g  the task.
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Figure 4.5. Histogram fo r  3 extra conditions, ./ittering the frequency or 
employing a squarewave profile had no efff'cct on thresholds fo r  a 0.5 c/deg 
stimulus at 6.33 min arc disparity at a reduced size o f 6 x  6 deg.

Inspection o f  the data o f  figure 4 .2  su ggests  that the functions  d iv ide  into tw o  

sections: a flat region fo l lo w ed  by a region in which thresholds increase according to a 

pow er  law. Pow er law fits to the main data were obtained by linear regression fo l lo w in g  a 

logarithm ic transformation and pooling across the two frequencies. Pow er law s were o f  

the form:

Ad =  kd" (3)

Fitting the entire set o f  points with a pow er  law provided a reasonable fit, but 

c lo s e  exam ination o f  the residuals revealed that their structure was non-normal. A s  was  

su g g es ted  by inspection , better fits were obta ined  by fitting tw o  straight lines  after 

div id in g  the data into two sect ions  about the 0 .83  min arc point. For disparities o f  0 .83  

min arc and above the pow er laws gave exponents  (N ) o f  0 .6 6  (± 0 .1 0 )  for EC and 0 .45
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(±0.10) for PDL^i. The data for both observers for disparities of 0.83 min arc and above 

are re-plotted in figure 4.6 with the accompanying fits and exponents. These values are 

very similar to those typically reported for contrast increment discrimination with 
luminance gratings for reference contrasts of greater than 10 times detection threshold 

(Legge, 1981; Legge and Foley, 1980). Lowest Weber fractions were recorded at the 
highest peak-trough disparity for both observers: 7.5% for EC and 3.5% for PDL. These 
values are not dissim ilar to W eber fractions obtained for contrast increment 
discrimination at high contrast (Legge and Foley, 1980).
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Figure 4.6. Upper section o f  disparity increment discrimination functions  
fo r  both observers f it ted  with pow er laws o f  the form: Ad = kd^. The values 
o f  the exponents (N) are given together with 95% confidence intervals.

Relation to previous studies
The best thresholds reported here show a 2 - 3 fold improvement on those found 

by McKee et al. (1990). McKee et al. argued on the basis of their findings that stereopsis 

provides only imprecise information about relative depth and that other depth cues must 

be more extensively relied upon for estimating relative depth. On the basis of the results 

of the present experiment this conclusion may have been overstated. The stimuli 
employed here appear to increase the precision of stereopsis markedly. The different 

thresholds may reflect the greater spatial extent of the RDS stimuli. Alternatively, the 

smooth and continuous changes in depth associated with corrugated stimuli may enhance 

discrimination.

^ ^ T h c  f i g u r a s  i n  b r a c k e i s  r e p r e s e n t  t h e  v a l u e s  w h i c h  m u s t  b e  a d d e d  o r  s u b t r a c t e d  t o  o b t a i n  9 5 %  c o n f i d e n c e  

l i m i t s .  U n l e s s  o t h e r w i s e  s t a t e d ,  t h i s  c o n v e n t i o n  i s  a d o p t e d  t h r o u g h o u t  t h e  t h e s i s .
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A simple and obvious mechanism to explain the results of the present experiment 

is that responding is based on the output of cyclopean band-pass spatial filters, centred on 
the frequency of the corrugations. Analogously to the theory of Legge and Foley (1980), 
the response of these mechanisms may be modelled as a function of the amplitude of the 

signal at a given spatial scale. In this case, there is no significant evidence for the 
"dipper" function which is found in the luminance domain. At low peak-trough disparities 

threshold remains close to constant. At disparities of greater than approximately 10 times 

detection threshold, threshold increases according to a power law in analogous fashion to 

contrast increment discrimination in the luminance domain. However, that no elevation of 

threshold occurred when the frequency was jittered between the intervals of the 2ATFC 
design indicates that discrimination was performed by a mechanism which is not jointly 
tuned for relative disparity and corrugation frequency. Responses of band-pass 
mechanisms must therefore be combined across spatial scales by a second-stage 
mechanism. More will be said about the independence of dimensions in discrimination 

tasks in Chapter 5. Nevertheless, if it is assumed that the signal-to-noise ratio of these 

filters governs sensitivity to relative disparity, it is clear that they provide a more 
sensitive mechanism for discrimination than either a stereoscopic curvature or slant 
mechanism, at least for corrugation frequencies close to the peak sensitivity of the DSF.

It is clear that neither disparity gradient nor disparity curvature mechanisms were 
responsible for discrimination in Experiment 3. Yet, in the region 0.83 - 13.33 min arc 
over which the power law was fitted (figure 4.6), the Weber fractions for performing the 
task ranged from 18.5 - 7.5% for EC and 15 - 3.5% for PDL. If human vision possesses 

mechanisms which can discriminate disparity curvature according to Weber fractions of 4 
- 6% for parabolic surfaces (Rogers and Cagenello, 1989) and 5 - 7% for cylindrical 
surfaces (Johnston, 1991 ), across a range of reference disparity curvatures, why did they 

not govern performance in Experiment 3?

A Re-examination of Previous Disparity Curvature 
Discrimination Studies

The results of Experiment 3 prompted a re-examination of the cues available in 
the surfaces employed by Rogers and Cagenello (1989) and Johnston (1991) to measure 

the discrimination of disparity curvature. Vertical cross-sections through the stimuli are 
shown in figure 4.7. In the case of Rogers and Cagenello (1989) the disparity profile 

corresponded to a parabola, whereas in Johnston (1991), the disparity profile was 

transformed such that the physically simulated depth corresponded to a cylinder (hence 

the different labels on the horizontal axes).
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Johnston (1991)Rogers and Cagenello (1989)

Figure 4.7. Vertical cross-sections through the stimuli used by Rogers and  
Cagenello (1989) and Johnston (1991) fo r  the discrimination o f  disparity  
curvature.

Rogers and Cagenello (1989)
Close examination of the Rogers and Cagenello (1989) experiment reveals that 

two extra cues must alter when the disparity curvature of a parabola is changed with 

the disparity gradient of the flanking regions held constant. An increase in disparity 

curvature, from case 1 to case 2 in figure 4.7, produces an accompanying increase in the 

relative disparity of the entire stimulus from di to di. In addition, the extent of the curved 

portion of the stimulus decreases from ai to a2. It should be noted that this size cue can 

potentially be computed independently of the disparity curvature and hence constitutes a 
mechanism which is distinct from the extraction of disparity curvature. Could these extra 

cues have accounted for the result?

Calculations of the change in relative disparity and the change in the extent of the 

curved region for a given proportional increase in disparity curvature (ci to ci) are 

presented in Appendix B. The results of these calculations are as follows:

A
3c.

(6)
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From equations 6 and 7, a 5% change in disparity curvature produces a change in 

the relative depth of just over 1.6% and a change in the extent of the parabola of 4.8%. A 

10% change in disparity curvature produces changes of 3% and 9.1%. Thus, given the 
results of Experiment 3, it is unrealistic to think that the 4 - 6% Weber fractions of 
Rogers and Cagenello (1989) were produced by comparison of the relative disparity of 
the stimulus as a whole. But it remains possible that the extent of the curved region could 
have been used as a cue. Nevertheless, to explain the failure to involve disparity curvature 
mechanisms in Experiment 3 and the high level of performance in Rogers and Cagenello 

(1989), one must predict that discrimination thresholds for the separation of cyclopean 

features will be at least in the region of 5% and probably better, because the transition 

from a curved surface to a planar one may not be a feature which can be accurately 

localized. Some experiments to be presented in Chapter 5 confirm that corrugation 

frequency discrimination, which gives a guide to the sensitivity to the separation of 
cyclopean features, is very acute, producing thresholds of better than 3% for 84% 
frequency-of-seeing.

Johnston (1991)
Johnston (1991) manipulated curvature by keeping the half-height of a cylinder, a, 

constant and changing the depth, z. It is therefore clear that the task could have been 
performed by a mechanism responding to the relative depth present between the surface 
of the cylinder and the background (z% to Z2). The disparity curvature of a cylinder is not 
constant. Considering only the disparity curvature at the peak, the relationship between 
the change in disparity curvature and the change in relative disparity is derived to a first 
order approximation in Appendix C and is given by:

, .  .  d^d —d
disparity curvature = — -  ~ —  (8)

dy a

Hence the relative disparity varied linearly with disparity curvature. Given the 

performance obtained in Experiment 3, it is clear that Johnston's (1991) task need not 

have involved any mechanisms tuned to disparity curvature, but could have been solved 

by a relative disparity cue instead.

Experiment 4: Isolating the Spatial Derivatives

The purpose of Experiment 4 was to test discrimination of disparity gradient, 

disparity curvature and relative disparity independently, by removing all other cues 

except for the cue corresponding to the dimension of interest. The stimuli employed are 

depicted in figure 4.8. Each is one-and-a-half cycles of a waveform. The waveform in 

figure 4.8a is a squarewave centred on zero disparity. Hence, the disparity is constant
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within each of the 3 sections and reverses sign in the middle section. The disparity was 

manipulated and the observer had to discriminate depth. The waveform in figure 4.8b is a 
triangle wave. Hence the disparity gradient has a constant magnitude throughout the 

stimulus and reverses sign in the centre section. The disparity gradient was manipulated 
and the observers' task was to discriminate slant. The waveform in figure 4.8c consists of 
3 adjoining parabolas. The magnitude of the curvature is constant throughout the stimulus 
but reverses sign in the centre section. The disparity curvature was manipulated and the 

observers task was to discriminate curvature. These 3 stimuli are equivalent in the sense 

that they are square waves of disparity, disparity gradient and disparity curvature 

respectively. Each of the tasks could be solved either by comparing the relative quantity 
of the cue between the sections, or by encoding the absolute value of the cue.

2a ►
d

(a) Squarewave
wave wave

Figure 4.8. The disparity profiles employed in Experiment 5. The task in 
(a) is to discrim inate depth. The task in (h) is to discrim inate slant. The 
task in (c) is to discriminate curvature.

It was ensured that only the desired cue could be used to perform the 

discrimination by jittering the period of the waveforms between the two presentations of 

a 2ATFC design. Jittering the period amounts to jittering the value of a in figure 4.8.

Consider the case of the "slant task" using the triangle wave. The equation of the 

centre section is as follows:

d = sy = ( ^  ]y (9)
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where s is the disparity gradient and p is the peak-trough disparity. If a is jittered, then the 
peak-trough disparity must also be Jittered by an equivalent amount for a given 

magnitude of the disparity gradient, s. Thus, provided the Jitter is greater than the size of 

the cue, neither the period of the waveform nor the peak-trough disparity can be used to 

solve the disparity gradient discrimination task. The only cues available to solve the task 

are the relative disparity gradient, the absolute disparity gradient, or perhaps the 
sharpness of the discontinuity where the slanted surfaces meet.

Consider now the case of the "curvature task" using the parabolic waveform. The 
equation of the centre section of the parabolic wave is as follows:

d = ^ (a  + y ) (a -y )  (10)

The derivatives of the parabolic waveform are:

= -c y  (11)
dd d 
dy dy

ca^ _  cy^ 
^  2~

d'd
dy'

= - c  (12)

Hence, the maximum disparity gradient in the stimulus is ±ac. Thus, Jittering the period, 
4a, will produce an equivalent Jitter in the maximum disparity gradient, removing it as a 
potential cue. The peak-trough disparity of the parabola can be obtained by substituting y 
= 0 into equation (10) and multiplying by 2:

p = ca^ (13)

Hence, changing a by 6a results in a proportional increase peak-trough disparity of:

(a-1-ôa)^ _ a  ̂ -f-2a(Ôa) + (ôa)^ f  6a ̂ > 1 -f- z —2 2 a a V a y
(14)

Thus, Jittering the period removes the period itself, the maximum disparity gradient and 

the peak-trough disparity as potential cues for solving the task. The only cues available 

are the relative disparity curvature, the absolute disparity curvature or the abrupt change 

in disparity curvature where the parabolas meet.

Methods
The vertical cross-sections of the stimuli were equivalent to the waveforms 

depicted in figure 4.9. In each case the task was 2ATFC, with 2 intervals of 1000 msec 

and a gap between the intervals of 500 msec. The stimulus profile depicted in figure 4.8a 

appeared as a bar of varying size at a crossed disparity in front of a background plane.
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The observer's task was to indicate in which interval the depth between the bar and the 

background plane was largest. One observer (PDL) also completed a set of data with the 

squarewave profile in the opposite phase, such that the bar had an uncrossed disparity 

relative to the background. For the waveform depicted in figure 4.8b, the observer had to 

indicate which interval contained the more slanted surfaces. For the profile in figure 4.8c 
the observer had to indicate which interval contained the more curved surfaces.

Stimuli subtended 6 deg horizontally. The vertical edges were ramped to zero 

disparity with a half-cycle of a cosine extending over 20 min arc. One-and-a-half cycles 

of each waveform were always presented with the vertical size jittered between extremes 

of 4 and 6 deg, such that the period of the waveform was jittered by a corresponding 

amount. Thus the frequency range of the stimuli was 0.25 - 0.3725 c/deg, which is close 

to the peak sensitivity of the DSF.

5 deg

F igure 4.9. Reference values o f  disparity, disparity gradient and disparity 
curvature were chosen according to the scheme above. See text fo r  details.

The jittering process was complicated by the limitation that only 40 stimuli of this 

size could be stored in the computer's memory at any one time. As for Experiment 3, 

APE selected stimuli for comparison with the reference stimulus from 8 stimulus levels. 

For each stimulus level half of the stimuli had their vertical size drawn randomly from the 

range 4.0 - 4.5 deg and the other half from the range 5.5 - 6.0 deg. On each trial a
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reference stimulus and a test stimulus corresponding to the appropriate stimulus level 
were drawn, one of which was from the large group, the other from the small group. 
Thus, the vertical size of the stimulus was jittered by 22 - 50% between the two 
presentations of each trial and so was the period of the waveform. Each of the 40 stimuli 
was created from a different dot-pattern. The stimuli were allocated amongst the 8 

stimulus levels and the reference level as follows: 10 at the reference level, 8 at level 1, 6 

at 2, 4 at 3, 4 at 4, and 2 at each of the remaining 4 levels. This distribution was designed 

to be approximately in accord with the frequency at which APE required the different 
stimulus levels to be presented. In theory, it was possible for observers to respond on the 

basis of learnt dot-patterns or stimulus sizes. It was decided on the basis of informal tests 
that responding on either basis was not a realistic proposition with such a large number of 

stimuli distributed in this way.

Thresholds were measured for 6 reference disparities (0.25, 0.5, 1.0, 2.0, 4.0 and 

8.0 min arc), 5 reference disparity gradients (0.3, 0.6, 1.2, 2.4 and 4.8 min/deg) and 5 
reference disparity curvatures (0.36, 0.72, 1.44, 2.88 and 5.76 min/deg^). The reference 
disparities were chosen to cover the range from approximately 3 times detection threshold 
to the highest value which could be fused instantly at the smallest vertical extent of the 
stimulus. The relationship between these values and the reference values of disparity 
gradient and disparity curvature is illustrated in figure 4.9. The reference disparity 
gradients were chosen so as to have the same peak-trough depth (p) as the reference 
disparities at the mean vertical size of 5 deg. Thus, the triangle waves were a smooth 

change of disparity over the range (p to -p) of the corresponding reference disparity. The 
disparity gradient corresponding to the smallest disparity of 0.25 min arc was omitted 
because it could not be reliably detected. At the viewing distance of 57.5 cm, assuming 
an interocular distance of 6 cm, the reference disparity gradients corresponded to slanting 

surfaces ranging from approximately 3 - 38 deg from the fronto-paralleP^. The reference 

disparity curvatures were chosen such that they were a smooth change of disparity 

gradient between the corresponding reference disparity gradients (positive and negative) 

at the mean vertical size of 5 deg. These disparity curvatures span the curvature of 
approximately 2 min/deg^ which produced the lowest Weber fractions of close to 4% in 

Rogers and Cagenello (1989). The smallest disparity curvature was also omitted because 

it could not be reliably detected.

I Runs of 64 trials were completed in blocks of 3. Within each block, the observer 

carried out one run of relative disparity, disparity gradient and disparity curvature 

discrimination tasks, in a random order. The different reference values were randomized 

and counter-balanced across the blocks. Feedback was provided.

Observers in the present experiment were EC and PDL, both well-practiced 

observers. As absolute level of perfonnance was an issue in this experiment, stereoacuity

^^The intcrociilar cii.sianccs o f  boih PDL and EC arc very c lo se  lo 6  cm.
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is given to ensure that comparison with other studies is appropriate. Immediately prior to 

data-collection, EC's detection threshold for a sinewave of 0.25 c/deg measured by 
2ATFC with the same procedure as used in the experiment was 7 sec arc. PDL's detection 
threshold for the same stimulus was measured just before the data were collected at less 
than 3 arcsec. Bearing in mind that the thresholds are for 84% frequency-of-seeing, these 

values are such that both observers can be considered to have possessed fine stereoacuity 

at the time the data were collected.

Results
Thresholds are plotted separately for both observers in figure 4.10, as the Weber 

fraction for disparity, disparity gradient and disparity curvature discrimination. The 3 

discrimination functions are plotted on a common abscissa according to the scheme 

outlined in the methods section and illustrated in figure 4.9.

The first notable aspect of these data is the absolute level of performance for the 
curvature discrimination task. When the second derivative of disparity is the only cue 
available to solve the task, the Weber fraction for curvature discrimination is no better 
than 15% for either observer at any reference disparity curvature. The Weber fractions 
decrease from 30 - 15% as the reference disparity curvature increases. This stands in 
marked contrast to the results of Rogers and Cagenello (1989) and Johnston (1991). 
Therefore the result strongly suggests that the mechanism responsible for the high levels 

of performance obtained in both studies was not a disparity curvature mechanism.
A second interesting aspect of the data is the poor performance in the curvature 

task relative to the other two tasks. Three forms of comparison are offered here. First, 
comparison may be made according to the scheme outlined in the methods section and 
depicted in figure 4.9 (and as plotted in figure 4.10). It should be remembered that any 

increase in the disparity curvature of a parabola results in an increase o f the same 

proportion in the disparity gradient at all points on the surface. Disregarding some minor 

fluctuations, corresponding disparity curvature discrimination thresholds are consistently 

higher than disparity gradient discrimination thresholds. Thus, when two planar slanting 

surfaces meet directly at a comer-point they are discriminated more accurately than when 

they are Joined by a smoothly curving surface over the same spatial extent. A similar 
comparison was also used by Rogers and Cagenello (1989) for detection thresholds. They 
pointed out that the difference in slant of the fi an king regions of a parabola at detection 

threshold was less than the detection threshold for slant over the same spatial extent. On 

the basis of the results of the present experiment, the difference in detection thresholds 
reported by Rogers and Cagenello (1989) does not exist for discrimination thresholds 

when other available cues are made unavailable. This suggests that the mechanism 

responsible for detection in the Rogers and Cagenello (1989) study was not a disparity 

curvature mechanism. It is more likely that observers in that study were responding to the
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relative disparity present in the stimulus. The difference between the detection of slant 
and curvature may well reflect the type of stimulus profile best suited to relative disparity 

mechanisms, rather than different sensitivities to disparity gradient and disparity 

curvature. For example, if the most sensitive detectors are cyclopean spatial filters with a 

centre-surround profile then they would be insensitive to constant disparity gradients and 
more sensitive to surfaces which have a non-zero second spatial derivative.

EC
-a—  relative disparity  
- Â —  slant 
a —  curvature

4 0 -

c
o 3 0 -

I : 
20 -

jO<u

1 0 -

10
Reference disparity (min arc)

PDL
a —  relative disparity  
- à —  slant 
■ Q —  curvature

o
CJ 20 -i

10
Reference disparity (min arc)

F igure  4.10. Relative disparity, slan t and curvature d iscrim ina tion  
thresholds fo r  two observers with jitte red  stim ulus size. The com m on  
abscissa is according to the schem e outlined in the m ethods section. 
W eber fractions fo r  disparity curvature discrimination are m uch higher  
than reported by Cagenello and Rogers (1989). Better perform ance is 
obtained fo r  slant and relative disparity’ tasks.
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If, on the other hand, the data-points in figure 4.10 for the curvature task are 
shifted one to the left, as shown in figure 4.11, the disparity curvature discrimination 
thresholds compare better with those obtained in the other tasks. This second form of 
comparison in fact brings the peak-trough disparities into register for the different types 

of waveform. Nevertheless, overall, discrimination of disparity curvature is still inferior 

to that of disparity gradient and relative disparity.

EC
■ B —  relative disparity 
-A—  slant 
■0 —  curvature

4 0 -

c
c 3 0 -

I
ÈOJ

2 0 -

10 -

10
Peak-trough disparity (min arc)

PDL
B —  relative disparity 
-A—  slant 
0 —  curvaturegcq

2 0 -

È  : 
>  1 0 -

I

10
Peak-trough disparity (min arc)

F igure 4.11. Data re-plotted such that the peak-trough disparities o f  the 
different waveforms coincide. Thresholds in the curvature task compare 
better when p lo tted  in this way hut are still generally  higher than 
thresholds fo r  the slant and relative disparity tasks.



106

The third comparison is of more direct relevance to discriminating shape and 

surface orientation in the environment. It should be remembered that the reference values 

in the figures above are plotted on a logarithmic scale. Figure 4.12 re-plots the data for 

the slant and curvature tasks in terms of a linear scale of physical slant represented by 
these surfaces at a viewing distance of 57.5 cm, assuming an interocular distance of 6 cm. 
The comparison scheme is such that the maximum physical slant of the parabolas is 
matched to the physical slant of the triangle waves.

EC
4 0 - slani

curvature

co 3 0 -
o
C3

2 0 -

1 0 -

0 10 15 20 25 30 35 405
Physical slant (deg)

PDL
35 4

slant
curvature

10 15 20 25 30 35 400 5
Physical slant (deg)

F igure  4,12. Data fo r  slant and curvature tasks re-plotted on a linear 
scale o f  physical slant. In the case o f  curvature discrimination, the slant 
refers to the slant o f  the flanking regions o f  the parabolas. The slant is 
calculated fo r  viewing at 57.5 cm with an interocular distance o f  6 cm.
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The threshold estimates for individual runs were thoroughly examined to make 
sure that the insensitivity to curvature disparity was not a result of observers not being 
given enough time to leani to ignore the jitter in the curvature task. In fact, after the very 

first runs on each task, no noticeable learning effects were observed. This is shown by 

figure 4.13, which presents the threshold estimates of the individual runs of EC for both 

slant and curvature tasks following just a single practice run on each task. Error bars are 

standard errors from the probit analysis on individual psychophysical runs of 64 trials. 

There is no downward trend in the estimates to indicate learning. The data in figures 4.10 
-4 .1 2  represent the r.m.s. of these three threshold estimates at each reference disparity 
gradient and disparity curvature.

min/deg min/deg'

4 0 4 -
EC

2 .4
4 .8

30-

I
a 20-

I 
^  10-

2 3

1.44
2.88
5 .76

EC
60-

g  50-

I 40-
t)

32
Run Run

F igure 4.13. EC's threshold estimates fo r  the individual psychophysical 
runs in the slant and curvature tasks. There is no noticeable downward  
trend in the data to indicate learning.

The comparison between discrimination of relative disparity and disparity 

gradient discrimination in figure 4.10 is less clear. For one observer, PDL, there is a 

dissociation between the two sets of data, with the relative disparity condition being 

superior, although at large disparities performance in the two tasks is nearly equivalent. 

For EC, there is no clear dissociation except at 2 min arc. In absolute terms, above 2 min 

arc performance in the disparity gradient discrimination task is in the region of 12% for 

EC and 8% for PDL. The performance in the slant task compared with the relative 

disparity task may be contrasted with performance in Experiment 3, where the data 

suggest that disparity gradient was not employed as a cue. The most notable difference 

between the two experiments in this regard is that the area of constant disparity gradient 

is greater in the stimuli of the present experiment. This larger area may enhance the
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performance of disparity gradient discrimination. Alternatively, it is possible that 
performance in the slant task was governed, not by the surface slant but by a mechanism 

sensitive to the corner between the slanting sections. This corner-point is a non- 

differentiable discontinuity and such discontinuities could potentially be processed by 

specialized mechanisms (Farley-Norman, Lappin and Zucker, 1991). Nevertheless, the 

comparison presented above in figure 4.10 still implies that whatever mechanism governs 
performance, it is more sensitive to planar slanted surfaces than to curved ones. The issue 
of the corner-points is further examined in Experiment 5.

Figure 4.14 plots the extra data completed by PDL for the relative disparity 

condition with the bar at| an uncrossed disparity, with the data for the bar at a crossed 

disparity taken from figure 4.10. In addition, the data for disparity increment 

discrimination with sinewaves (Experiment 3) are re-plotted as Weber fractions for 

comparison. In general, the data for crossed and uncrossed bars are very similar, although 
there is a tendency for the uncrossed case to be slightly less sensitive at high reference 
disparities. The comparison with the data from Experiment 3 reveals that discrimination 
is comparable despite the size jitter and the use of a squarewave profile in the present 
experiment. This adds to the conclusions of Experiment 3 that cyclopean vision is 

sensitive to relative disparity. There is, however, a change in the slope of the function. 
This may refect the different dates over which the data were collected. PDL completed 
the data for the present experiment approximately 5 months after that of Experiment 3. A 
more likely explanation arises from the fact that the squarewave profile contains 
additional components at higher corrugation frequencies than the fundamental which may 
aid discrimination at small reference disparities.

PDL
2 5 - -0—  uncrossed  

-A—  crossed  
-#—  Exp 3 data&  2 0 - 

.1 ! 
§  15-

1 0 -

100.1
I Reference disparity (min arc)

F igure  4.14. D ata fo r  the re la tive d isparity task with crossed  and  
uncrossed  bars, re-p lo tted  w ith the data fo r  d isparity  increm ent 
discrimination from  Experiment 3.
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Experiment 5: Slant and Curvature Discrimination 
Using Larger Surfaces

The stimulus size was chosen for Experiment 4 on the basis of known sensitivity 

to corrugation frequency. The size of a half-cycle of the waveform in Experiment 4 
varied between 1.33 and 2 deg, with an average of 1.67 deg. Rogers and Cagenello 

(1989) used stimuli ranging from 2 .6 -2 1  deg. They noticed a tendency for thresholds to 

be higher for shallow curvatures with their smallest vertical stimulus size of 2.6 deg, of 

which 1.3 deg was curved while the rest consisted of tangential planes of constant slant. 

The difference in size cannot account for the difference between their result and that of 

Experiment 4, because the effect was only noticeable at shallow curvatures, but it remains 

possible that the ability to discriminate cuiwature and slant improves considerably with 
the size of the surface. Moreover, the tasks in Experiment 4 could be solved either by 
comparing the relative cue between the centre half-cycle and the two surrounding half
cycles or by comparing the absolute cue. If absolute cues were compared then the 
observers might not have made full use of the extent of the stimulus, comparing the slant 

or curvature of, say, just the central half-cycle.
Experiment 5 repeated Experiment 4 for one reference curvature and one 

reference slant at a range of stimulus sizes. In addition, the surfaces no longer 
corresponded to waveforms. Instead, just a single parabola or a single slanting plane was 
employed, with the overall size jittered as in Experiment 4. The only relative cues in the 
display were therefore relative to the fronto parallel surround of the display. Thus, any 

mechanisms sensitive to the discontinuities present in the stimuli of Experiment 4 could 
not be employed in the present experiment. Most notably, this includes any mechanism 
sensitive to the corner-points of the stimulus in the slant task.

Methods
The methods of Experiment 5 were identical to those of Experiment 4, except that 

a single parabola or slanted plane was used and the range of jitter was altered to 20 - 

40%. The horizontal size of the stimulus was always 6 deg. The average vertical size was 

1.6, 3.2 or 6.4 deg.

The reference disparity curvature was 1.44 min/deg^. This value was chosen to 

ensure that the entire stimulus could be immediately fused at the largest stimulus size. In 

addition, 1.44 min/deg^ is very close to the disparity curvature which produced the 

minimum Weber fraction in Rogers and Cagenello (1989). The reference disparity 

gradient was 2.4 min/deg. Again this was chosen because the entire stimulus could be 

easily fused and also because it produced low Weber fractions in Experiment 4. The 

relationship between these values is such that at a stimulus size of 3.33 deg the slant of 

the flanking regions of the parabola of curvature 1.44 min/deg^ is 2.4 min/deg.
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Runs of 64 were organized into blocks of 2, consisting of one curvature 
discrimination and one slant discrimination task. The different stimulus sizes were 
randomized and counter-balanced across blocks. Feedback was provided.

Observers in this experiment were again EC and PDL. The data were collected 
after the data of Experiments 3 and 4.

EC

—  1.44 min/deg^ 
-A—  2.4 m in/deg  
-A—  Exp 4  slant 
-0—  Exp 4 curve

4 0 -

c
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Mean vertical size (deg)

PDL
4 0 - 1.44 min/deg^ 

-A—  2 .4  m in/deg  
-A—  Exp 3 slant 
-©—  Exp 3 curve
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Mean vertical size (deg)

F igure  4.15. W ehcr f raclions fo r  d ispar i ty  g ra d ien t  an d  d isp a r i ty  
cun'ature discrimination as a function o f  mean stimulus size. In absolute  
terms curvature discrimination is not sensitive (13%  and 25%  f o r  the 
largest surface). Discrimination o f  disparity  curvature is less acute than 
that o f  disparity gradient..



I l l

Results
There were no noticeable effects of learning during data collection. W eber 

fractions for both observers are plotted in figure 4.15 as a function of stimulus size. In 

addition, single data points are re-plotted from figure 4.10 which assume that the 

discontinuities in slant and curvature in that experiment had no influence and thus that the 

average stimulus size was 5 deg. As can be seen from figure 4.15, Weber fractions drop 
considerably between 1.6 and 3.2 deg and produce less of a decrease between 3.2 and 6.4 

deg. This result is similar to that obtained by Cagenello and Rogers (1993) for slant 
detection. They varied the diameter of a circular patch of planar surface and found that 
thresholds fell considerably before becoming roughly constant beyond 5 deg.

In absolute terms, Weber fractions are very similar to those found in Experiment 

4, in spite of the discontinuities which were present in the stimuli of that experiment. This 

suggests that observers in Experiment 4 did not employ corner-points in the slant task or 
the disparity curvature discontinuities in the curvature task.

Disparity gradient discrimination thresholds for PDL are around 6 - 1%  for 
stimuli subtending 3.2 and 6.4 deg. Curvature discrimination thresholds for PDL drop 
from 20 - 13% over the same region. The poor performance for EC in the curvature 
discrim ination task is particularly striking. EC's W eber fractions for curvature 
discrimination are in the region of 25%. This performance is not due to insensitivity to 
stereoscopic stimuli in general. As previously stated, EC’s stereoacuity was measured at 
approximately 7 sec arc prior to data-collection. Furthermore, EC's thresholds in the slant 
discrimination task are 10% and 7% for 3.2 and 6.4 deg respectively. In the case of the 
curvature task, it is not even clear from the data that a jitter of 20 - 40% was sufficient to 

prevent cues other than the change in disparity curvature being employed by EC, so in 
fact the true disparity curvature thresholds may be higher still. For stimuli of similar size 

and identical curvature disparity, Rogers and Cagenello (1989) obtained Weber fractions 
for curvature discrimination of 5%. It is obvious from these data that when the spatial 

scale o f a single parabola is jittered, thereby destroying all cues other than disparity 

curvature, discrimination is much poorer than the performance which they obtained.

A Re-examination of Shane Constancy

The results of Experiments 3, 4 and 5 constitute strong evidence that the visual 
system is not very sensitive to disparity curvature. This finding has implications for shape 

constancy, because the second derivative of disparity is independent of viewing distance 
and therefore provides a shape estimate which is invariant with the absolute distance to a 
surface.
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Effects of changing viewing distance
Viewing distance was not actually altered in the present series of experiments. 

However, in the curvature tasks of Experiments 4 and 5 the disparity curvature was 

manipulated as a cue while the vertical size, peak-trough disparity and maximum slant 

were all jittered in a manner consistent with a surface of the required disparity curvature. 
Thus, the task was identical to discriminating the shape of a surface with jittered viewing 

distance, except in two respects. First, the retinal and extra-retinal cues to absolute 

distance were not consistent with the mimicked viewing distance. If there exists a route to 
shape constancy through extracting disparity curvature then it should not be affected by 

this difference, because it is precisely the independence from inaccurate estimates of 

viewing distance which makes disparity curvature a useful quantity to extract. Second, 

the horizontal size of the stimulus was constant throughout and therefore did not expand 

and contract as would be the case if the stimulus were genuinely jittered in absolute 
depth. In principle, it is possible that this second difference interacts with whatever 
mechanism extracts disparity curvature in some way so as to impair its performance. 
Given that the surfaces were 6 deg in horizontal extent, however, this is a very unlikely 
proposition and one which in itself would suggest severe limitations on the performance 

of disparity curvature mechanisms. One is therefore forced to conclude that if there exists 
a mechanism for extracting disparity curvature for the purposes of achieving shape 
constancy, then it produces relatively inaccurate estimates of surface shape.

Constancy failure in Johnston (1991)
The results of Experiments 3, 4 and 5 suggest an alternative explanation of the 

failure of shape constancy found by Johnston (1991). The relative disparity between the 

peak of a hemi-cylinder and the background varies linearly with the disparity curvature 

(equation 8). It seems likely therefore that the greatest accuracy in discriminating the 

depth from the constant half-height is to be achieved by comparing the relative disparity 

of the peak of the cylinder and the background, as opposed to comparing an estimate of 

disparity curvature. Thus, the cue for performing the discrimination only gives 

information about absolute shape or distance if it is scaled by a measure of the viewing 

distance. The vertical disparity in Johnston's display was not consistent with viewing at 

the distances employed and few cues to absolute distance other than the vergence angle 

and accommodation were present. Hence, the discrimination could have been performed 
accurately by comparing a quantity which needs scaling for viewing distance and is 

scaled non-veridically. There is therefore no need to posit that the visual system throws 

away valuable information by only responding to relative disparity curvature and 

ignoring the potential of the absolute value to produce shape constancy.

A new interpretation based on a relative disparity judgement gains support from 

within Johnston's (1991) study itself. The Weber fractions for disparity curvature are
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described as varying from 18% to 5% as the reference curvature increased^^. This 

description bears a striking resemblance to the relative disparity discrimination function 

of PDL in Experiment 4 (figure 4.10).

The Role of Contour Disparities

So far, no effort has been made to distinguish between mechanisms that compute 

the spatial derivatives of disparity by extracting contour disparities and mechanisms 

which extract the spatial derivatives by performing operations on a disparity map. In 

general, it is very difficult to manipulate contour disparity and horizontal disparity 
independently (see Chapter 1). In an extended surface where many markings are 
necessary in order to signal horizontal disparity there will inevitably be orientation and 

curvature disparity.

Curvature disparity
The relatively coarse coding of disparity curvature implied by the 15 - 30% 

Weber fractions found for discriminating disparity curvature does not rule out curvature 
disparity as the underlying mechanism, but it does suggest that if it is employed as a cue 
by the visual system then the mechanism is not very sensitive. Furthermore, Johnston's
(1991) result suggests that if such a mechanism exists then its invariance with viewing 
distance is easily overridden by other mechanisms, leading to a failure of shape 

constancy.

Orientation disparity
In Experiments 4 and 5, for surfaces away from the fronto-parallel, slant 

discrimination thresholds varied from 20 - 6% for both EC and PDL. These thresholds 

were obtained despite jitter of the relative disparity between the edges of the surfaces 

involved and hence constitute genuine disparity gradient discrimination thresholds. Is 
there any indication of whether the mechanism which underlies this performance 

computes orientation disparity?
For a surface of slant a  and tilt P, the orientation disparity of a line-element with 

an orthographic projection onto the fronto-parallel plane at an angle 0 to the vertical, with 

perspective projections to the left and right eyes at angles of 0 l and 0 r respectively, is 

derived in Appendix A and is given by:

2e
tan(0i. - 0k ) =  c o s 0 c o s (0 -p ) ta n a  (15)

d

^ T h e  data are on ly  described in the paper, not presented, so a m ore accurate com parison cannot be made.
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where e is half of the interocuiar separation and d is the viewing distance. The surfaces in 
Experiments 3, 4 and 5 all employed surfaces of zero tilt ((3 = 0), i.e. the only change of 

disparity occurred in a vertical direction. Thus, the formula may be re-written as:

2e
tan((])L-({)«) =  cos^(j)tana (16)

d

Using this formula, one can calculate the variation of orientation disparity with surface 

slant for a range of orientations of a line-element. Figure 4.16 plots the orientation 
disparity of line-elements with angles to the vertical (({)} of 0, 20, 40 and 80 deg for

physical slants of 0 - 50 deg viewed at 57.5 cm with an interocuiar separation of 6 cm. 
Orientation disparity is an increasing function of slant. It is clear from the figure that the 

largest orientation disparity occurs for a vertical line-element (0 deg) and that the rate of 
change of orientation disparity with slant is also maximal for a vertical line-element.
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F igure 4,16. The orientation disparity produced by a line-elem ent on a 
surface viewed from  57.5 cm as a function o f  physical slant.

With these facts in mind, one can construct a speculative model of orientation 

disparity discrimination. The model only considers the orientation disparity of vertical 

elements. It will be recalled from Chapter 1 that orientation disparity was compared to 

non-dichoptic orientation discrimination. It was pointed out that the comparison seems 

reasonable in light of the good agreement between orientation discrimination thresholds 
and the orientation disparity necessary for the perception of slant from dichoptic vertical 

gratings of dynamic noise (von der Heydt, 1978). A very good threshold for orientation 

discrimination is 0.3 deg (Morgan, 1991; Heeley and Buchanan-Smith, 1990). Suppose 

that orientation disparity can be detected with the same precision. Suppose further that
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orientation disparity discrimination is as good as orientation disparity detection, such that 
for all orientation disparities the discrimination threshold is 0.3 deg. This is actually an 
optimistic model of orientation disparity mechanisms. Discriminating orientation 
disparity is akin to performing a dichoptic orientation interval discrimination, the 

analogous discrimination to spatial interval discrimination but in the orientation domain 

and with dichoptic presentation. Even disregarding the dichoptic presentation, one would 

expect thresholds to rise in absolute terms with the separation in the orientation domain, 

as is the case for spatial interval acuity in the space domain and disparity in the disparity 
domain (see Chapter 1).
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F igure  4.17. The predictions o f  an optim istic m odel o f  orientation  
disparity discrim ination applied  to the slant d iscrim ination task o f  
Experiment 4. It is clear that orientation disparity discrimination cannot 
account fo r  the low Weber fractions o f  the psychophysical data.

Nevertheless, with this optimistic model of orientation disparity discrimination 
slant discrimination thresholds can be calculated. Figure 4.17 plots the predicted Weber 

fractions as a function of the orientation disparity of a vertical element in Experiment 4. 
Data for both observers are presented for comparison. Even with this optimistic model, 

the Weber fractions for discriminating slant are too low to be accounted for. It was argued 

in Chapter 1 that detection of slant was too acute to be explained by mechanisms tuned to 

orientation disparity. On the basis of Experiment 4 this conclusion may be extended to 
slant discrimination.

Implications for "Stereoscopic Primitives”

In Chapter 1 it was noted that a number of hypotheses have been put forward for 
what constitute "stereoscopic primitives", meaning the property or properties which
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stereopsis has evolved to compute. The vast majority of these hypotheses propose that 
extraction of a quantity or quantities relating to the spatial derivatives of disparity is 
fundamental. These include slant and tilt (Marr, 1982), disparity gradient (Gillam et al., 
1988; Gillam and Ryan, 1993), disparity curvature (Rogers and Cagenello, 1989) and 
shape index (Koenderink, 1990). The results of this chapter taken as a whole dispute 

these proposals, because they ignore sensitivity to relative disparity.

The 2 V2D Sketch
Sensitivity to stereoscopic tilt was not evaluated in the experiments of this 

chapter, although it is considered in Chapter 5. Nevertheless, the results presented here 

have implications for the 2 ViD sketch. The results of Experiment 3 must cast serious 

doubt over whether one can consider the 2 V2D sketch to be the goal of stereoscopic 

processing. It is clear that stereoscopic vision is used for estimating depth intervals and 

can employ this cue more effectively than it can measure the slant of a surface connecting 
two points, at least for non-planar surfaces. Nevertheless, Weber fractions for 
discriminating stereoscopic slant are less than 10%, provided the surface extends over 
several degrees. It remains to be seen whether stereoscopic vision is particularly sensitive 
to surface tilt. Also, the possibility that estimates of surface curvature are produced by 
comparing surface slant at different points across space cannot be ruled out on the basis 
of the experiments reported here.

Shape Index
The present experiments suggest that stereoscopic vision is not designed to 

compute shape index (Koenderink, 1990). Estimating shape index requires representation 

of disparity curvature in more than one direction simultaneously and it is therefore 

limited by the visual system's sensitivity to disparity curvature. It appears from the 

present experiments that this limitation is quite considerable.

Nevertheless, de Vries, Kappers and Koenderink (1994) measured observers' 

ability to discriminate shape index using surfaces at a constant viewing distance. 

Combining the estimates of disparity curvature discrimination obtained here with the 
sensitivity necessary to underlie their result, it seems very unlikely that observers in that 

experiment were genuinely comparing shape index. The acid test of this claim would be 
to perform the shape index discrimination task with jittered viewing distance or by 

jittering the spatial and disparity dimensions in similar fashion to Experiments 4 and 5 

here.

Cyclopean .spatial filters

A more plausible account of the building-blocks of stereopsis is that they consist 

of the outputs of cyclopean spatial filters at a range of spatial scales, in analogous fashion
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to the luminance domain. Seen in this way, perception of both disparity gradient and 
disparity curvature may result from combining the outputs of these filters, a process 

which reduces sensitivity relative to the representation of relative disparity, which is the 

analogue of contrast in the luminance domain. Evidence for this arises from the 
analogous results in cyclopean and luminance domains and the similarity of the shape of 
the discrimination functions for disparity curvature and disparity gradient, compared with 

relative disparity discrimination condition in Experiment 4. Barring some minor 

fluctuations, Weber fractions for all 3 discriminations improve with increasing disparity 
and are brought into closer register when the peak-trough disparities of the waveforms are 
equated, particularly for one observer, EC. It is difficult to elaborate much further than 

this without a concrete model of cyclopean spatial filters and the way in which they are 
combined. Furthermore, there is considerable variation between the two observers as 

regards the precise shape of the functions. However, one possibility which may well 

deserve further attention is that disparity gradient is detected and discriminated by 

combining the outputs of odd-symmetric cyclopean spatial filters of an analogous form to 
those which have been posited in the luminance domain (e.g. Daugman, 1980). 
Mechanisms for the perception of disparity curvature are doubtless more complex and 
certainly less sensitive.

Siimmnrv

It has been previously proposed that specialized mechanisms exist for extracting 
the spatial derivatives of disparity for the perception of surface shape, mechanisms which 
have no direct analogy in the luminance domain. In particular, studies concerning the 
discrimination of shape and surface orientation have been used as evidence for 
specialized mechanisms for perceiving slant and curvature, often involving the 

computation of contour disparities. It was predicted on this basis of previous estimates of 

disparity curvature discrimination that the disparity increment discrimination function for 

sinusoidal corrugations would have a different form to that found for contrast increment 
discrimination in the luminance domain. This prediction was not confirmed and it was 

apparent that performance was dominated by the relative disparity cue. Re-examination 

of previous shape discrimination studies revealed that cues other than disparity curvature 
could have been employed. An experimental design which removed these cues produced 

Weber fractions for disparity curvature of 15 - 30% and for disparity gradient of 6 - 20%. 

Stereoscopic vision is relatively insensitive to disparity curvature and more sensitive to 

relative disparity than to either disparity gradient or disparity curvature. These results are 

best understood in terms of cyclopean spatial filtering which is closely analogous to that 

found in the luminance domain. No evidence was found for the use of contour disparities 

in the present set of experiments.



Chapter 5

Cyclopean Spatial Discrimination

Three fundamental properties of a visual feature are its location, size and 
orientation. Yet to the best of the author's knowledge, there are only three published 
studies which have examined discrimination of cyclopean form other than that of slant, 
curvature, relative depth or some more complex aspect of the spatial derivatives of 
disparity (Morgan, 1986; Mustillo et al., 1988; Regan and Hamstra, 1994). This chapter 
makes a more detailed examination of cyclopean spatial discrimination using cyclopean 
versions of three commonly employed tasks: orientation discrimination, spatial 
(corrugation) frequency discrimination and vernier acuity. This is a further extension of 
the analogy between disparity and luminance and so the chapter begins by reviewing 
some of the experiments and models relevant to spatial discrimination in the luminance 
domain.
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Figure 5.1. The three spatial 
discrimination tasks employed in this 
chapter:
(a) Orientation discrimination: the 
observer decides whether a stimulus 
is rotated clockwise or anti-clockwise 
o f  a standard.
(b) Frequency discrimination: the 
observer decides whether a stimulus 
is o f  a higher or lower frequency  
than a standard.
(c) Vernier acuity: The observer 
decides on the direction o f  offset.
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Three Spatial Discrimination Tasks

The three types of spatial discrimination studied in this Chapter are illustrated in 

figure 5.1 for grating stimuli. These tasks were chosen partly because they address three 
fundamental properties of a visual feature and partly because previous psychophysical 
evidence (reviewed in Chapter 1) suggests that cyclopean vision proceeds via sets of 
localized band-pass filters tuned to orientation and corrugation frequency, as well as to 

relative disparity. Most notably, adaptation to supra-threshold corrugations of a given 

frequency or orientation produces shifts in the perceived frequency or orientation of 

subsequently viewed corrugations, in a direction away from the adapting stimulus (Tyler, 

1975). The results of Chapters 3 and 4 also extend the list of common characteristics of 
spatial filtering in the cyclopean and luminance domains.

Orientation discrimination (figure 5.1a)
In a typical orientation discrimination task, observers are required to view a line, 

grating or pair of dots, and to discriminate the orientation from a standard (vertical, 

horizontal, or a reference stimulus). Typical thresholds for this type of task, using stimuli 
whose absolute orientation is horizontal or venical, are in the region of 0.25 - 1.5 deg. It 
is difficult to give a more precise estimate of orientation acuity because different studies 
have used different psychophysical procedures, presentation times and stimuli^^. For this 
reason, it is best to make comparisons using data recorded within the same experimental 
set-up using the same methods.

One technique is to present a single stimulus, requiring observers to decide 
whether it is oriented clockwise or anti-clockwise of vertical or horizontal. Alternatively, 
a reference and a test stimulus can be presented, either spatially or temporally separated. 
The observer is then required to signal the direction of rotation of one stimulus relative to 

the other. Reviewing published work, Morgan (1991) reports that thresholds in the two- 

presentation set-up are typically slightly higher, but that there is little difference in 

orientation acuity across different types of stimulus. Within the same experimental set-up, 

Heeley and Buchanan-Smith (1990) recorded orientation acuity of 0.6 deg using single 

and double presentation procedures, for sinusoidal gratings (of frequency 2.5 - 10.0 

c/deg) and broad-band stimuli consisting of lines and edges. However, when a random 

perturbation of orientation was introduced into both the reference and test stimulus, 
thresholds were elevated. This latter result may be explained by the fact that random 
perturbation demands that the observer compares the two stimuli on every trial, rather 

than with reference to an internal standard, which might be built-up over a series of trials 

or exist as a built-in reference for horizontal and vertical.

noted by Hcclcy and Buchanan-Smith (1990), in some cases it is not even clear whether threshold 
corresponds to 84% or 75% frcqucncy-of-sccing.
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One notable aspect of orientation discrimination data is that discrimination 

thresholds are markedly worse for oblique stimuli (Orban, Vandenbussche and Vogels, 

1984). This finding is referred to as the "meridional anisotropy". It occurs approximately 

equally for different types of stimuli, shows some variation across observers and is 
typically a drop of about 2 - 3 fold (Heeley and Timney, 1988). The anisotropy is also 
resistant to extended practice (Morgan, 1991).

Mustillo et al. (1988) have measured orientation discrimination thresholds for 
cyclopean bars in dynamic RDSs. As referred to in Chapter 1, this study found cyclopean 

orientation acuity of 0.65 deg, but only for horizontal bars at 0.33 deg of crossed 

disparity. For greater magnitudes of disparity and uncrossed disparity performance was in 

excess of 1 deg. Mustillo et al. (1988) therefore offers some suggestion that cyclopean 
orientation discrimination can be acute, but the study is far from exhaustive and did not 
directly compare cyclopean and luminance-defined discrimination. The meridional 
anisotropy was also observed but, in addition, a difference of almost two-fold was found 
between horizontal and vertical bars. This finding has no parallel in the luminance 

domain. The disparities used in the study were 0.33 and 0.66 deg. This would have 
required unpaired regions of the same extents at the edges of the vertical bars. The effect 
of these regions on cyclopean filtering is not known and they possess no analogue in the 
luminance domain. It is therefore possible that the difference would not occur for 
orientation discrimination with continuous surfaces.

Spatial frequency discrimination (figure 5.1b)
In a spatial frequency discrimination task the observer must discriminate the 

spatial frequency of a stimulus from a standard. Typically, two stimuli are presented for 
comparison, although subjects can make size judgements by comparison with the mean of 

a set (Westheimer and McKee, 1977). Thresholds in spatial frequency discrimination 

tasks in the luminance domain are typically in the range of 4 - 8% (Campbell, Nachmias 

and Jukes, 1970; Hirsch and Hylton, 1982) for 84% frequency-of-seeing. Similar 

dependency on separation suggests that spatial frequency discrimination employs similar 

mechanisms to spatial interval discrimination (Hirsch and Hylton, 1982) although 

averaging can occur over cycles in the latter (Heeley, 1987). Hirsch and Hylton (1982) 
also reported that spatial frequency discrimination fluctuates periodically with Y

reference frequency, a result they put down to the existence of discrete spatial frequency 
channels. This result has, however, failed to replicate on other occasions (e.g. Mayer and 

Kim, 1986). The author knows of no published thresholds for the cyclopean analogue of 
spatial frequency discrimination, i.e. corrugation frequency d i s c r i m i n a t i o n ^ ^

^C obo-L ew is (1994) has rclcrrcd lo a corrugation frequency discrimination experiment in the course of a 
published abstract. However, no data or thresholds arc presented.
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Vernier acuity (figure 5.1c)
In a vernier acuity task the observer is required to determine the direction of offset 

of two similarly oriented lines, edges or gratings. Thresholds in vernier acuity tasks with 

abutting lines can be just a few seconds of arc. Bradley and Skottun (1987) measured 

vernier acuity with abutting sinusoidal gratings as a function of frequency. Thresholds 

were below 10 sec arc for gratings ranging from 6 - 1 6  c/deg. When the thresholds were 

expressed in terms of the phase angle of the grating, acuity fell very gradually over the 

range 0.25 - 8 c/deg. The authors suggested the slightly better performance at low 
frequencies was due to the horizontal luminance edge at the border between the two 

gratings, which increases in length as the frequency decreases.
There are a number of potential cues available for solving a vernier task. Watt, 

Morgan and Ward (1983) identified 3 possible cues: the relative position orthogonal to 
the bar orientation, the absolute orientation of the configuration, and the relative 

orientation of the ends of the component bars compared with the configuration as a 
whole. In the case of an abutting stimulus, this last cue manifests itself as an edge 
orthogonal to the bar orientation. Using thin line stimuli. Watt et al. jittered the absolute 
orientation on each trial, thereby removing it as a potential cue. The relative orientation 
and relative position cues were independently manipulated by varying the extent of 
Gaussian comer blur, i.e. the stimuli ranged from a sharp abutting step discontinuity to a 
line corresponding to a cumulative normal distribution. Jittering the absolute orientation 
only affected performance at high corner blurs, suggesting that the absolute orientation 
cue is only used once the vernier stimulus is already degraded. Examination of the 
relationship between acuity and corner blur showed that the relative position cue 
(integrated along the two lines) was a better predictor of performance than the relative 
orientation cue. The authors concluded that two mechanisms govern vernier acuity, an 

absolute orientation cue and a relative position cue, and that the latter cue governs the 

finest discrimination. This conclusion is not in conflict with the findings of Bradley and 

Skottun (1987), because these latter researchers postulated that the horizontal luminance 
edge was only acting as a cue for low spatial frequency gratings.

The predominant cue in vernier tasks may be different again when the bars are 

separated by a gap. Sullivan, Oatley and Sutherland (1972) found that replacing separated 

lines with dots at their tips had no effect on threshold, provided the separation exceeded 2 

- 4 min arc. Taking this result in combination with the fact that threshold also shows a 

steady increase with the gap size, Morgan (1991) argues that vernier acuity is distinct 

from "extrapolation acuity": the latter term referring to an alignment task with a 

separation between the components of the stimulus. Extrapolation acuity may be more 
dependent on orientation cues than vernier acuity with abutting stimuli.

Morgan (1986) measured cyclopean vernier acuity in RDS with vertical bars 

subtending 0.22x1.87 deg. As in the Mustillo et al. (1988) study, the stimuli contained 

unpaired monocular regions which may have influenced acuity, although the extent of
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these regions was only 3.3 min arc in this case. Nevertheless, the threshold of 35 - 45 sec 
arc for a purely cyclopean vernier stimulus, while being much higher than the equivalent 
threshold for luminance-defined targets, compares well when the difference between the 
cut-off frequency of the disparity sensitivity function (DSF) and contrast sensitivity 

function (CSF) is taken into account. There is approximately an order of magnitude 

difference between the cyclopean case and the luminance-defined case for both 

comparisons.

Models of Spatial Discrimination

There have been a number of models advanced to account for supra-threshold 

spatial discrimination in the luminance domain. These models differ primarily in the 

method of combining outputs of early visual filters tuned to spatial frequency and 
orientation.

"Error-propagation” models
Wilson and colleagues have applied a "line-element" model to spatial frequency 

discrimination (Wilson and Gelb, 1984), orientation discrimination (Phillips and Wilson, 

1984) and "hyperacuities" such as vernier acuity (Wilson, 1986). The essence of the line- 
element model is that the outputs of filters tuned to orientation and spatial frequency are 
combined in a multi-dimensional space and that discrimination is governed by the 
distance between two stimuli within that space:

D  =  r , { p 2 , C 7 ) ]

\ t /G
0.

(I)

where n(p,,c,) is the response of filter i to pattern p, at contrast c , .

Regan and Beverly (1985) suggested that discrimination of orientation and spatial 

frequency is performed by combining filters in opponent fashion. Because early cortical 

filters are tuned to orientation, frequency and contrast, they argued that two filters (n  and 

rz) with the same responses to, say, contrast and spatial frequency, but with different 

responses to orientation, could be combined in opponent fashion in order to isolate the 

variable of interest (in this case orientation):

R(e) =  n ( e , , c , , / , ) / n ( e z , C 2 , / , ) .  (2 )

An alternative method of employing the outputs of early cortical filters is not to 

combine them at all, but to use only the filter whose output changes the most with a 

change in the stimulus (Klein and Levi, 1985).
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F igure 5.2. The general fo rm  o f  an error-propagation m odel o f  supra- 
threshold spatial discrimination (after Bowne, 1990). The only source o f  
noise is that o f  early cortical filtering , leading to the prediction that 
different tasks will have the same dependence on contrast.

All of these models make the prediction that the limiting factor in spatial 
discrimination is the level of noise in early cortical filters, often referred to as "peripheral 

noise". For this reason, Bowne (1990) refers to these models as "error-propagation 

models". A depiction of error-propagation models is provided in figure 5.2. Bowne points 
out that if peripheral noise is the limiting factor in discrimination, then performance in 

one type of discrimination should predict performance in other types. Thus, all supra- 

threshold discriminations should have the same relation to contrast. It is important to note 

that the model of Regan and Beverly (1985) ensures that the mean output of an opponent 

mechanism tuned to, say, spatial frequency, will not change with changes in orientation 

and contrast. Thus the model predicts that random variation of contrast or orientation 

about a given value will not affect discrimination. Indeed, Morgan and Regan (1987) 

found that random variation of the contrast of one line in a spatial interval discrimination 

task had no effect on threshold. Likewise, random variation of spatial frequency in an 
orientation discrimination task has no effect on thresholds (Heeley, Buchanan-Smith and 

Heywood, 1993). These results cannot be accounted for by the Klein and Levi (1985) 

model, because the most sensitive filter will also be sensitive to the variable to be 
ignored. A line-element model also has difficulty with these results because a change in
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the variable to be ignored will change the location in a multi-dimensional space. 

Nevertheless, the variance of the output of an opponent mechanism will be dependent on 
orientation and contrast, provided that the noise in two filters which go to make up an 
opponent channel is not completely correlated. The opponent model therefore predicts, 
like the line-element model, that contrast increment discrimination and spatial frequency 

discrimination will have the same relation to contrast.

Discrimination as a function of contrast
In the case of both orientation discrimination and spatial frequency 

discrimination, the prediction that performance should have the same relation to contrast 
as does contrast increment discrimination fails. The power law which is typically used to 

model contrast increment discrimination (Legge and Foley, 1980) and which was used to 
model disparity increment discrimination in Chapter 4, may be expressed in terms of the 
Weber fraction for contrast increment discrimination as follows:

A c /c  = /:c '\  (3)

When written in this format, the exponent (N) typically has a value between -0.2 and -0.5 
(Legge, 1981). Weber's Law would predict an exponent of 0. Using stimuli of frequency 
1 c/deg and 4 c/deg, Bowne (1990) confirmed the power law for contrast increment 
discrimination for contrasts above 2%, obtaining exponents of approximately -0.4, but 
found orientation discrimination and spatial frequency discrimination to be almost 
independent of contrast above 2%26 Regan and Beverly (1985) previously found 
contrast-independent orientation discrimination for a grating of 12 c/deg, provided 
contrast was greater than 3 times detection threshold. Thomas (1983) obtained contrast 

independent spatial frequency discrimination for contrasts above 3 - 5%, with a grating of 

4 c/deg. These results imply that error-propagation models cannot account for orientation 

discrimination and spatial frequency discrimination.

The relationship between vernier acuity and contrast increment discrimination is 

less clear. Vernier acuity does improve with contrast according to an approximate power 

law, whether the stimuli are edges (Watt and Morgan, 1983), lines with or without a gap 

(Morgan and Regan, 1987), Gabor patches (Krauskopf and Pareil, 1991) or sinusoidal 

gratings (Bradley and Skottun, 1987; Hu, Klein and Carney, 1993). The exponents of the 

power law obtained in these cases vary considerably. The only one of the above studies to 

make a direct comparison between contrast increment discrimination thresholds and 

vernier acuity was Hu et al. (1993). These researchers showed that it is possible to make a 
direct comparison between vernier acuity and contrast increment discrimination for 

sinusoidal gratings, because a spatial offset is equivalent to adding a second grating 90

fact, at the lo w est rrcqucncy o f  I c/deg, orientation discrim ination  show ed  a w eak in fluence o f  
contrast. The data w ere fitted w iih a pow er law o f  ex)X)nent -0 .3  and -0.34 for tJie tw o observers.
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deg out of phase. Increasing the contrast of the second grating is equivalent to increasing 

the offset. Hu et al. (1993) found that quantitative predictions of vernier acuity based on 
contrast increment discrimination were good and that the vernier data were well 
approximated by a power law. But the exponent of the power function was different for 
the two tasks. There was a relative improvement in vernier acuity with contrast. This was 
true even when a thin bright bar was inserted between the gratings in an attempt to rule 

out the use of the luminance cue where the gratings abutted. The authors explain away 

this difference in exponent by suggesting that:

"...vernier acuity involves m echanism s oriented away fro m  the pedestal 

orientation, thereby avoiding some o f  the contrast masking effects."

(Hu et al., 1993, pl225).

It is difficult to evaluate this explanation without a precise model of the orientation 
discrimination envisaged. Nevertheless, to produce a change in the exponent of the 

discrimination function, any orientation sensitive mechanism would have to be free from 

the noise constraints imposed by the contrast increment discrimination function.
In any case there is an alternative explanation of the power law relation between 

vernier acuity and contrast. Locating a target can be considered as akin to a statistical 
decision process aimed at finding the centroid of a distribution from a given number of 
samples. The standard error of such an estimate is proportional to the standard deviation 
and inversely proportional to the square root of the number of observations. Applying the 
analogy to a luminance profile one would expect localization to be proportional to blur 
and inversely proportional to the square-root of contrast (Watt and Morgan, 1983). A 
similar approach based on an ideal observer model is provided by Geisler (1984). That 
vernier acuity increases in proportion to blur has been established by Watt and Morgan 

(1983) using edges and by Krauskopf and Pareil (1991) using lines. However, the power 

law exponents governing the variation of vernier acuity with both contrast and blur 

deviate from those predicted by the statistical theory with gratings or large stimuli 

(Bradley and Skottun, 1987; Krauskopf and Pareil, 1991). Unfortunately, it is not 

possible to unconfound the statistical theory from the use of cues other than positional 

ones. In general, the large variation in the exponents of power laws obtained under 

different conditions suggest that contrast and blur affect vernier acuity differently 

according to the range of cues employed in solving the task. There is clearly not one 

limiting source of noise governing vernier acuity, but without isolating the individual 

cues in a vernier task and measuring the effects of contrast independently on each, it is 

not possible to definitely determine whether there exists a positional mechanism which is 

limited by factors other than contrast discrimination.

In summary, the contrast-independence of orientation and spatial frequency 

discrimination suggest that neither task is performed by comparing the outputs of the
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same filters which perform contrast increment discrimination. In addition, it has not yet 
been shown that discrimination of position, as exemplified by the position cue in vernier 
acuity task, shares a common source of noise with contrast increment discrimination.
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F igure 5.3. A revised view o f  supra-threshold  spatia l discrim ination  
where the lim iting source o f  noise is central noise associated with  
separate tasks (after Bowne, 1990).

Task-dependent noise
Bowne (1990) offers an alternative view of supra-threshold spatial discrimination 

which posits that the limiting source of noise is not peripheral noise in early visual filters. 

Instead, second-stage processes act upon the outputs of these filters which each have their 

own limiting sources of noise, or "central noise". This situation is depicted in figure 5.3^^. 

This is not a model of spatial discrimination. Rather, it asserts that each discrimination is 

subject to its own limitations. Figure 5.3 is thus more of a revised framework for spatial 
discrimination. It leaves open the question of how each individual discrimination is 

performed and how different visual discriminations interact.

^^Bownc (1990) also includes temporal frequency discrimination in his analysis. Only static spatial 
discriminations are considered here.
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One model of supra-threshold spatial discrimination which includes central noise 
is the MIRAGE model of Watt and Morgan (1985). MIRAGE half-wave rectifies and 
sums across spatial frequency tuned filters, producing a positive and negative 
representation of changes in contrast. For each zero-bounded region in these 
representations the centroid, mass and standard deviation are computed. The result of this 

process is a symbolic representation in which the calculation of the mass and centroid are 
subject to different noise processes. MIRAGE is successful in predicting the dependence 

of contrast discrimination and vernier acuity on contrast (Watt and Morgan, 1985). 

However, MIRAGE does not provide an explicit formulation for spatial frequency 

discrimination or orientation discrimination, still less an explanation of their contrast 
independence. Hence, further operations on the outputs of early cortical filters or on a 

symbolic representation following the combination of early filters are necessary for 

modeling either orientation discrimination or spatial frequency discrimination.

It is clear from the work of Bowne (1990) that orientation and spatial frequency 
discrimination are not limited by peripheral noise. But how do the dimensions of spatial 
frequency and orientation interact? Supra-threshold orientation discrimination is not 
affected by random fluctuation of spatial frequency (Heeley and Buchanan-Smith, 1993) 
and is roughly constant across spatial frequencies (Heeley and Timney, 1988). Spatial 
frequency discrimination shows no systematic fluctuation with orientation (Heeley and 

Timney, 1989) and can be successfully performed between orientations (Burbeck and 
Regan, 1983). These results cannot be predicted by any mechanism which is 
simultaneously tuned to orientation and spatial frequency.

More impressive evidence of independent processing of spatial frequency and 
contrast arises from the fact that spatial interval Judgements and orientation judgements 
can be performed concurrently. Morgan (1991) required observers to make spatial 

interval judgements against a range of standard intervals on the basis of a single 

presentation. The standard against which each stimulus was to be judged was cued by the 

orientation of the pair of lines. It was found that an orientation difference of just 1.5 deg 

was sufficient to cue the spatial interval task such that there was no appreciable loss of 

acuity. Using sinusoidal gratings, Heeley and Buchanan-Smith (1994) employed a 

difference in spatial frequency to cue the standard for a single-interval orientation 
discrimination task. Again, no appreciable decrease in threshold was found for very small 

differences in spatial frequency. These tv/o results strongly imply that the processing of 

spatial frequency and orientation, for the purposes of discrimination, is independent.

As has already been indicated, although spatial frequency discrimination shows 

no systematic relation to orientation, orientation discrimination itself is strongly 

anisotropic (Orban et al., 1984). One notable result with respect to the anisotropy is that it 

is not linked to retinal coordinates. Buchanan-Smith and Heeley (1994) measured 

orientation discrimination with observer's heads tilted at 45 deg. The anisotropy did not 

rotate with the retina, but remained tied to gravitational coordinates. This finding
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indicates that whatever processes are involved in orientation discrimination they operate 

at a level which receives some vestibular input, presumably beyond the level of striate 
cortex and early visual filters.

The picture which emerges from the studies reviewed above is that spatial 
discrimination is not performed at the level of early visual filtering in striate cortex. 

Rather, the properties of size, orientation and probably position appear to be processed 

independently at a higher level, by mechanisms specific to different tasks. Early visual 
filters in striate cortex are tuned to orientation, spatial frequency and contrast. Yet the 

limiting level of noise for each spatial discrimination task is largely independent of the 

other dimensions, both in terms of absolute value and random variation across the stimuli 
to be compared. Specific computational models of spatial discrimination which account 

for these facts are rare if not non-existent.

Implications for Cyclopean Spatial Discrimination

The evidence reviewed in Chapter 1 and endorsed in Chapters 3 and 4 strongly 
suggests that cyclopean vision proceeds by spatial filtering of a disparity map by filters 
tuned to corrugation frequency and orientation. Furthermore, the results of Experiment 3 
clearly indicate that disparity increment discrimination is closely analogous to contrast 
increment discrimination in the luminance domain. If one of the purposes of early 

filtering in the luminance domain is to provide input to higher-level mechanisms that deal 
with the spatial discrimination of objects, then it can be hypothesized that the same is true 
of the analogous mechanisms in the disparity domain. This leaves open the question of 
whether cyclopean spatial discrimination shares common mechanisms with the analogous 
discrimination in the luminance domain, or whether there exist specialized cyclopean 
mechanisms for spatial discrimination.

Implications of previous cyclopean studies

Two spatial discrimination experiments with cyclopean stimuli are described 
above (Morgan, 1986; Mustillo et al., 1988). A third study is that of Regan and Hamstra 

(1994). This latter study required observers to discriminate the aspect ratio of rectangles 
defined in an RDS. On each trial the observer had to indicate whether the rectangle was 

taller than it was wide or vice-versa. By jittering the size of the rectangle the observer 

was forced to compare the two sides on ever)' trial. Weber fractions for performing this 

task were less than 5% and were just 3.1% for the best observer at optimum crossed and 

uncrossed disparities ( 5 - 1 0  min arc). The task was not possible below approximately 1 

min arc of disparity. When the rectangle was defined by both luminance and disparity 

thresholds dropped, although by less than 1% for some subjects.
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The three cyclopean spatial discrimination studies all employed stimuli with sharp 

edges. This leaves open the possibility that unpaired regions had an effect on 
performance. None of the studies made a direct comparison of identical cyclopean and 
luminance-defined stimuli within the same experimental set up, although the influence of 
adding a luminance cue was examined in two. Performance was not better than 

probability summation in each case. None of the above studies examined the relationship 

between disparity discrimination and cyclopean spatial discrimination.

What is clear from the three studies, although they did not set out to test it, is that 

performance was consistent with the notion that cyclopean spatial discrimination 
proceeds in a very similar fashion to spatial discrimination in the luminance domain, 
within a limited range of corrugation frequencies and spatial frequencies. Orientation 
discrimination in the Mustillo et al. (1988) study was in the same range as is usually 

found for luminance-defined stimuli. Vernier acuity in the Morgan's (1986) experiment 

was in the region of 35 - 45 sec arc, but this may compare well with vernier acuity in the 

luminance-domain when using stimuli containing no frequencies higher than the 4 c/deg 
cut-off point of cyclopean vision. The same argument may be applied to the Regan and 
Hamstra (1994) study.

The following series of experiments examines cyclopean orientation 
discrimination, cyclopean vernier acuity and corrugation frequency discrimination. 
Where necessary, comparison is made with the analogous task in the luminance domain, 
using the same equipment and an identical psychophysical procedure.

Experiment 6: Cvclopcan Spatial Discrimination and the 
Disparity Increment Discrimination Function

There were two main purposes of the present experiment. The first was to 

compare spatial discrimination perfomiance between identical cyclopean and luminance 

defined stimuli at a frequency close to the peak sensitivity of the DSF. The second was to 
compare the cyclopean analogues of the three spatial discrimination tasks reviewed above 

with the disparity increment discrimination function. Aside from the comparison between 
luminance and disparity domains, this experiment is hence the direct cyclopean analogue 

of the study of Bowne (1990), except that vernier acuity was also studied and temporal 

frequency discrimination was not. The logic of the experiment is also similar: if it is the 

case that cyclopean spatial discrimination is not limited by the same source of noise as 

disparity increment discrimination, then it is clear that specialized cyclopean mechanisms 

exist, which process the location, orientation or size of three-dimensional objects.
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Methods
Observers had to perform 4 tasks with cyclopean corrugations: disparity 

increment discrimination, orientation discrimination, corrugation frequency 

discrimination and vernier acuity. The frequency of the corrugations was 0.6 c/deg. Five 

values of peak-trough disparity were tested: 1,2, 4, 8 and 16 min arc. In all the tasks the 
corrugations were horizontal.

Three of the tasks followed an identical 2ATFC procedure consisting of two 1000 
msec intervals separated by 500 msec. The exception was the vernier acuity task which 

consisted of a single presentation lasting 1000 msec. Due to the limit of the number of 

images which could be stored in RAM at any one time, the phase of the stimuli was not 

altered between trials. This introduces potential cues into spatial discrimination tasks, 

such as the distance between a feature and the edge of the stimulus. To remove these 
possible artifacts, the size of each stimulus was jittered (as outlined below) and the 
fixation spot was also shifted from presentation to presentation as outlined in Experiment 

3.
In addition, thresholds for spatial frequency discrimination, orientation 

discrimination and vernier acuity were collected using sinusoidal luminance gratings at 

50% contrast, with the same mean luminance as the RDS images (as described in Chapter 
2)28. Thresholds for luminance-defined stimuli were estimated using exactly the same 
equipment and procedure, including being displayed via the stereoscope.

There were some slight differences between the stimuli and procedures for each of 
the tasks, due to the need to eliminate unwanted cues. More precise descriptions of the 
individual cyclopean tasks are as follows:

(1) Disparity  Increment Discrimination. The observer had to indicate on 

which trial the corrugations had more depth. Apart from the fact that the 
stimuli were 8x8 deg RDS, this condition was exactly as outlined in 

Experiment 3.

(2) Corrugation Frequency Discrimination. The observer had to indicate 
on which trial the corrugations had the higher frequency. Stimuli were 8 

deg in width but the height of the stimulus was chosen randomly from a 

uniform distribution ranging from 6.66 to 8 deg. This ensured that neither 

the phase at the edge, nor the distance between the edge and a stimulus 

feature, nor the number of cycles could be used as a cue to solve the task.

The other details were identical to (1) above.

28w iih the equipment employed in the cxperimcm.s of this thesis it is impossible to obtain the contrast 
resolution necessary to measure contrast increment discrimination thresholds. As it was desirable to 
compare performance in the different tasks under identical conditions, contrast increment discrimination 
data were not collected.
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(3) Orientation Discrimination. The observer had to indicate whether the 
second stimulus was rotated clockwise or anti-clockwise of the first.
Stimuli were confined to a circular region the diameter of which varied 

according to a uniform distribution between 7 and 8 deg. APE selected 

from a stored set of 19 images with orientations centred on horizontal.
Each of these images was randomly assigned one of 4 random-dot 
patterns. The reference stimulus could be chosen from any of the stimuli 

whose orientation was between ±2 deg of horizontal. This perturbation of 

the reference orientation ensured that all of the dot-patterns were 

associated with both responses and that the observer had to compare the 

two stimuli on every trial, rather than with reference to an internal 

standard, such as horizontal.

(4) Vernier acuity . The observer had to state whether the right-hand 
corrugations were higher or lower than the left-hand corrugations. The 

stimulus consisted of two 4x8 deg half images. The half-images could not 
be perfectly abutting because the outline of the three-dimensional 

corrugations is not vertical. Therefore the centre region was ramped to the 

vertical mid-line using a half-cycle of a cosine over a region of 16 min arc.
This meant that there was a ramped gap between the corrugations at peak 
disparity of 32 min arc. APE selected stimuli from a set of 18 stored half
images which could appear on the left or the right and were made up of 4 
random-dot patterns. Each dot-pattern was thus associated with both 
responses.

The luminance stimuli at 50% contrast were constructed in precisely the same 
manner as is described above for the cyclopean stimuli, except that the ramps to zero 

disparity were replaced by ramps to the mean luminance. The same computer program 

was used to generate and present the cyclopean and the luminance stimuli.
Runs of 64 were carried out in blocks of 4, comprising one run for each type of 

task. Runs employing different peak-trough disparities were interleaved with the 50% 

contrast runs and were randomized and counter-balanced across blocks.

There were two observers in this experiment, DD and PDL. DD was naive to the 

purposes of the experiment, had no experience of viewing RDSs, had corrected-to-normal 

vision and had never participated in a psychophysical experiment. Prior to data-collection 

she was shown several RDS's depicting a variety of surfaces and had no problem in 

determining the forms which they contained.
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Results

In general there was very little learning observed, even for DD, who had no 

previous experience of viewing RDSs. The thresholds reported below are therefore 

mostly the r.m.s. of the first 3 estimates taken for each condition (entirely so for PDL). 
Slight exceptions to this pattern are given below for DD. Where a power function is 
fitted, the same method of linear regression was used as in Experiment 3. Thus, the 
figures in brackets represent the 95% confidence interval.
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F igure  5.4. D ispar ity  increm ent d iscr im in a tion  fu n c tion s  f o r  two  
observers. Weber fractions improve with increasing peak-trough disparity. 
The data are well approxim ated by p o w er  laws with exponents of: -0.21 
(±0.17) fo r  DD and -0.42 (M).1H) fo r  PDL.

Figure 5.4 plots the disparity increment discrimination functions for both 

observers. The Weber fraction (Ad/d) is plotted on the ordinate, the reference peak-trough 

disparity on the abscissa. The data show significant departure from Weber's Law. Weber's 

Law predicts that the data-points should fall on a horizontal straight line when plotted in 

this manner. Instead, the Weber fraction shows a marked decrease with increasing peak- 

trough disparity. There is a considerable difference in sensitivity between the two 

obseiwers. The more practiced observer. PDL, obtained a best threshold of 3.5%. The best 
threshold for DD was 12%. Despite the difference in sensitivity and practice, the shape of 

the functions for the two observers are in good agreement.

It is clear from this plot that the disparity increment discrimination function, for 

this range of peak-trough disparities, is well approximated by a straight line in log-log 

coordinates. The lines drawn through the data represent best-fitting power laws of the 

form:
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M  /  d  =  kd^ (4)

The values of the exponents (N) for the two observers are -0.21 (±0.17) for DD and -0.42 
(±0.18) for PDL. A comparison of these values with those obtained for the slightly lower 

frequencies in Experiment 3 reveals that for DD, the exponent is higher than those 
obtained for EC and PDL. Nevertheless, from the confidence limits, it can be seen that 
DD's data deviate significantly from Weber's Law (p<0.05), i.e. the exponent is 
significantly different from 0. The exponent for PDL in the present experiment at 0.6 
c/deg is also higher than for 0.25 and 0.5 c/deg in Experiment 3 (-0.55 ±0.10). Therefore, 

there is perhaps a tendency for the exponent to rise at this increased frequency, although 

there is not enough data to be sure. It is worth recalling that McKee et al. (1990) obtained 

Weber's Law behaviour for relative disparity discrimination with line stimuli. It is clear 
from these data, as for those presented in Experiment 3, that Weber's Law does not hold 
for depth discrimination with corrugations.
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Figure 5.5. Corrugation frequency discrimination thresholds p lo tted  as a 
function o f  peak-trough disparity f o r  two observers a t 0.6 c/deg. Spatial  
frequency discrimination thresholds fo r  a 50%  luminance contrast grating 
are  in d ica ted  by the a rrow s  on the right. C orruga tion  frequ en cy  
discrimination compares well with the analogous acuity in the luminance 
dom ain and  is roughly independent o f  peak-trough  d isparity  above  
approximately 2 min arc.

Figure 5.5 plots corrugation frequency discrimination thresholds (Af/f) for both 

observers as a function of peak-trough disparity. In addition, the arrows on the right of 

the graph show the thresholds obtained with the luminance stimuli at 50% contrast. The 

threshold estimates for luminance stimuli are approximately 3%. This represents
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somewhat better discrimination than is generally found in the literature (e.g. Campbell, 
Nachmias and Jukes, 1970; Hirsch and Hylton, 1982; Heeley and Timney, 1989). A 
spatial frequency discrimination threshold of 3% is not, however, completely 
unprecedented: observer AB is recorded as having a similar threshold in Heeley and 

Timney (1989). Generally, spatial frequency discrimination is not measured using 
gratings which are as low in frequency as 0.6 c/deg. There is no a priori reason to rule out 

the possibility that a slight improvement in spatial frequency discrimination occurs at 
such low frequencies, although it is generally the case that thresholds are approximately 

constant across reference frequencies (Mayer and Kim, 1986).

Corrugation frequency discrimination is very acute. For the more practiced 
observer, PDL, thresholds are as low as 2% and are lower than the threshold obtained for 

the 50% contrast stimulus throughout the range 2 - 1 6  min arc. This pattern is not evident 

in the data of DD, for whom performance with cyclopean stimuli is marginally inferior 
(approximately 5%). Nevertheless, when one considers that prior to data-collection DD 
had no experience of viewing RDS's this performance is quite striking. DD also displayed 
remarkably little in the way of learning. Her first experimental run with the corrugation 
frequency discrimination task produced a threshold estimate of 14% at 2 min arc 
disparity. Her second run produced 9% at 4 min arc. After this, no noticeable learning 

was detected and the thresholds in figure 5.5 represent the r.m.s. of 3 estimates from that 

time onwards^^.
The corrugation frequency discrimination data do not fall on a straight line when 

plotted on log-log coordinates. Hence, they do not obey a power law. Instead, above 2 
min arc or so of peak-trough disparity thresholds are approximately independent of 
disparity for both observers. This rules out the possibility that disparity increment 
discrimination and corrugation frequency discrimination share the same limiting source 

of noise.
Orientation discrimination thresholds (A6) are plotted in figure 5.6, which has the 

same format as figure 5.5. Again there is a difference in the sensitivity of the two 

observers, but otherwise their results compare well. Best thresholds for cyclopean 

orientation discrimination were 0.8 deg for DD and 0.5 deg for PDL. These thresholds 

compare well with the data of Mustillo et al. (1988) who recorded a mean threshold for 

84% frequency-of-seeing of 0.65 deg with a horizontal bar at 20 min arc of crossed 

disparity. Mustillo et al. commented that a threshold of 0.65 deg compares favourably 

with previous data in the luminance domain. In the present experiment the comparison 
was done using the same stimuli and procedures in the cyclopean and luminance domain. 

From the aiTows on the right it is clear that at the highest peak-trough disparity of 16 min 
arc, cyclopean orientation discrimination is comparable with that obtained at 50% 

luminance contrast.

^^This is not lo say that no learning occurred, only that whatever learning did take place was too slow to be 
detected across the 3 measurements in this experiment.
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Figure 5.6. Orientation discrimination thresholds as a function o f  peak-  
trough disparity  f o r  two observers at 0.6 c/deg. Thresholds f o r  a 50%  
contrast grating are indicated by the arrows on the right. Performance at  
the h ig h es t  p e a k - tro u g h  d is p a r i ty  c o m p a re s  w ell .  O r ie n ta t io n  
discrimination shows a marked improvement with peak-trough disparity.  
The data are f it ted  by pow er laws with exponents o f  -0.43 ( d b . l3 ) f o r  DD  
a n d -0.44 (±0.13) f o r  PDL.

Orientation discrimination with 0.6 c/deg corrugations is not independent of peak- 
trough disparity: as disparity increases, thresholds decrease substantially. The data of 
figure 5.6 are well approximated by a power law of the form given above. Exponents for 
the two observers are -0.44 for DD and -0.42 for PDL. A comparison of exponents 

between the data for orientation discrimination and disparity increment discrimination 

reveals that there is no difference for PDL (-0.42 in both cases), This may well be 

coincidental, because a considerable difference is apparent for DD. A significance test 

was performed for a difference in the exponents of the two power functions produced by 

DD. The difference in the standard deviations of the 2 exponents, each estimated from 15 

independent phychophysical runs, is a t-distribution with 26 degrees of freedom. The 

difference between the exponents is highly significant (p<0.01). Thus it is unlikely that 
cyclopean orientation discrimination and disparity increment discrimination share the 

same limiting source of noise. What is more likely is that the equivalent exponents 

produced by PDL are coincidental.

Further evidence for different processes governing the two discriminations arises 

from examination of the learning curves for DD at low peak-trough disparities. Figure 5.7 

(left) plots four threshold estimates for disparity increment discrimination at 1 and 2 min 

arc peak-trough disparity. In each case, a significant improvement in performance
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occurred following the first estimate. The data-points in figure 5.4 represent the r.m.s. of 
the last three estimates. Figure 5.7 (right) plots the orientation discrimination estimates 
for the same peak-trough disparities. The same learning effect was not observed. This 

difference was not an artifact of the random ordering of the runs because examination of 
the ordering of the conditions for DD revealed that the first estimates of orientation 
discrimination shown were actually taken before the first estimates of disparity increment 
discrimination, at both peak-trough disparities. These learning data therefore offer further 

support for separate noise processes governing the two tasks.

DD
25-

-#—  1 min arc 
■0—  2 min arc

3 42

DD
-#—  1 min arc 
■ B —  2 min arc

<u
3
<

32
R un Run

Figure  5.7. A comparison o f  learning f o r  subject D D  in the disparity  
increm ent d iscrim ination  and  or ien ta tion  d iscrim ination  tasks. The 
difference in patterns o f  learning provides  some indication that different 
processes govern the two tasks.

Figure 5.8 plots vernier acuity (Av) against peak-trough disparity for both 

observers. In this case, no effects of learning were evident. Vernier acuity is given as a 

percentage of the period of the sine wave. With a grating of 0.6 c/deg the period is 
100 min arc, so these thresholds may also be taken to be in min arc. Comparison with the 

arrows on the left indicates that for the well-practiced observer, PDL, vernier thresholds 

are as good as at 50% contrast. For DD performance is as good for the cyclopean task at 8 
min arc, but shows more variability. In absolute value, these thresholds compare 

favourably with those of 1 - 2% for luminance gratings of a similar frequency found by 

Bradley and Skottun (1987) and Krauskopf and Farell (1991), although both studies 

employed abutting gratings^^.The lowest threshold of approximately 60 sec arc can be 

compared favourably with the 35 - 45 sec arc found in the study of Morgan (1986). This

direct com parison o f  thresholds for abutting lum inance gratings is provided in Experim ent 8. In fact, it 
suggests that the thresholds recorded here for PDL are considerably low er than in previous studies.
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latter study defined threshold as the 75% frequency-of-seeing point. To convert this 
threshold to 84% frequency-of-seeing requires multiplying by 1.5, which gives roughly 
the same value as found in the present experiment.
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Figure 5.8. Vernier acuity as a function o f  peak-trough disparity  f o r  two 
observers at 0.6 c/deg. Equivalent vernier thresholds f o r  a 50%  contrast 
grating are indicated by the arrows on the right. Corrugation frequency  
discrimination compares well with the analogous acuity in the luminance 
dom ain and is roughly independent o f  peak-trough  d isparity  above  
approximately 2 min arc.

The effect of peak-trough disparity on vernier acuity is similar to that found for 
corrugation frequency discrimination. At 2 min arc of peak-trough disparity and above 

thresholds become roughly independent of disparity, although there is some degree of 

fluctuation in the data of DD. It is clear that vernier acuity, for the non-abutting stimuli 

used here, does not share the same limiting source of noise as disparity increment 
discrimination. It is equally the case that the effect of peak-trough disparity differs from 

the square-root law which would be predicted by a statistical theory which considers 

localization to be analogous to locating the centroid of a sampled distribution (Watt and 

Morgan, 1983). However, the separation between the corrugations in the present 

experiment may alter the cue used to solve the task. The effect of luminance contrast on 

vernier acuity with separated lines or gratings has been explored by Waugh and Levi 

(1993). When the target lines were separated by a gap of 4 min arc or more, the 
dependency of vernier acuity on contrast was abolished. It may be the case that contrast- 
dependency is found for abutting corrugations, but not non-abutting stimuli such as those 

employed here.
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Experiment 7: Corrugation Frequency Discrimination and 
Cyclopean Vernier Acuity as a Function of Frequency

So far, all the spatial discrimination tasks performed have been conducted at 

frequencies close to the peak sensitivity of the DSF. The purpose of Experiment 7 was to 
compare corrugation frequency discrimination and cyclopean vernier acuity with the 
analogous tasks in the luminance domain, across a wider range of spatial and corrugation 
frequencies^^ The similarity of the results for vernier and corrugation frequency tasks in 
Experiment 6 offers some suggestion that a single mechanism of localization might be a 
limiting factor in both cases. Whether the two tasks show the same dependency on 

corrugation frequency may shed further light on this possibility.

It was also hypothesized that the slight superiority of corrugation frequency 
discrimination over spatial frequency discrimination, found for the well-practiced 
observer in Experiment 6, depends on local fluctuations in frequency sensitivity. 
Although it is generally the case that, with extensive practice, spatial frequency 
discrimination is approximately independent of the reference frequency (Mayer and Kim, 

1986), there have previously been reports of Huctuations of discrimination performance 
with frequency, presumably resulting from sampling effects across space or frequency. 
Another possibility is that perfoimance for corrugation frequency discrimination depends 
on an extra cue which exists in the three-dimensional stimulus (a shape cue, perhaps). If 
this is the case then one would predict a continuing superiority of the task at frequencies 
away from 0.5 c/deg.

Methods
The methods employed in Experiment 7 were identical to the vernier acuity and 

corrugation frequency discrimination tasks of Experiment 6, except that the following 4 

frequencies were tested, in both the luminance and cyclopean cases: 0.3, 0.6, 1.2 and 2.4 

c/deg. The frequency of 0.3 c/deg was the lowest which could be employed while 

ensuring that at least two full cycles of the waveform were presented. The peak-trough 

disparity of the corrugations was held constant at 4 min arc. At disparities of greater than 

this value the highest frequency cyclopean stimuli could not be fused because the 

disparity gradient became too steep. The contrast of the luminance gratings was again 

50%.
Runs of 64 were organized into blocks of 3. Any given block contained both 

luminance and cyclopean tasks and both frequency and vernier tasks. Within this 

constraint, conditions were randomized and counter-balanced across blocks.

An examination of cyclopean orientation discrimination at a range of frequencies for vertical, horizontal 
and oblique stimuli is provided in Experiment 9.
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Two observers participated in this experiment: PDL and PMV. PMV has normal, 
uncorrected vision, was entirely naive as to the purpose of the experiment and had no 
previous experience of either RDS’s or psychophysical experiments. PMV was tested 
prior to the experiment with a range of RDS stimuli. He had no difficulty in determining 
the cyclopean forms of the shapes which they contained.
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Figure 5.9. Corrugation frequency and spatial frequency discriminatidn  
thresholds fo r  two observers, p lo tted  as a function o f  frequency. F or  the 
w ell-practiced  observer, PDL, the superiority  o f  corrugation frequency  
discrimination is only evident a t 0.6 c/deg. In general, the data suggest  
that over at least a 2 - 3 octave range, cyclopean spatial discrimination is 
comparable with that found in the luminance domain.
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Results
Again, there were surprisingly few effects of learning observed. As was the case 

for DD in Experiment 6, the first two measurements of corrugation frequency 

discrimination were elevated with respect to the runs which followed (16.2% at 0.6 c/deg, 
10.45% at 0.3 c/deg). No noticeable learning effects were found with the cyclopean 
vernier task, nor with either of the luminance tasks.
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F igu re  5 .10  Vernier tl ires ho Ids f o r  2 observers  with cyclopean  and  
luminance-defined stimuli, p lo tted  against frequency. For PDL, cyclopean  
an d  luminance thresholds are com parable . For PMV, sensit iv i ty  is 
reduced in the cyclopean case.



141

Corrugation frequency and spatial frequency discrimination thresholds (Af/f) for 

both observers are plotted in figure 5.9 as a function of frequency. For PMV, 

performance is between 5% and 7% for both cyclopean and luminance versions of the 
task at all frequencies except 2.4 c/deg, where the cyclopean task falls off considerably. 
For PDL, discrimination is slightly better in the cyclopean task at 0.6 c/deg, but this trend 
is not found for any other frequency and is reversed at 2.4 c/deg. These data therefore 
provide evidence that the superiority of corrugation discrimination over spatial frequency 

discrimination for well-practiced observers (found in this experiment and in Experiment 
7) is due to local fluctuations in performance with frequency, rather than to the use of, for 

example, a shape cue which appears only in the three-dimensional stimulus. For PDL, 

there is also a general tendency for thresholds to rise with spatial and corrugation 

frequency. This trend is not so apparent in the data of PMV. As previously stated, small 
variations in spatial frequency discrimination with reference frequency have been 

reported previously (Hirsch and Hylton, 1982), although at higher frequencies than those 

employed in the present experiment. Despite these slight differences, for both observers 
there is a 2 - 3 octave range over which performance for the cyclopean and luminance- 
defined stimuli is approximately the same.
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Figure  5 .II .  Vernier thresholds fo r  both observers re-plotted  as absolute  
displacements. The data conform neither to a constant displacement nor a 
constant phase.

There is less agreement between the observers in the vernier acuity task. Figure 

5.10 plots the thresholds (Av) as a function of frequency for both observers. Thresholds 

are given in terms of the percentage of the | period of the sinewave. For PDL, 

thresholds are again equivalent for the cyclopean and luminance-defined tasks across a 2
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- 3 octave region, but acuity drops off for the cyclopean task at 2.4 c/deg There is no 
superiority of the cyclopean task at 0.6 c/deg in this case. For PMV, there is a significant 
drop in performance for the cyclopean stimuli relative to the luminance stimuli at all 
frequencies. But performance is still in the region of 2 - 3 % of the phase angle. For both 
observers there is a rise in threshold with increased frequency. This trend has been 

previously reported by Bradley and Skottun (1987) and may reflect the increased use of 

the luminance edge at the border between the gratings.

Vernier thresholds are re-plotted as absolute displacements in figure 5.11. The 
lowest absolute value for cyclopean vernier acuity in this case was 47 sec arc for PMV at 
2.4 c/deg, which corresponds to 31 sec arc for 75% frequency-of-seeing. Again this is 
consistent with the results of Morgan (1986). Thresholds conform to neither a constant 

displacement nor a constant phase angle. The latter would be predicted by a purely 
statistical theory, because the localization of a central tendency should be inversely 

proportional to blur and hence also inversely proportional to frequency.

Experiment 8: Cvclonenn Vernier Acuity With Abutting 
Corrugations

It is apparent from Experiments 6 and 7 that cyclopean vernier acuity with 
separated corrugations is independent of peak-trough disparity above 2 min arc. Vernier 
acuity in the luminance domain is generally not found to be independent of contrast (Watt 
and Morgan, 1983; Krauskopf and Farell, 1991; Bradley and Skottun, 1987). One 
possible source of this breakdown in the analogy between disparity and luminance is the 
gap between the coiTu gat ions which was present in Experiments 6 and 7. The purpose of 
Experiment 8 was to examine the effects of the separation by employing abutting 

corrugations. It is not possible to produce two abutting horizontal corrugations without 

introducing outline cues where they meet. Originally, non-abutting corrugations were 

employed because it was desirable to use horizontal comigations in order to avoid any 

effects of the stereoscopic slant anisotropy. For the present purposes it is only necessary 

to know that for some observers the anisotropy does not exist and that this is the case for 

both PDL and DD. A detailed discussion of this issue will be provided in Chapter 7. 

(PDL has no anisotropy for detecting corrugations in Experiment 12, while DD has no 

anisotropy for perceived depth in Experiment 1432. Hence Experiment 8 repeated 

Experiment 6 with vertical abutting corrugations. In addition, PDL also repeated 

Experiment 7.

3 2 d D  perform ed Experim ent 15 prior to the present experim ent but after E xperim ent 6. T hus, having  
em ployed  horizontal corrugations in Experiment 7 to avoid any effects o f  the anisotropy, it w as som ew hat 
ironic that lx)th observers turned out to be in the minority o f  the population w ho produce no anisotropy.
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Methods
The present experiment was identical to Experiment 6 except that only vernier 

acuity was measured and the corrugations were vertical and abutting. The observers were 

PDL and DD. In addition, PDL collected data for cyclopean stimuli at the four 
frequencies employed in Experiment 7 at a disparity of 4 min arc.
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Figure 5.12. Vernier acuity thresholds f o r  both observers with vertical 
abutting corrugations at 0.6 c/deg. Thresholds are contrast dependent, 
corresponding to pow er  laws with exponents o f  0.56 (±0.15) f o r  D D  and  
-0.41 (±0.13) f o r  PDL. The arrows give  the corresponding threholds at  
50%  contrast.

Results
Vernier thresholds with abutting vertical corrugations are plotted in Figure 5.12 

for both observers, as a function of peak-trough disparity. With abutting gratings, as can 

be seen from the arrows on the right, it is no longer the case that cyclopean and 

luminance thresholds are directly comparable. This probably reflects the addition of a 

luminance cue at the boundary between the gratings (e.g. Morgan and Aiba, 1985; 

Bradley and Skottun, 1987). The analogy of this cue would be a small depth difference 

between the gratings in the cyclopean case. It may be that the depth difference between 
the two edges which are themselves modulating in depth cannot be detected and used as a 

cue.
Unlike for the non-abutting stimuli, thresholds are contrast dependent. The data 

are once again well-approximated by power laws. The exponents are-0.56 (±0.15) for DD 

and -0.41 (±0.13) for PDL. These exponents are not significantly different from the -0.5 

predicted by a purely statistical theory. Comparing the exponents to those found in 

Experiment 6 reveals that for PDL the exponent for abutting vernier acuity is not



144

significantly different from either the orientation discrimination exponent (p=0.38) or the 

disparity increment exponent (p=0.45). For DD, the exponent is highly significantly 
different from the disparity increment exponent (p<().01). In addition, comparison with 
the exponent for orientation discrimination approaches significance (p=0.07). This would 

appear to rule out the possibility that the contrast-dependency of vernier acuity with 
abutting stimuli results from the same source of noise as limits disparity increment 
discrimination and also provides some suggestion that it results from the contrast- 

dependency of orientation discrimination. However, it should be remembered that the 

data were collected at a different time and that the orientation of the corrugations was 
different in the abutting vernier case. Nevertheless, a statistical theory of localization does 
appear to provide the best explanation for the data.

A purely statistical theory is also given some support by the data for PDL at 4 

frequencies. The statistical theory would predict that acuity should be a constant phase, as 

the accuracy with which the mean of a distribution is estimated from a set of samples is 

inversely proportional to the standard deviation of the distribution. The data are plotted as 
absolute thresholds in figure 5.13. The heavy line indicates the prediction of the statistical 
theory, which is in good agreement with the data.
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F igure  5.13. Vernier acuity with abutting corrugations as a function o f  
corrugation frequency. The data are  in reasonable  agreem ent with a 
statistical theory o f  localization.

A further aspect of these data to arise from figure 5.13 is that for the highest 
frequency of 2.4 c/deg, threshold is 35 sec arc for 84% frequency-of-seeing. When scaled 

to 75% frequency-of-seeing, this corresponds to a threshold for localizing a cyclopean 

stimulus of 23 sec arc. This is remarkably fine acuity and represents an advance on the
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lowest thresholds of Morgan (1986), probably as a result of removing the unpaired 

monocular regions at the side of the stimulus or because there was a small gap of 5 min 
arc between the bars in Morgan's study.
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F ig u re  5.13. Abutting vernier data  fro m  Experiment 8 re -p lo tted  as  
equivalent disparity  increment thresholds. The agreem ent between the 
data is striking, although the difference in slope fo r  DD is significant.
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Absolute value predicted by disparity increment discrimination
Hu et al. (1993) have pointed out that a vernier offset added to a sinusoidal profile 

is equivalent to the addition of a second sinusoidal profile 90 deg out of phase. Thus, the 
vernier task may be considered as a disparity increment discrimination task in which the 
incremental corrugation is added 90 deg out of phase. This logic allows a direct 
comparison between thresholds. More formally, the vernier offset, v, can be used to 

calculate the equivalent disparity increment Ad as follows (Hu et al., 1993, p. 1243):

—  = 2sin(7tfv) (5) 
d

where v is the vernier offset. The data for abutting vernier stimuli from figure 5.12 are re
plotted in figure 5.14 as the equivalent disparity increment thresholds. The data for 

disparity increment discrimination are also re-plotted from figure 5.4 for comparison. As 

can be seen from the graph, despite the fact that the slopes of the functions for DD are 

significantly different, there is excellent agreement in absolute values. This result is 
exactly parallel to the result of Hu et al. (1993) in the luminance domain. They found 
good agreement between the absolute values predicted by treating vernier acuity as a 

contrast increment task, but that vernier acuity showed a relative improvement with 

contrast.

Experiment 9: Cyclopean Orientation Discrimination as a 
function of Orientation and Corrugation Frequency

As reported above, previous studies of orientation discrimination in the luminance 
domain have revealed a meridional anisotropy: discrimination is markedly worse at 

oblique orientations (Orban, Vandenbusschc and Vogels, 1984). In the luminance 

domain, orientation discrimination and the magnitude of the meridional anisotropy are 

affected little, if at all, by changes in spatial frequency (Heeley and Timney, 1988). The 

primary aims of Experiment 9 are to confirm the finding of Mustillo et al. (1988), that the 

meridional anisotropy also occurs for cyclopean stimuli and to determine the relationship 

between orientation discrimination, corrugation frequency and the meridional anisotropy. 
Orientation discrimination was therefore measured for a range of corrugation frequencies 

and 3 orientations, with peak-trough disparity held constant.

Two further matters are also of particular interest in Experiment 9. Firstly, 
Mustillo et al. (1988) also observed inferior orientation discrimination for vertical 

cyclopean bars, when compared with the equivalent horizontal bars. Although small 

variations between vertical and horizontal stimuli have been observed occasionally in the 

luminance domain, nothing as large as the two-fold threshold increase found by Mustillo 

et al. (1988) has been reported. As was pointed out above, the large disparities (0.33 and 

0.66 deg) employed in their experiment generated unpaired regions in the vertical
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stimulus whose width was half the size of the disparity in each eye. The effect of these 
regions on cyclopean spatial discrimination or cyclopean spatial filtering is not known, 

but it is possible that such large unpaired regions could have led to a reduction in 
orientation acuity.

Secondly, a judgement of cyclopean orientation employing a stimulus varying 

continuously in depth, such as a corrugated surface, is equivalent to a judgement of 

surface tilt. Marr (1982) has argued that the goal of stereopsis is to construct a 
representation containing two dimensions for each visual direction: the 2 V2D sketch. In 
principle, such a representation provides a complete description of the surfaces in a visual 

scene. Marr refers to these two dimensions as slant and tilt, where the former quantity is 

the angle a surface makes with the fronto-parallel plane and the latter quantity is the two- 
dimensional orientation (i.e. projected onto the fronio-parallel plane) of the normal to the 
surface, otherwise thought of as the direction of slant (see Appendix A for diagram and 

formal derivation). Manipulating the orientation of a corrugated surface is equivalent to 

manipulating the direction in which the su if ace slant is greatest and hence manipulating 

tilt. It is therefore possible that cyclopean orientation discrimination is mediated by a 
mechanism sensitive to surface tilt. Note that the difference between a mechanism 
sensitive to surface tilt and a band-pass cyclopean spatial filter tuned to orientation is 
more than a semantic one. A band-pass filter will respond to a change in orientation of 
both corrugations and cyclopean bars or edges, whereas the tilt mechanism will only 
respond to the corrugations. Furthermore, it is a reasonable assumption that any 
mechanism which aims to compute the tilt for each visual direction will be low-pass, as it 
should respond to slanted surfaces which are by definition changing slowly across space. 
Hence, if orientation discrimination were mediated by a tilt mechanism, performance 

would not be expected to fall-off at low frequencies.

Methods

The methods employed in the present experiment were identical to those used for 
the orientation discrimination task of Experiment 6. Corrugation frequencies of 0.125, 

0.25, 0.5, 1.0 and 2.0 c/deg were used, all with a peak-trough disparity of 4 min arc. 

Three orientations were tested: vertical, horizontal and 45 deg^^. Runs were organized 
into blocks of 3, consisting of a single run at each of the 3 orientations. Within this 

constraint, the different frequencies were randomized and counter-balanced across 

blocks. The observers in this experiment were DD and PDL. For DD, the data were 

collected after those of Experiment 6. For PDL, the opposite was the case.

3 3 A s  p r e v i o u s  s t u d i e s  h a v e  l o u n d  n o  d i l T e r e n c e s  b e t w e e n  o p p o s i t e  o b l i q u e s ,  o n l y  o n e  w a s  t e s t e d  here. The 
o b l i q u e  s t i m u l u s  w a s  r o t a t e d  4 5 ' ’̂  c l o c k w i s e  f r o m  v e r t i c a l .
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Figure 5. 15. Orientation discrimination thresholds fo r  both observers as  
a function o f  corrugation frequency at 0, 45 and 90 deg, with a peak-  
trough disparity o f  4 min arc. A meridional anisotropy is found  f o r  both 
observers. For DD, orientation discrimination is distinctly band-pass f o r  
all 3 orientations, but PDL does not show  the sam e fa l l -o f f  a t  high  
frequencies.

Results
Orientation discrimination thresholds for both observers and 3 orientations are 

plotted separately in figure 5.15 as a function of corrugation frequency. There were no 

noticeable effects of learning observed. There is a difference in sensitivity between the 

two observers. In addition, there are also differences in the form of the data. Nevertheless,
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a consistent meridional anisotropy is apparent. For both observers the trend is for 

thresholds for the oblique stimulus to be 50 - 100% higher than for the horizontal and 

vertical stimuli. Although there is some fluctuation in the effect which is not consistent 

between observers, there is no consistent trend to suggest that the size of the meridional 
anisotropy is frequency-dependent. This parallels findings in the luminance domain 
(Heeley and Timney, 1988). Generally, the meridional anisotropy found here is smaller 
than has been typically found (Orban et al., 1984; Heeley and Timney, 1988). However, it 

has previously been reported that perturbation of the reference orientation, such as was 

employed here, reduces the anisotropy (Heeley and Buchanan-Smith, 1990), presumably 
because it is no longer possible to encode the horizontal and vertical stimuli with 

reference to an in-built standard.
Unlike the results of Mustillo et al. (1988), there is no consistent difference 

between orientation discrimination thresholds for vertical and horizontal stimuli in the 

present experiment. Both DD and PDL have no stereoscopic slant anisotropy. However, it 

is unlikely that the slant anisotropy is the explanation for the Mustillo et al, (1988) result. 

Their stimuli contained no slanting surfaces, only cyclopean edges. The anisotropy is not 
known to occur for cyclopean edges. If anything, cyclopean edges abolish the effects of 
the anisotropy when slanted surfaces are present (Gillam, Chambers and Russo, 1988; 
Rogers and Graham, 1982). A more likely explanation of the difference stems from the 
large unpaired regions in the Mustillo et al. study which, as described above, would be 
apparent only in the vertical stimulus.

The data for DD are distinctly band-pass, although the trend is only apparent in 

the data of PDL for horizontal stimuli. This finding runs counter to that of Heeley and 
Timney (1988) in the luminance domain, who concluded that orientation discrimination 
was approximately constant for spatial frequencies of 2.5 - 20 c/deg. The band-pass 
functions are very similar in peak-sensitivity to the disparity sensitivity function (DSF) 
(e.g. Tyler, 1974). The frequency range employed by Heeley and Timney (1988) spanned 
the peak sensitivity of the contrast sensitivity function (CSF) in a similar fashion. 

However, Burr and Wijesundra (1991) have reported that orientation discrimination 

thresholds for high contrast luminance gratings are raised for frequencies of 0.2 c/deg and 

below. In fact, their data are very similar to those of PDL in figure 5.15.

Thresholds for both observers are elevated at the lowest frequencies. This would 

not be predicted if the output of stereoscopic vision is a representation of the slant and tilt 
of all visible surfaces. Instead, it suggests that orientation acuity is governed by 
mechanisms which respond to the orientation of elongated cyclopean features. It would 

perhaps be possible to construct an argument along the lines that the low-frequency fall- 

off results from an interaction between slant and tilt perception, because for a given peak- 

trough disparity a low-frequency corrugation contains a smaller maximum slant. 

However, this neglects the fact that larger regions of approximately constant slant exist at 

lower corrugation frequencies and, furthermore, makes the similarity between the peak
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sensitivities of the curves obtained in the present experiment and peak sensitivity of the 

DSF a remarkable coincidence.

Finally, DD's threshold for 0.5 c/deg horizontal corrugations is noticeably lower 

than for all other conditions. This condition is at the same orientation and very similar in 

frequency to the stimuli employed in Experiment 6. DD completed the data-collection for 
Experiment 6 approximately 3 weeks before beginning the data-collection in the present 
experiment. Thus, it appears that although no learning was apparent during the course of 
data-collection in either experiment, a long-term learning effect occurred which was 

specific to both frequency and orientation. PDL completed the two experiments in the 
opposite order and his corresponding data-point does not show the same peculiarity, 

although PDL is in general a more practiced observer.

Comparing Performance Across Domains

There exist some fundamental differences between the cyclopean and luminance 

domains. It was argued in Chapter 1 that cyclopean vision begins with a representation of 
horizontal disparity for each visual direction. This representation places some limitations 
on cyclopean processing which do not arise in the luminance domain. Most notably, there 
is no upper limit for contrast in the luminance domain to parallel the upper limit for 
fusion in cyclopean vision. With corrugations, the upper limit for the peak-trough 
disparity is frequency-dependent due to the disparity gradient limit (Burt and Julesz, 
1980; Tyler, 1974). Furthemiore, filters which act on the luminance image are thought to 
be relatively unaffected by changes in mean luminance, as opposed to contrast. The 
analogous quantity to luminance in cyclopean vision is absolute disparity. Changes in 
absolute disparity will affect the response of a hypercyclopean filter (Schumer and Julesz, 

1984; Lee and Rogers, 1992). It should therefore be remembered that the experiments 

reported here employed relatively long presentation times (1000 msec) and a fixation 

point to aid fusion. Hence, the stimuli can be assumed to lie approximately on the 

horopter, which will not always be the case when a spatial discrimination is called for 

when viewing a natural scene. That said, the following sections draw some conclusions 
regarding cyclopean mechanisms of spatial discrimination and their relation to the 

analogous mechanisms in the luminance domain.

Comparing sensitivities
The conclusion which may be fimily drawn from Experiments 6, 7 and 9 is that 

spatial discrimination in the cyclopean domain compares very favourably with that found 

in the luminance domain, at least for spatial and corrugation frequencies in a 2 - 3 octave 

range around 0.6 c/deg. In Experiments 6 and 7, thresholds were compared for cyclopean 

and luminance-defined stimuli with the same experimental set-up and psychophysical
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procedure. In addition, comparisons made with previous published work suggest that, if 
anything, the thresholds recorded in these experiments were slightly superior to those 
recorded previously. At least three factors may contribute to the high level of 
performance found here. First, as described in Chapter 2, the psychophysical method used 

here may produce slightly lower (and more accurate) estimates of threshold than the 

classical Method of Constant Stimuli, which most of the comparison studies employed. 

The Classical Method of Constant Stimuli pools over more trials and hence over more 

potential shifts in the observer's criterion. Second, the stimuli employed in the present 
experiment were quite large compared with previous studies. This may allow greater 
summation across space. Finally, DD, PMV and PDL are in their early twenties and are 
hence likely to be younger than observers in other studies, which may have an effect on 
performance. It is not possible to assess these factors further on the basis of the data 

collected here.

Common sites for discrimination?
The performance obtained with cyclopean stimuli in these experiments has 

implications for models of spatial discrimination which suggest that discrimination is 
achieved by comparing the outputs of spatial filters operating early in the visual pathway. 
Unfortunately, no physiological evidence is available regarding potential neural sites for 
the processing of cyclopean properties, although Poggio, Motter, Squatrito and Trotter 
(1985) have informally observed that cells in primary visual cortex which are sensitive to 
horizontal disparity do not respond selectively for the size or orientation of cyclopean 
stimuli. Thus, there is no concrete neurophysiological data which unequivocally 
determines whether cells in primary visual cortex can perform cyclopean spatial 
discrimination. However, it is obvious that much pre-processing is required to combine 
the two images prior to any cyclopean processing. Indeed there is good evidence to 

suggest that early visual filtering in primary visual cortex provides a substrate for the 

input to binocular matching (e.g. Ohzawa, DeAngelis and Freeman, 1990; see chapter 1). 

Yet it is clear from the results presented in this chapter that cyclopean mechanisms exist 
which are capable of fine spatial discrimination. Thus, either it must be accepted that 
there exists a higher-level and purely cyclopean system which replicates early 
mechanisms of spatial discrimination in the luminance domain, albeit over a limited 

range of corrugation frequencies, or that spatial discrimination occurs at a higher level of 

processing than primary visual cortex and receives input from both cyclopean and 

luminance mechanisms. It was reported in Chapter 1 that Tyler (1975) obtained both tilt 

and size aftereffects with cyclopean corrugations. It is interesting in the present context to 

note that he also found a tilt aftereffect when viewing a luminance grating following 
prolonged exposure to cyclopean corrugations, although the effect was only half the 

magnitude of the pure cyclopean effect. This finding suggests that some mechanisms 

tuned to orientation do indeed receive input from both cyclopean and luminance stimuli.



152

On the basis of this result, the similarity in the properties of the meridional 

anisotropy found in Experiment 9, and the comparable thresholds for cyclopean and 

luminance stimuli found in Experiments 6 and 7, and the analogous behaviour of vernier 
acuity both with and without a separation, it appears likely that both cyclopean and 
luminance stimuli provide input to mechanisms for discriminating orientation, position 

and size, at a higher level than primary visual cortex.

Mechanisms of Cvclopean and Luminance-defined  
Spatial Discrimination

Performing a spatial discrimination task requires a stimulus property to be 
compared with some internal representation of that property. The following sections 

consider the possibility that spatial discrimination consists of two distinct stages similar 

to the framework given in figure 5.3: a first stage of spatial filtering with band-pass filters 

tuned to orientation and size, whose response is contrast-dependent (in the luminance 
domain) or disparity-dependent (in the disparity domain), and a second stage which 
combines the outputs of spatial filters into separate representations of orientation, size, 
location and so on. This second stage receives input from both luminance and 
hypercyclopean filters. Each stage will add its own source of noise to whatever operation 
it performs. According to this view, independence of contrast or disparity arises from the 

dominant source of noise transfen ing from the first stage to the second stage as contrast 
or disparity is increased and the signal-to-noise ratio of the first-stage filters increases.

Localization of features
The similarity between the data for the vernier acuity (with a separation) and 

corrugation frequency discrimination tasks in Experiment 6, suggests the possibility that 

there exist hypercyclopean mechanisms for accurately localizing features, say, peaks and 

troughs. It is often argued (e.g. Morgan, 1991; Krauskopf and Pareil, 1991) that for 

vernier stimuli with a sizable gap, the orientation between the tips of the lines or bars of 

the gratings is the primary cue. This reasoning is largely based on the findings of Sullivan 

et al. (1972) that acuity decreases with increased separation and that replacing the lines 
with points at their tips does not affect thresholds. Following a process of localizing 

peaks and troughs the vernier and corrugation frequency discrimination tasks would be 

akin to comparing the orientation or separation of distant features. Morgan and Regan 

(1987) provide a scheme which produces contrast independent judgements of spatial 

interval acuity, by combining second-stage "coincidence detectors" in opponent fashion. 

These coincidence detectors respond when two first-stage filters separated by a given 

distance both respond simultaneously, but could equally be applied to the orientation of 

separate features. A second-stage non-linear mechanism such as one of Morgan and
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Regan's coincidence detectors could potentially receive inputs from hypercyclopean 

spatial filters as well as luminance filters.
In the luminance domain spatial frequency discrimination is independent of 

contrast beyond approximately 3 times detection threshold. This is not the case for 
corrugation frequency discrimination. In Experiment 6, disparity-independence was only 

obtained for disparities of somewhere near 30 times detection threshold^"^. In terms of a 

two-stage process, this difference can be understood by considering the signal-to-noise 

ratio at the first stage of hypercyclopean spatial filtering. If it is assumed that the disparity 

increment function provides an estimate of this ratio, then one notable difference between 
the luminance and disparity domains is the characteristic "dipper" function which is 
found for contrast increment discrimination (Campbell and Kulikowski, 1966) but not 

disparity increment discrimination (Experiment 3). It is widely held that the dipper 
function results from a compressive non-linearity early in the visual pathway (Legge and 

Foley, 1980). If the transformation to contrast- or disparity-independent spatial 

discrimination reflects a change in the dominant source of noise from the first-stage 
filters to the common second-stage process, then the reduction in signal-to-noise ratio 
produced by the compressive non-linearity may explain the different points at which 
discrimination becomes independent of contrast or disparity. If, as is argued above, 
vernier acuity with a separation, spatial frequency discrimination and corrugation 
frequency discrimination share a common process of localization of features, then the 

prediction follows that the equivalent vernier task with luminance gratings to that 
performed in Experiment 6 will be independent of contrast above 3 times detection 
threshold.

Processing of cyclopean orientation
The dependence of cyclopean orientation discrimination on frequency and 

disparity requires an explanation. At first sight, both seem to provide problems for the 

notion of a common second-stage mechanism.

Previous studies have concluded that orientation discrimination in the luminance 

domain is independent of contrast above 3 times detection threshold (Regan and Beverly, 

1985; Bowne, 1990). But a more detailed examination of previous orientation 

discrimination data for luminance gratings at low frequency reveals that Bowne (1990) 

found some evidence for contrast-dependency using a grating of spatial frequency 1.0 

c/deg. In his paper, orientation discrimination against contrast plots produced power laws 

with exponents of -0.30 for observer SFB and -0.36 for observer SPM. The data for a 4 

c/deg grating showed a lesser effect of contrast: -0.15 for SFB and -0.13 for SPM. These 
exponents compare with -0.43 and -0.44 for 0.6 c/deg corrugations in Experiment 6. It is 
therefore a distinct possibility that orientation discrimination data with a 0.6 c/deg

^^This is only an approximation as the sampling of the funciion by the daia-poinis is loo sparse lo allow the 
elbow-poini to be cstimaicd accurately.
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luminance grating would show an effect of contrast analogous to the effects of disparity 

in Experiment 6. In other words, the disparity-dependence found in Experiment 6 may 
reflect a property of the second-stage mechanism which is common to both cyclopean 
and luminance discriminations. If, for example, it is crucial to the contrast-independence 

of the second-stage mechanism that it combines information from sets of spatial filters at 

more than one spatial scale, then at lower frequencies contrast- and disparity-dependence 
may reflect the growing predominance of a single set of filters at a lowest frequency

The band-pass functions of Experiment 9 were obtained with corrugations of 4 

min arc peak-trough disparity. Presumably, given the similarity of the functions to the 
DSF, thresholds at this disparity are still partly governed by noise at the level of first- 

stage filtering, particularly for the less-practiced observer, DD. It is notable in 

Experiment 9 that for the well-practiced and more sensitive observer, PDL, thresholds 
for two orientations are very similar to those recorded with high contrast luminance 

gratings by Burr and Wijesundra (1991), and are much closer to being independent of 

frequency (cf. Heeley and Timney, 1988). It is possible that at lower contrasts some 
evidence of band-pass structure would also obtain for luminance stimuli. Burr and 

Wijesundra (1991) did employ low contrast gratings also, but only for frequencies up to 2 
c/deg. Again, in terms of threshold multiples, the contrast might be much lower than the 
equivalent disparity at which band-pass characteristics appear.

Mechanisms of vernier acuity
Experiment 8 suggests that cyclopean vernier acuity with abutting gratings 

behaves according to the statistical theory of localization parallel to the orientation of the 

gratings (Watt and Morgan, 1983). Furthermore, in absolute value the vernier threshold is 
accurately predicted by disparity increment data. In both cases, if anything, the cyclopean 

findings come out more clearly in support of theory than do the analogous findings in the 

luminance domain. Hu et al. (1993) did not obtain agreement between contrast increment 

discrimination and vernier acuity which was as good as that found here. Previous studies 

of the effects of blur (Krauskopf and Pareil, 1991; Bradley and Skottun, 1987) and 

contrast (Hu et al., 1993; Bradley and Skottun, 1987) on vernier acuity with gratings have 
also not obtained agreement with the statistical theory as was found in Experiment 8. One 
possible reason for this is that in the luminance case, vernier acuity with extended stimuli 

may involve an extra luminance cue where the bars meet. This cue may be highly 

dependent on the exact stimulus parameters and not be detectable in the cyclopean case. 

Observers' introspections while collecting the data in Experiment 8 were in agreement 

with this. It was difficult to see where the boundary between the corrugations lay even 

when the direction of offset could be reliably discerned.
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Summary

This chapter examined the ability of observers to perform cyclopean vernier 
acuity, corrugation frequency discrimination and cyclopean orientation discrimination, 

comparison being made with the analogous task in the luminance domain in each case. 
Thresholds for cyclopean spatial discrimination were found to be comparable to those 

found in the luminance domain for sinusoidal wavefomis of disparity and luminance in a 

2 - 3  octave region around 0.6 c/deg. In addition, the dependence on disparity and 

corrugation frequency of vernier acuity with abutting corrugations and the meridional 

anisotropy for cyclopean orientation discrimination were found to be closely analogous to 

results found in the luminance domain. The analogy between luminance and disparity 
was extended to the suggestion that hypercyclopean spatial filtering and spatial filtering 

of the luminance image provide input to common spatial discrimination mechanisms, 
which become the dominant limitation on performance above a given level of contrast 
and disparity.
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Chapter 6

Cyclopean Texture Segregation

In the p r e s e n t  c o n t e x t ,  " t e x tu re "  m a y  be  d e f i n e d  a s  the  v i s u a l  c h a r a c t e r  o f  a 

su r fa c e  r e su l t i ng  f ro m  the  a r r a n g e m e n t  or  p roper t ie s  o f  i ts c o n s t i t u e n t  par ts .  T h i s  c h a p t e r  

p r e s e n ts  a b r i e f  o v e r v i e w  o f  w o r k  on  tex ture  s e g re g a t i o n  a n d  c o n s i d e r s  the  i m p l i c a t i o n s  

o f  c o n t e m p o r a r y  theory  for  the pe rc ep t io n  o f  c y c lo p e a n  tex tur e .  A s  o u t l in ed  in C h a p t e r  1, 

Nothdi i r f t  ( 1985)  c o n c l u d e d  that  cyc lo p e a n  tex tures  c a n n o t  be  s e g re g a t e d ,  but  the  s t imul i  

in tha t  s tudy  w ere  not  de s ig n e d  with the proper t ies  o f  c y c l o p e a n  spa t ia l  f i l t e r ing  in mi nd .  

It is h y p o th e s iz e d  here,  on  the basis  o f  cu r r en t  theor ies  o f  t e x t ur e  s e g r e g a t i o n  a nd  k n o w n  

p ro pe r t i e s  o f  c y c lo p e a n  spa tial  f i l ter ing,  that  cer tain c y c l o p e a n  tex tu re s  can  be  se gr eg a te d .  

E x p e r i m e n t s  10 and  11 c o n f i n n  this hypothes i s .

* h 111 1 I 111 d 111

( a )  I I  ' h i  I I  '  ' l M  1 I ( b )

Figure 6.1. Examples o f  texture 
segregation:
(a) segregates on the basis o f  
orientation;
(b) segregates on the basis o f  size;
(c) does not segregate, despite 
the fact  that the texture elements 
are locally discriminable.
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Pre-attentive Texture Segregation

Analogously to form perception produced by horizontal disparity within an RDS, 
form perception may also result from texture differences, in the absence of any other 
defining features. Figure 6.1a presents an example of texture segregation based on 
orientation. Figure 6.1b gives an example based on size. These phenomena are striking 
and have been referred to as "effortless" or "immediate" segregation (Julesz, 1962; Beck, 

1966). More precisely, these textures may be said to segregate "pre-attentively". The 

criterion for pre-attentive texture segregation is that form perception should be the result 

o f a parallel process which computes the statistical properties of an extended region 

containing many features. In practice, this requires that form perception is possible at 
presentation times too short for serial scanning with eye-movements (i.e. less than 200 
msec) and that no local cues are available for solving the specific task employed (e.g. 
luminance edges coinciding with the texture boundaries). The textures given in figures 
6.1a and 6.1b can be easily segregated when presented for just tens of milliseconds.

Consider now the case of figure 6.1c. This texture contains a central square of T- 

shapes surrounded by L-shapes. Although the letters are easily discriminable from each 
other, the square cannot be segregated in a short time interval. Careful inspection is 
required. It can be inferred that no parallel process integrates the information used to 
discriminate the T-shapes from the L-shapes across an extended region. Segregation is 
not therefore pre-attentive.

Theories of texture segregation
Two early approaches to the study of texture segregation are those of Julesz and 

Beck, and their co-workers. By the start of the 1980s both approaches had converged on 

the idea that texture segregation is possible only between certain classes of texture. Julesz 
(1981) referred to the elements of these subsets as "textons", arguing that:

"...texture can he decom posed into elementary units, the texton classes o f  

colours, elongated blobs o f  specific widths, orientations and aspect ratios, 

and the terminators o f  these elongated b lobs.” (Julesz, 1981, p97)

Beck (1982) suggested that texture elements were extracted by receptive fields early in 

the visual pathway, which he referred to as "feature detectors". He added that once the 

basic features of brightness, colour, movement, size and orientation are extracted, they 

are grouped and linked before being compared as a whole with neighbouring spatial 

regions. Bergen (1991) argues that the basic subset of discriminable textures was thus 

identified by both Julesz and Beck (although more explicitly by the latter) with the 

properties of neurons found early in the visual pathway. The selectivity of these units.
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which process the entire visual scene in parallel, was thought by both researchers to form 

the input to a mechanism which integrates their statistical distribution across space.

More recent theories have expanded on the notion that texture perception reflects 
the properties of early visual processing, employing more modern models of cortical 
filtering. For example, Bergen and Adelson's (1988) model for the perception of static, 
achromatic textures, filters the original luminance image with sets of linear band-pass 

filters tuned to a range of spatial frequencies and orientations. In the second stage of the 
model, the output of each set of filters is independently squared and summed within 

spatial regions whose size is twice the diameter of the filters. A third-stage mechanism is 

then applied to this representation to detect boundaries between regions of different 

texture. The model is thus an implementation of the idea that texture segregation is 
achieved by detecting a statistical difference in the output of sets of early cortical filters. 
A number of similar models of texture perception have been advanced which share this 

basic structure (e.g. Caelli, 1985; Malik and Perona, 1991). A similar process can be 
applied to sets of filters based on directionally-selective and colour-opponent units, also 
found early in the visual pathway.

The implication of this work for the possibility of cyclopean texture segregation is 
not clear. On the one hand, if texture segregation is based on the outputs of band-pass 
filters at a range of spatial frequencies and orientations, then one might expect cyclopean 
textures to segregate, given the sophistication of cyclopean spatial filtering. Chapter 1 
reviews much evidence which suggests that there exist cyclopean spatial filters tuned to 
both corrugation frequency and orientation. Furthermore, Chapters 4 and 5 of this thesis 
provide evidence of very sensitive cyclopean processing. Cyclopean spatial acuities are 

comparable with those in the luminance domain over a limited range of corrugation 
frequencies and spatial frequencies. On the other hand, cyclopean vision requires a great 
deal of pre-processing in order to match the two images and cyclopean spatial filtering 

presumably occurs at a later stage in the visual pathway than the early spatial filtering 
invoked to explain texture segregation in the above theories.

Texture Segregation and Depth Perception

A number of studies have employed horizontal disparity as a cue in both texture 

segregation and visual search tasks. In the latter, parallel processing of a visual feature 
(e.g. colour, orientation, curvature, etc.) is inferred if the time to detect a target element 

which contains the feature is independent of the number of distractor elements which do 

not. In such circumstances the target is said to "pop-out". Targets defined by horizontal 

disparity pop-out in the presence of distractors at a different disparity, a result often 

explained by parallel processing of disparity (e.g. Treisman and Gelade, 1980). As 

reviewed in Chapter 1, 50% of cells in VI of the primate are selective for disparity 

(Poggio, 1991), so the output of early cortical filters provides a possible substrate for
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parallel processing of disparity. However, Holliday and Braddick (1991) obtained "pop- 
out" for a target parallelogram which had a different disparity gradient from surrounding 

distractors. This would seem to suggest that "pop-out" can occur for higher-order 
properties of disparity, although it is possible that orientation disparity was the cue which 

observers employed in this task. Segregation of textures differing in disparity gradient 

was not examined. The relationship between pop-out and pre-attentive texture 

segregation is not fully specified, but both abilities suggest parallel processing of a given 

visual propeity.

He and Nakayama (1994)
The theory that texture segregation is determined by the properties of early 

cortical filtering is called into i|uestion by the study of He and Nakayama (1994). They 

examined pciformance in a texture discrimination task for shapes defined by a texture of 

bright L-shapes amongst a background of bright vertical bars. The stimuli are shown in 
figure 6.2. The horizontal disparity of the elements was manipulated such that they could 
appear in front of or behind adjoining dark squares. When the elements appeared in front 
of the adjoining dark squares, texture discrimination was rapid. When the elements 
appeared behind the squares, both the bars and L-shapes appeared as bright squares 
occluded by the dark squares. Texture discrimination was significantly harder. Early 
cortical filtering cannot explain why the disparity of the surface containing the texture 
elements affected segregation^^. The authors argue that their result suggests that texture 
segregation occurs at a stage in the visual pathway subsequent to a representation of 
surfaces, not at the stage of early filtering. He and Nakayama (1992) have also shown a 
similar effect of surfaces in a visual search paradigm.

If it is assumed that there is only one neural substrate for texture segregation then 

one can infer from the He and Nakayama result that it occurs at a level subsequent to a 

representation of surfaces. However, if the assumption of one site for texture segregation 

is violated, other interpretations of the result are possible. In the case where the elements 

are behind the occluders it is possible that segregation at the level of early filtering co

exists with the output of a second process at a level of surface representation. The lesser 

performance in the shape discrimination task may reflect interference resulting from this 
second signal, which completes the occluded elements behind the dark squares, thereby 

signaling a homogeneous patch of bright squares. Alternatively, as He and Nakayama 

recognize, a more complex explanation involving feedback to early cortical filters might 

be devised to explain the result.

^^Duc 10 the very slighi variations necessary to introduce hori/onial disparity, some difference will occur 
between the outputs of spatial filters when presented with these two stimuli. He and Nakayama found that 
manipulating the area of the white L-shapes did not alter the basic result. The effect did disappear with the 
introduction of a gap between the L-shapes and the dark squares, strongly suggesting the occlusion cue was 
the crucial factor in performance.
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Nevertheless ,  this study has concrete  implications for the segregation of 

cyclopean textures. Either it has to be accepted that texture segregation occurs at more 

than one site in the visual system, or that texture segregation occurs at a level subsequent 

to the processing of  surfaces in depth. At the very least, it is clear that the layout of  

surfaces defined by horizontal disparity can have a strong effect on texture segregation.

m
S W<AVsN>

Figure 6.2. The siiniiili employed hy He atul Nakayama (1994), arranged 
fo r  free-jiision. When the L-shapes and bars are in front o f  the squares 
(top), segregation is easy. When the elements are behind the squares 
(bottom) segregation is more difficult. Early cortical filtering cannot 
explain this difference in performance between these conditions.

Nothdiirft (1985)
Nothdurft  (1985) provides the primary publ ished work on cyclopean texture 

segregation. He generated textures in RDS with elements standing out in depth against a 

flat background,  at a single disparity of  cither 6.5 or 14.7 min arc. The elements were
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either squares or lines, with a width of approximately 16 min arc. Shapes were defined by 

lines of different orientations or squares of different sizes. Hence the stimuli were the 
cyclopean analogue of the luminance textures in figures 6.1a and 6.1b. The observers' 
task was to categorize each stimulus as one of a predetermined set of shapes. Nothdurft 
observed that it took over 10 sec for observers with good stereoacuity to categorize the 

shapes, compared with almost instantaneous shape-categorization for the analogous 
luminance-defined textures. Shapes could only be categorized in the cyclopean stimuli 

when the elements defining a given shape were at a different depth to the surrounding 
elements. The orientation or size of the cyclopean elements was not sufficient to perform 

the task.
Nothdurft concluded that segregation can occur on the basis of horizontal 

disparity but not on the basis of cyclopean fomi. Furthermore, he argued that the result 
supports the idea that texture segregation does not occur at a level of processing 

subsequent to striate cortex. Two problems with this study were briefly referred to in 

Chapter 1 and will be expanded on here.
Firstly, a possible reason for the failure of segregation in this task is that there was 

a lack of sensitivity to the individual elements within the displays. Nothdurft himself 

discounts this possibility:

"T/iis failure is not dite to a general lack o f  sensitivity fo r  line orientation  

or  square size itself, as these properties could easily he perceived  fo r  each  

individual texture element." (Nothdurft, 1985, p534)

However, by definition, texture segregation requires the parallel processing of extended 
regions of space. That the individual elements could be resolved does not necessitate that 
a large enough region of elements could be simultaneously processed to make 

segregation possible. Given that the output of cyclopean spatial filters provides the most 

likely input to a putative cyclopean texture mechanism, to discriminate the size or 

orientation of the elements in the Nothdurft study would require a cyclopean spatial filter 

with a preferred corrugation frequency considerably higher than the peak of the disparity 
sensitivity function (DSF). How the high-frequency cut-off point of the DSF varies v/ith 

eccentricity is not known, but it is likely that the cut-off point occurs at a lower frequency 

with increased eccentricity, as it does with increased pedestal disparity (Schumer and 

Julesz, 1984). It is therefore possible that cyclopean spatial filters failed to process a 

sufficient number of the relatively small texture elements employed in this study. If this 

was the case any second-stage statistical process acting over an extended region of space 

would not receive a strong enough signal for cyclopean texture segregation to be 

observed.

The second problem arises from consideration of situations in the environment in 

which one might be required to use a mechanism which can segregate cyclopean textures.
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Three-dimensional textures one might encounter include many types of uneven surfaces 

(pebbles, bark, sand, clothing, rock, soil, etc.) whose three-dimensional texture may not 
be signaled by the luminance pattern reflected by the surface. Most of these three- 
dimensional textures exist primarily in a single plane, but contain undulations or peaks in 

depth; they are rough surfaces. Returning to the Nothdurft study, it is hard to relate the 

stimuli employed to any environmental scene, where the forms of sparse small elements 

sticking out from a background plane would need segregating from each other (the only 

example this author can come up with is segregating the heads of pins sticking out from a 
pin-cushion).

Indeed, the fact that the stimuli employed in Nothdurft's study were the direct 
analogue of similar stimuli employed in texture segregation tasks in the luminance 
domain may have worked against finding observers' true ability for segregating cyclopean 
texture. It is believed to be desirable for the visual system to be sensitive to luminance 

edges, while high contrast is thought to increase the strength of an edge-based signal. The 

stimuli employed in texture segregation tasks reflect these considerations. Like the 
examples of figure 6.1, texture stimuli tend to be high contrast and include sharp edges. 
However, high contrast edges in depth are not a feature of three-dimensional textures. As 
defined at the beginning of this chapter, texture is a property of surfaces. Depth-edges 
normally signal septiration of different surfaces. In the disparity domain the higher the 
contrast of an edge the greater the depth interval which it signals. Three-dimensional 
textures exist primarily with a single plane and are defined by variation in depth within 

that plane. Any sharp variation in the form of discontinuities will therefore be low 
contrast and much of the variation in depth will be continuous.

W hat type of cyclopean textures might segregate?

Given the above analysis of three-dimensional textures, one can try to construct 

the type of texture to which cyclopean vision can be expected to be most sensitive. This 

texture will be a rough three-dimensional surface containing corrugation frequencies 

close to 0.5 c/deg, the frequency at which cyclopean filters appear to be most sensitive 

(Tyler 1974, Rogers and Graham, 1982). The following experiments require observers to 
segregate rough surfaces of this type within RDS’s.

Experiment 10: Sê t̂ citation of Cvclopean Plaids

The three-dimensional textures used in Experiment 10 were cyclopean plaids 

generated by adding together two orthogonal sinusoidal corrugations of the same 

frequency. These surfaces have the appearance of regular bumpy textures in depth, not 

unlike a large egg-box. Observers were required to segregate plaids of different 

frequency, orientation and amplitude of disptirity modulation.
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Methods
A  p r o b l e m  with us ing  c o n t i n u o u s  tex tures  is to f ind a s e gr eg a t io n  task  w h ic h  is 

f ree  f r o m  a n i f a c t u a l  c u e s  at the b o u n d a r y  b e tw e e n  tw o  tex tu re s .  W h e r e  t w o  c o n t i n u o u s  

d e p t h - t e x t u r e s  jo in ,  a d e p t h - e d g e  will be pro duced  w h ic h  c o u ld  be used to so l ve  a n y  task 

su ch  as  sh ape  d is c r i m in a t io n  o r  locat ing  a patch o f  texture.  T h i s  p ro b le m  do es  not  ar ise  in 

t ex t u re  s egr ega t i on  tasks  using  s t imuli  s imi la r  to those  o f  f igure  6 .1,  because  the e le m e n ts  

a re  d i s c r e te  and thei r  pos i t ion  can  be a r r an g ed  so as to av o id  a ny  l u m i n a n c e  cue  at the 

b o u n d a r y .

T o  avoid  these a rt i fact s ,  a fo r c e d - c h o ic e  task w a s  d e v i s e d  in wh ich  the  o b s e r v e r  

had  to  d e c i d e  w h ic h  o f  t w o  v is ib le  b o u n d a r i e s  w a s  a l so  a te x tu re  b o u n d a r y .  T h e  tw o  

a l te r n a t iv e  c o n f ig u ra t i o n s  are d epi c te d  in f igure 6.3 (n.b.  this f igure is not a s te r e o g ra m ,  

b u t  is in tended  to depic t  tw o  d if fe ren t  fused  sur faces) .  T w o  vert ica l  or  hor izonta l  pai rs  o f  

5 x 5  d e g  sq u a re  pa tches  o f  t ex ture  were  p laced  t o g e th e r  wi th  the e d g e s  r a m p e d  to zero  

d i s p a r i t y  with a ha l f -cyc le  o f  a cos ine  e x t e n d in g  o v e r  16 min  arc.  H en ce  the o b s e r v e r  saw 

fo u r  p a t c h e s  o f  tex ture s epa ra te d  by a c ros s  at ze ro  d i spa r i t y .  O n  each  trial the o b s e r v e r  

had  to d e c id e  w h e th e r  the sur face  was seg rega t ed  hor izon ta l ly  o r  ver tical ly.

O n e  po ss i b le  s t r a t egy  for  s o lv ing  this task is to c o n c e n t r a t e  on  ju s t  o n e  o f  the 

b o r d e r s  and  to dec id e  w h e t h e r  the tex tures  on e i th e r  s ide  are the sa m e o r  d i f fe ren t .  T h e  

a u t h o r  a t t e m p t e d  se ve ra l  e x p e r i m e n t a l  ru ns  us in g  thi s  s t r a te g y ,  but  p e r f o r m a n c e  w a s  

a d v e r s e l y  a ffected .  In fact,  the best  s t ra tegy  ap p ea red  to be to f ixate s teadi ly  in the cen t r e  

o f  the d i sp la y ,  p r e s u m a b ly  b ecau se  this a l lo wed the m a x i m u m  a m o u n t  o f  in fo rm a t i o n  for  

so lv in g  the task to be process ed  s imul t aneous ly .
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Figure 6.3. The task employed in E.xperimenl 10. The observer has to 
decide whether the sn/face is segregated venia tily  or horizontaily.
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Eacli experimental run consisted of 125 trials, 25 at each of the following 5 

presentation times: 75, 150, 300, 600, 1200 msec. Before every run, 18 complete images 

of cyclopean plaids (split into four sections as described above) were loaded into the 

computer's RAM. Of these images, 9 were plaids of one type and the other 9 were plaids 

of a different frequency, amplitude or orientation. Phase was randomized within each set 
of 9 plaids. On any given trial, a rectangular patch was randomly chosen from each of the 

two sets of 9 images and put together to form the stimulus to be presented. A 4x4 min arc 

fixation spot was presented for 500 msec, followed by the stimulus, then a mask of 

random dots which were uncorrelated between the two eyes. This mask appeared as a 

swarm of dots at different depths and ensured that no afterimage or aftereffect was 
present that might aid in solving the task. Feedback was provided in the form of a tone 
which immediately followed an incorrect response. Observers completed 6 runs in two 
blocks of 3. Conditions were counter-balanced: the first block of 3 runs contained one run 
of each of 3 conditions in a random order and the second block contained the same 
conditions in reverse order. One minute elapsed between runs while the new images were 

loaded. The 3 conditions were as follows:

(1) O rien ta tion  task: Both plaids were composed of two 0.5 c/deg 
corrugations of 8 min arc peak-trough disparity. The component 
corrugations of one plaid were at orientations of 0 and 90 deg, while the 
components of the other were at ±45 deg.

(2) Frequency task: Both plaids were composed of two 0 and 90 deg 
components and had a peak-trough disparity of 8 min arc. The components 
of one plaid were at 0.5 c/deg, the components of the other at 1.0 c/deg.

(3) A m plitu de  task:  Both plaids were composed of two 0.5 c/deg 

components of 0 and 90 deg. One plaid had a peak-trough disparity of 6 
min arc, while the other had a peak-trough disparity of 10 min arc.

There were two observers in this experiment: DK and the author, PDL. Both are 

experienced psychophysical observers and have stereoacuity of better than 10 sec arc. 
PDL is very experienced in viewing RDS images but had not previously participated in a 

texture segregation experiment. DK had previously acted as an observer in many texture 

experiments and was an observer in Experiment 12 of this thesis prior to participating in 

this experiment. Neither observer was naive.

Results

Figure 6.4 plots the percent correct against presentation time for each of the 3 

conditions for both observers. For DK. performance is marginally above chance at 150 

msec, but approaches 100% at the longest presentation times, especially in the frequency
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and amplitude tasks. Performance for PDL is at least as good as 70% for all conditions 
and presentation times, even down to just 75 msec. At 300 msec performance is 

effectively perfect. The difference between results for DK and PDL may well reflect the 
observers' differential experience of viewing RDS stimuli.
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Figure 6.4. Data fo r  two observers in the cyclopean p la id  segregation  
task. Pre-atten tive  segregation  o f  these cyclopean textures is c learly  
possible.

There does seem to be a tendency for the orientation task to be slightly harder 

than the other two tasks. In general, however, performance on the 3 different tasks is 

remarkably similar. The similarity of performance between tasks and the difference in 

performance between observers offers some stiggestion that ftision of the RDS is the
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limiting factor in performance, because the further processing required to solve each 
individual task has only a small impact on the time necessary for segregation, and better 
performance was produced by the observer with more experience of viewing RDS's but 

less experience of texture tasks.
The most important aspect of these data is that for both observers performance is 

above chance at a presentation time of 150 msec. In 150 msec serial scanning with eye- 

movements is not possible. The boundary between two surfaces can therefore be 
perceived by pre-attentive segregation of cyclopean texture.

Is there any objection to concluding from these data that at least some cyclopean 

textures can be segregated in the same sense that luminance textures can be segregated? It 
is certainly true that the presentation times necessary for segregation in this experiment 

are greater than those generally found to be necessary for segregating luminance-defined 

textures. But this is to be expected, given the extra pre-processing which must be done 
prior to cyclopean processing. One criterion for pre-attentive texture segregation must be 
that the process proceeds in parallel rather than by serial inspection. Thus, although the 
presentation limes necessary for segregation in the present experiment are greater than 
those required for some luminance textures, they are nevertheless short enough to 
preclude any serial search which relies on eye-movements.

The other important aspect of pre-attentive texture segregation is that it must 
involve a statistical representation of an extended region. An alternative explanation of 
the above result might therefore be constructed along the lines that, although no serial 
search involving eye-movements is involved, performance in the task is based on 
discriminating the orientation or size of just a small number of features^^. In theory, 
discriminating just two features in neighbouring quadrants is sufficient to solve the task. 

Perhaps, then, performance in Experiment 10 reflects a very primitive form of 
segregation which does not involve a genuinely statistical characterization of an extended 

area of surface. This primitixe segregation might consist of a fast serial process which 

does not require eye-movements or a parallel process which covers a very small region. 

The crucial objection would be that it is not a genuine statistical representation of an 

extended patch of texture.
This alternative explanation certainly does not accord with observers' experience 

of doing the task. Both observers reported seeing two homogeneous rectangles of a 

different texture, although introspections should tilways be treated with great caution. The 

objection could be ruled out altogether by a task which required observers to discriminate 

the shape of textured regions on each trial. But devising an appropriate shape 

discrimination task has proved beyond the scope of the author, despite several attempts. 

Objections are given above to the use of discontinuous textures made up of small

I n  t h i s  c o n i c . x i  a " i o a i u i v "  i s  an n o n - s p c ù h c  i v l c r c n c c  t o .  s a y ,  a  h u m p  o r  h o l l o w  i n  t h e  s u r f a c e .  F o r  t h e  

p r e s e n t  p u r p o s e s  it  i s  o n l y  i in |X)nani i h a i  ii h e  a  l o e a l  p r o p e r t y  o f  a  s u r f a c e .
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elements. Bui, if a continuous texture is used, it is difficult to remove artifacts at the 

boundaries where two surfaces of different texture meet.

Experiment 11: Segregation of Irregular Cvclopean  
Textures

The purpose of Experiment 11 was to extend the result of Experiment 10 to cover 

irregular textures and to refute any alternative explanation based on the selective 

processing of a small number of features. Irregular textures can be characterized by their 

statistical properties. If segregation proceeds by a genuinely statistical representation of 
an extended area, then segregation should be a function of the statistical variation of a 
textured surface, rather than the discriminability of local elements.

Suppose that there is a parallel process which characterizes the cyclopean texture 

of extended regions. If this process operates analogously to that suggested for luminance 

textures, then it should operate on the outputs of sets of cyclopean spatial filters tuned to 

orientation and corrugation freijuency. The extent to which a patch of cyclopean texture 
selectively stimulates different sets of filters should govern its discriminability as a 
texture. In other words, the second-stage process should have a measurable selectivity for 
cyclopean orientation and size. Supposing a texture is produced by adding together 
sinusoidal corrugations whose orientation is selected randomly from a distribution of 
orientations. As the standard deviation of that distribution is increased, cyclopean spatial 
filters at a greater number of orientations will be stimulated. Effectively, the overall 
orientation of the textured surface becomes blurred. There should be a critical standard 
deviation at which this blurring becomes too great for the second-stage process to 
discriminate between textures. An analogous argument may also be applied for the 
dimension of corrugation frequency (or cyclopean size).

If, instead of this genuinely statistical process, perfomiance is based on a form of 

selective discrimination between a small number of features, the standard deviation of 

orientation or corrugation frequency will have little effect, provided that individual 

humps or hollows are still discriminable and of markedly different cyclopean orientation 

or size.

Methods

With the exception of the fomiation of the 18 images for each experimental run, 

the methods were identical to those of Experiment 10.

The images for this experiment consisted of two different types of irregular 

textures: orientation textures and size textures. Both types were generated by a linear 

combination of 50 sinusoidal corrimations selected as follows:
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(1) O rien ta t ion  tex tures:  F requency  was d raw n  from a un i fo rm  

distribution covering the range 0.25 - 2.0 c/deg on a logarithmic scale (i.e. 

f requency was 2" where n varied uniformly between -2 and 1). The  peak- 

t rough di spar i ty  of  each corruga t ion was inversely p ropor t iona l  to 

f requency,  with a mean of  4 min arc. Phase was randomized. Orientation 

was drawn from a Gaussian dist ribut ion centred on 0 or  90 deg,  the 

s tandard  devia t ion o f  which was m an ip u la t e d  to fo rm separa te  

conditions-^

(2) Size textures: Orientation was drawn from a uni form dist r ibut ion 

covering the comple te  range of  or ientat ions. Phase was randomized .  

Frequency was drawn from a Gaussian distribution centred on 0.4 or  0.8 

c /deg  on a logari thmic scale, the s tandard deviat ion o f  which  was  

m an ipu la ted  to form separa te  cond i t ions .  Standard  dev ia t io ns  are  

expre ssed  as a pe rcentage  of  the di s tance between  the two  mean 

frequencies  on the logarithmic scale. The peak-trough dispari ty o f  each 

corrugation was inversely proportional to frequency, with a mean o f  4 min 

arc.

For  orientat ion textures, each experimental run selected stimuli f rom 9 images 

centred on 0 deg and 9 images centred on 90 deg, both with the same s tandard deviations 

of  orientation. For size textures, the two sets of  9 images were centred on 0.4 c/deg and 

0.8 c/deg, again with the same standard deviat ions.  These textures had an appearance 

similar to that of  crumpled clothing or rippled sand.

The  observers  in this expe riment  were again DK and PDL. Each obse rver  

completed two runs for each condition. DK completed 3 condit ions for both orientation 

and size textures at 5, 25, and 45 deg and 10, 30 and 50% respectively. Blocks consisted 

o f  3 runs o f  ei ther size textures or  orientat ion textures with the order  randomized  and 

counter-balanced as for Experiment  10. PDL completed 5 condi tions for each o f  the two 

types of  texture at 5, 15, 25, 35, and 45 deg and 10, 20, 30, 40, and 50%, in blocks o f  5.

Results
The results for the orientation textures are presented in f igure 6.5. The  results for 

the size textures are presented in figure 6.6. Percent correct is plotted against presentation 

t ime for  etich o f  the separate s tandard deviat ions of  or ien tat ion  and corrugat ion  

frequency.

^ ^ B e c a u s e  o n c m a u o n  i s  i i o i  a  C D i u i i u i o i i s  s u a k '  ( i . e .  V I  c l e g  e o r r c s p o n c l s  t o  -<S9 c l e g )  t h e  t a i l s  o f  t h e  G a u s s i a n  

d i s t r i b u t i o n  w e r e  t e r m  m a t e d  a t  a n  o f f s e t  f r o m  t h e  m e a n  o f  ± 9 0  d e g .  W i t h  t h e  s t a n d a r d  d e v i a t i o n s  e m p l o y e d  

h e r e ,  t h e  d i s t o r t i o n  o f  t h e  d i s t r i b u t i o n  p r o d u e e d  l»y t h i s  l i m i t a t i o n  is  n e g l i g i b l e .
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For ail bill the very largest standard deviat ions performance is above chance for 

both observers at short presentation times, even down to 75 msec for  observer D K in the 

or ien tat ion task, a l though there is still a cons iderab le  di ff e rence  in the level o f  

performance o f  the two observers.  This confirms and extends the f indings o f  Experiment 

10. The  boundary  between two surfaces can readi ly be perce ived  by pre-at tent ive 

segregation o f  cyclopean textures, on the basis of  both orientation and size. In the present 

experiment  excel lent  segregation was obtained with very irregular  cyclopean textures. 

The  introspect ions which resulted from viewing these i r regular  textures  were again 

consistent with viewing two separate and homogeneous rectangles o f  bumpy surface.
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F igure  6.5. Data fo r  segregating irregular orien ta tion  textures. 
Performance is again above chance at very short presentation times. 
Performance is highly dependent on the standard deviation o f  orientation 
within the texture and shows little improvement with presentation time, 
suggesting that the statistics o f  the image govern the ability to segregate 
the textures.
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Figure 6.6. D am  f o r  segregating Irregular size textures. Performance is 
again above chance at very short presentation times. Perform ance is  
highly dependent on the s tandard  deviation o f  corrugation frequ en cy  
within the texture and shows gradual improvement with presentation time.

It was argued fol lowing  Experiment  10 that the agreement  in perfo rmance  

between different tasks, and the difference in performance between observers,  suggested 

that an important  factor  in that experiment  was the t ime taken to fuse the image.  The 

flat ter  funct ions generated in the present  experiment ,  especial ly with the orientat ion 

textures, do not point to fusion as a factor. The surfaces o f  Experiment  10 were o f  greater 

peak-trough disparity and had larger  surface slants than the textures  in the present  

experiment , which may have made them liarder to fuse.
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Does this successful perception of the border between two irregular cyclopean 

textures represent genuine statistical characterization of three-dimensional texture? 

Comparison of performance across different standard deviations reveals that there is a 

marked influence of the standard deviation in both the orientation and size tasks. This is 
the case even for segregation of surfaces whose distributions of orientation or corrugation 
frequency have negligible overlap and very different means. If segregation were governed 
by selective processing of a small number of image features then this dependence on the 

statistical make-up of the images would not be expected, because individual features of 

the image should still be readily discriminable. In several cases the functions of the 

present experiment show no tendency towards 100% even at 1200 msec. This supports 

the idea that the limiting factor in performance is the statistical nature of the texture; 
either the system resolves the two textures or it does not. Anecdotally, it was found that 

with very prolonged inspection of those stimuli employed in the experiment which could 
not be segregated at short presentation times, the task could eventually be solved by serial 
scanning of the bumps and hollows, in a manner similar to that of figure 6.1c in the 

luminance domain.

It cannot be argued that the statistical variation alters performance because it 
makes individual features somehow more difficult to locate or process, because if this 
were the case, performance should be much worse in Experiment 11, as a whole, 
compared with Experiment 10. If anything, performance is better in Experiment 11, 
especially for observer DK. The most likely conclusion therefore is that performance in 
this experiment is the result of a statistical characterization acting on a parallel 

representation of orientation or size. Applying the type of explanation employed for 
luminance textures in the disparity domain, changing the standard deviation of the 
distribution of orientation or corrugation frequency will affect the ability of the second- 

stage mechanism to resolve the outputs of sets of cyclopean spatial filters tuned to 

corrugation frequency and orientation.

Theoretical Implications

Contrary to the conclusions of Nothdurft (1985) it is contended here that 

cyclopean textures can be segregated. The size and orientation statistics of patches of 
three-dimensional texture are sufficient for the very rapid discrimination of surfaces. This 

finding builds on those of Chapter 5 in the sense that it provides another example of the 

sophistication of processes acting on the cyclopean image. As reviewed earlier in this 

chapter, recent theories of texture segregation in the luminance domain state that the 

image is first filtered by mechanisms tuned to a range of orientations and spatial 

frequencies before a second stage which computes a coarse statistical representation over 

an extended area. This statistical representation is computed in parallel before a third 

stage detects texture differences between neighbouring spatial regions. It is clear from
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work reviewed in Chapter 1 and the results presented in Chapters 4 and 5, that the 

disparity map is filtered by cyclopean spatial filters tuned to a range of corrugation 

frequencies and orientations. This filtering process and further cyclopean mechanisms 

result in cyclopean spatial acuity which can be as acute as is found with luminance- 
defined stimuli, over a limited range of corrugation frequencies and spatial frequencies. 
The experiments of this chapter suggest that a further process operates, following a stage 

of cyclopean spatial filtering, which provides a statistical representation of the three- 

dimensional texture of extended surfaces. The failure of Nothdurft (1985) to find 

cyclopean texture segregation probably reflects the fact that the stimuli employed were 

unrealistic and did not therefore provide a powerful enough stimulus for cyclopean spatial 

filters. The more realistic textures at coarser spatial scales which were employed here 
were found to segregate.

Why might it be desirable to be able to segregate textures using cyclopean 
mechanisms? One answer to this question may arise from the fact that three-dimensional 
texture does not always manifest itself in the monocular luminance pattern reflected by a 
rough surface. Bumps and hollows in a rough surface do produce patterns of shading, but 

these patterns are dependent on the nature and direction of the source of illumination. 
Other powerful depth cues such as perspective and texture gradients are of little use when 
dealing with an irregular texture which lies approximately within a single plane. Provided 
enough monocular features are actually present, the three-dimensional texture of a rough 
surface will be accurately specified by cyclopean information. Tlierefore, for dealing with 
rough terrain or surfaces within reach, where the viewing distance is such that the 
variation in disparity is easily detected, processing of cyclopean texture may be very 

useful in the perception of suifaces.
Cyclopean texture segregation provides another example of texture segregation 

which cannot be explained by early cortical filtering of the luminance image. The results 

of He and Nakayama (1992, 1994) suggest either that the notion that there exists only one 

site for texture segregation must be abandoned, or that the location of a single site must 

be at a higher stage of processing than early cortical filtering. That texture segregation is 

possible in cyclopean stimuli strengthens this argument.

Summary

This chapter examined contemporary theory of texture segregation in the light of 

the properties of cyclopean spatial filtering suggested by previous work and the 

experiments of Chapters 4 and 5. It was hypothesized that it would be possible to pre- 

attentively segregate certain cyclopean textures. Experiments 10 and 11 show that a 

boundary between two surfaces can be perceived on the basis of regular and irregular 
cyclopean textures. Experiment 11 further suggests that the ability to perform this 

segregation depends upon the statistical nature of the cyclopean texture rather than the
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selective processing of a small number of the three-dimensional features. These 
experiments provide another example of the sophistication of cyclopean vision and 

suggest that texture segregation is not a process which is confined to early cortical 

filtering of the luminance image.
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Chapter 7

The Stereoscopic Slant Anisotropy

The "stereoscopic slant anisotropy" refers to differences in the speed, accuracy 
and degree of depth perception as a function of the direction of disparity change in a 
stereoscopic surface (Rogers and Graham, 1983). This chapter presents a critical analysis 
of previous accounts which have abandoned the idea that the visual system aims to 
compute the horizontal disparity associated with each visual direction (Cagenello and 
Rogers, 1993; Gillam Chambers and Russo, 1988). Experiments are then presented which 
establish some of the basic variables affecting the anisotropy, in an attempt to answer the 
following question: why does the direction of disparity change have such large effects on 
the perception of stereoscopic surfaces?.

Horizontal surfaces Vertical surfaces

Figure 7.1. The stereoscopic  slant anisotropy: depth percep tion  is 
quicker, more pronounced and more precise in horizontal surfaces.
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Nomenclature
For the purposes of definition, "horizontal surfaces" are those for which the 

disparity varies vertically and "vertical surfaces" are those for which the disparity varies 

horizontally. At first sight this may appear counterintuitive, but there are a number of 

reasons for employing the scheme. Surfaces which are horizontal in the environment, 
such as ground-planes and sky-planes produce vertical disparity gradients. Surfaces 
which are vertical, such as wall-planes produce horizontal disparity gradients. As regards 

planar surfaces, "horizontal surfaces" are those which are rotated about a horizontal axis, 

while "vertical surfaces" are rotated about a vertical axis. For curved surfaces, the 
disparity produced by a horizontal cylinder varies vertically and the disparity produced by 

a vertical cylinder varies horizontally. Finally, horizontal corrugations in which the 

disparity varies vertically are analogous to luminance gratings one would describe as 
horizontal and vice-versa for vertical corrugations. Examples are provided in figure 7.1. 
The reader should choose whichever mnemonic is most helpful, as the scheme is used 
extensively in what follows.

Facts and Theories Concerning the Anisotropy

Relative to horizontal surfaces, for vertical surfaces displayed in an RDS or grid- 
pattern stereogram, depth perception can be an order of magnitude slower (Gillam et al., 
1984, 1988), less than half the same depth may be perceived (Rogers and Graham, 1983) 
and thresholds for detection and discrimination of depth or shape are sometimes higher 
by several fold (Rogers and Cagenello, 1989; Cagenello and Rogers, 1993; Mitchison and 
McKee, 1990). Two theories of the anisotropy have been proposed and are reviewed in 
this section. Both accounts have abandoned the notion of a disparity map as being 

fundamental to stereoscopic depth perception. Chapter 1 presented a wealth of evidence 

which favours the hypothesis that horizontal disparity is the most fundamental binocular 

disparity for depth perception and that it is represented in a disparity map. This evidence 

counts against both the theories examined below in its own right. The following 

discussion analyses the accounts with reference only to the anisotropy itself.

The relative disparity account
Gillam, Flagg and Finlay (1984) presented observers with slanting planar surfaces 

made up of random dots organized into a grid structure. Vertical surfaces were produced 
by magnifying one eye's image horizontally, either across the whole field or only in the 

upper half. Perceived slant was greater and could be seen more quickly in the half-field 
condition. Perceptual latencies for determining the direction of slant of vertical surfaces 

were often as long as 30 seconds. Gillam et al. argued that stereoscopic processing is
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sensitive to changes in the relative disparity of horizontally separated image features, 
rather than to horizontal disparity per se.

A possible explanation for the anisotropy therefore arises from the fact that 
vertical planar surfaces contain no changes in relative disparity, unlike horizontal planar 
surfaces which contain a vertical gradient of relative disparity. In addition, any whole- 
field horizontal gradient of disparity could be produced by eccentric viewing as well as 
by surface geometry. Eccentric viewing results in a whole-field magnification, the 
horizontal component of which produces a disparity gradient. Mitchison and Westheimer 
(1990) and Mitchison and McKee (1990) have proposed that whole-field slants are 
therefore not reliable cues to vertical slanting surfaces. However, why the anisotropy 
should manifest itself in the time taken to perceive depth is not made explicit.

(a) ( b )

Figure 7.2. Perspective views o f  the surfaces used in Gillam et al. (1988) 
The configuration in (a) produces no anisotropy, whereas (b) produces an 
anisotropy.

Gillam, Chambers and Russo (1988) required observers to press a button when 

they had decided that a sparse random dot stereogram was fused, and then to press it a 
second time when it could be classified as one of twelve designated surface structures. 
Vertical planar surfaces required much greater latencies to be classified than horizontal 
ones. In addition, surfaces in which the two halves of the field differed in slant and were 

divided by a sharp edge orthogonal to the axis of rotation (figure 7.2a), showed no 
anisotropy in latency. These surfaces each contained a change in relative disparity and so 
no anisotropy would be predicted by the relative disparity account or the viewing 
geometry account. However, surfaces in which the two halves of the field differed in slant 
but were divided by a hinge parallel to the axis of rotation (figure 7.2b) showed a marked 
anisotropy. Because the hinged configuration contains a change in relative disparity but is 
still subject to an anisotropy, the result is inconsistent with the relative disparity account. 
Instead of endorsing the relative disparity account, the Gillam et al. (1988) study is 
perhaps better understood as assigning a special role to sharp stereoscopic edges, in that
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they abolish the anisotropy. Further falsifications of the relative disparity theory are 
provided by studies showing that surfaces which are curved in depth still show an 
anisotropy, despite possessing horizontal gradients of relative disparity (Rogers and 
Cagenello, 1989; Stevens and Brookes, 1988; Buckley and Frisby, 1993).

The contour disparity account
Cagenello and Rogers (1993; Rogers and Cagenello, 1989) proposed that the 

anisotropy might be explained by different patterns of orientation or curvature disparity 
resulting from vertical and horizontal surfaces. Contour disparities provide a potential 

explanation for the anisotropy because their magnitude is dependent on both the 
orientation of a given contour and the direction of surface slant or curvature, i.e. the 
surface tilt. For a planar surface of slant a  and tilt (3, the orientation disparity of a line- 

element with an orthographic projection onto the fronto-parallel plane at an angle (J) to the 

vertical, with perspective projections to the left and right eyes at angles of (t>L and ({)r 

respectively, is derived in Appendix A and is given by:

2etan((|)i. - (|)k) =  cos(j)cos((l)-p)tana
d ( 1)

CJJ(U73
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Orientation of line-element, (|) (deg)

F igu re  7.3. The orientation d ispar ity  o f  a line-elem ent on a p lan ar  
slanting surface as a function o f  line-element orientation. H orizontal  
surfaces produce more orientation disparity, especially  f o r  vertical line- 
elements.
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Horizontal surfaces have a tilt (p) of 0 deg while vertical surfaces have a tilt of 90 

deg. Figure 7.3 gives the orientation disparity produced by the range of line-element 
orientations (({)) lying in both horizontal and vertical planar surfaces at slants (a) of 10 

and 45 deg. The total amount of orientation disparity generated by the surface, assuming 

that the luminance image is isotropic, is given by the area under the curves. Horizontal 

surfaces containing a vertical disparity gradient produce approximately twice as much 

orientation disparity as vertical surfaces containing a horizontal disparity gradient. Thus, 
if the perception of planar slant is based on the magnitude of orientation disparity, the 
anisotropy in perceived depth can be accounted for. However, it is not clear why the 

anisotropy should also manifest itself in the latency to perceive depth.
The analysis is easily extended to curvature disparity which results from surfaces 

curved in depth (Rogers and Cagenello, 1989), as curvature disparity is a gradual change 

in orientation disparity produced by a gradual change in surface slant and hence obeys 

very similar equations. In addition, contour disparity is a function of the type of 
transformation involved in both stereoscopic and motion parallax displays. It results from 

shearing as opposed to expansion-compression transformations (see figure 1.13). The 
contour disparity account can therefore account for the reversal of the anisotropy with 
vertical head-movement described in Chapter 1 (Rogers and Graham, 1983).

The critical assumption in the contour disparity account is that perceived depth 
should be directly related to the amount of contour disparity present. One might expect 
the visual system to have evolved to take account of the relationship shown in figure 7.3. 
In other words, when faced with a vertical surface, why doesn't the visual system assign 
greater depth per unit change in contour disparity? Given this criticism, a more likely 
outcome of the difference in contour disparity functions is an anisotropy for 
discrimination and detection of depth, but not for the amount of perceived depth. 

Analogously, the visual system can accurately estimate equivalent peak-trough disparity 

in corrugated surfaces of different frequencies despite the accompanying changes in 

sensitivity (loannou, Rogers, Bradshaw and Glennerster, 1993). It is worth bearing in 

mind, however, that a stereogram (or relative motion display) places several depth cues in 

conflict. The vergence cue in a stereogram signals the same depth as that specified by 
disparity. But texture, perspective, shading^^ and accommodation cues remain consistent 

with a flat fronto-parallel surface. Biilthoff (1991) presents some evidence that the weight 

assigned to a depth cue in cue combination will be proportional to its reliability. 

Therefore, when it comes to combining cues, the visual system may assign less weight to 

the contour disparity cue present in vertical surfaces on the grounds that it is a less 
reliable cue for these surfaces. Nevertheless, this would imply that the texture, 
perspective and accommodation cues dominate horizontal disparity, disparity gradient.

^^Certain assumptions arc required as to the direction of the light source for shading to signal a fronto- 
parallel surface. However, it is clear the shading cues in a stereogram arc generally not consistent with the 
depth specified by horizontal disparity.
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orientation disparity, curvature disparity and spatial frequency disparity^^. The analysis 
therefore requires that contour disparities play a very dominant role in the perception of 

stereoscopic surfaces, which is not supported by the experiments of Chapter 4.
The strongest evidence of a role for contour disparity in generating the anisotropy 

derives from Cagenello and Rogers (1993), who used planar surfaces consisting of 

regular grids ruled with either 0/90 deg lines or ±45 deg lines. Slant thresholds for 0/90 

deg grids were approximately 1 deg for horizontal surfaces and 3 - 4  deg for vertical 

surfaces. However, with ±45 deg grids, thresholds were approximately 1.25 deg for both 

surface orientations. If it is assumed that, in these stimuli, the only orientation disparity 

available to the visual system is derived from the orientation of the lines themselves^o, 
then the ±45 deg grid stimuli produce equal amounts of orientation disparity for both 

directions of surface slant, whilst the 0/90 deg grid stimuli produce orientation disparity 

in horizontal but not vertical surfaces. The result is thus supportive of the contour 

disparity account. Rogers and Cagenello (1989) also found similar effects of the 
orientation of grids using curved surfaces.

Nevertheless, there are two problems with concluding that contour disparities 
underlie the anisotropy. First, as already referred to in Chapters 1 and 4, the absolute 
magnitude of orientation disparity at threshold for slant detection is so small as to make it 
unlikely that orientation disparity is the cue employed in detection. Second, the results of 
the above study contrast with those of Mitchison and McKee (1990) who, unlike 
Cagenello and Rogers, obtained an anisotropy for slant detection using ±45 deg grid 

planar surfaces. The difference between the two studies can be explained by the different 
sizes of the stimuli. Mitchison and McKee used surfaces subtending just 0.75 deg, 
whereas the surfaces in Cagenello and Roger's experiment subtended 10 deg. Cagenello 
and Rogers provide a second experiment showing that thresholds fall rapidly as the size 

of the patch is increased, becoming roughly constant for surfaces larger than about 5 deg. 

They argue that planar surfaces bigger than this are detected by orientation disparity. But 

this leaves the anisotropy at threshold for small ±45 deg grid surfaces unexplained, 

because the horizontal and vertical forms of these surfaces contain equal amounts of 
orientation disparity.

Furthermore, there are several results for supra-threshold planar slant which 

cannot be accounted for by orientation disparity. Gillam, Chambers and Russo (1988) 

found that latencies for categorizing horizontal slanting surfaces were significantly 

shorter than for vertical surfaces with twice as much slant and hence equal orientation 

disparity. Mitchison and McKee (1990) measured the perceived slant of a variety of grid
like surfaces, including those ruled with ±45 deg lines, manipulating size, grid spacing 

and orientation. An anisotropy resulted in all cases, regardless of orientation disparity.

^^Sensiliviiy lo spatial frequency disparity would actually predict an anisotropy in the opposite direction, as 
it is maximal for vertical surfaces.

See footnote 4 in Chapter 1.
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Two consistent trends emerged: providing a nearby reference frame of a different slant 

abolished the anisotropy, confirming a special role for stereoscopic edges, and the 
anisotropy increased with decreased grid spacing. Neither trend is predicted by the 

orientation disparity account. Finally, Gillam and Ryan (1992) also found an anisotropy 

for perceived slant with ±45 deg grid surfaces made up of dotted lines. They also pointed 
out that grid surfaces contain a large conflicting perspective cue which might in theory 

contribute to the anisotropy and serve to partially remove it with ±45 deg grids. However, 

neither orientation disparity nor conflicting perspective can explain their result that 

perceived depth is less for vertical surfaces made up of only vertical dotted lines than for 

horizontal surfaces made up of only horizontal dotted lines.

Is the anisotropy confined to stereograms ?
One possibility is that the anisotropy is limited to the experimental environments 

employed in the laboratory, such as stereograms and relative motion displays. Buckley 

and Frisby (1993) independently manipulated disparity and texture/outline cues in 
stereograms of triangular and parabolic ridges. For horizontal ridges stereopsis dominated 
texture/outline cues in determining perceived depth. However, for vertical ridges the 
pattern was reversed. The experiment was then repeated using real three-dimensional 
stimuli, with the appropriate texture drawn on. With real stimuli the anisotropy 
disappeared. The authors argue that the absence of a conflicting accommodation cue is 
the most likely explanation, and therefore that accommodation plays a vital role in the 
anisotropy, although no account is given of exactly how accommodation produces 
anisotropic perception.

There are at least two reasons to cast doubt on a role for accommodation in 
explaining the anisotropy. First, accommodation is suggested as an explanation in this 

experiment by default; no other depth cue varied between the real and stereogram stimuli. 

Although Buckley and Frisby were careful to cany out monocular control experiments, 

they did not control for the introduction of extra binocular cues. Most importantly, a high 

contrast edge provided the outline of the ridge in the real stimuli, whereas the outline in 
the stereogram case was a virtual line formed by the termination of a small number of 

luminous lines. The presence of a stereoscopic edge can have profound effects on the 
presence or absence of the anisotropy (Gillam et al., 1984, 1988). Second, conflicting 

accommodation cannot explain the anisotropy for surfaces containing very small changes 

in depth, such as those in the threshold experiments (Rogers and Cagenello, 1989; 

Cagenello and Rogers, 1993; Mitchison and McKee, 1990), where no significant 
accommodation cue is present.
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The Anisotroov as a Filtering Problem

It is clear from the analysis above that the explanations of the anisotropy which 

have been proposed to date do not adequately account for the available data. A fresh 
approach is therefore needed.

It has been very much a theme of this thesis thus far to consider the fundamental 

processes of stereoscopic vision as a series or set of cyclopean spatial filtering operations, 

acting on a disparity map, in analogous fashion to spatial filters in the luminance domain 

acting on the luminance image. There is a wealth of evidence for cyclopean spatial 

filtering presented in Chapter 1 and suppoiied by the experiments presented in this thesis 

thus far. Can the anisotropy be explained within this framework?

One possibility is that the anisotropy is the result of different numbers of filters 
being tuned to horizontal and vertical surfaces. If depth is signaled by the summed 

response of a number of filters, more depth will be perceived with a greater number of 

filters. Also, the variance in the depth estimate will reduce with a greater number of 

filters. However, it is not clear why the time to resolve the surface should vary so 

radically with surface orientation. Furthermore, if one assumes the anisotropy is caused 
by the same process in the stereoscopic and relative motion cases, the result of Rogers 
and Graham (1983) must cast doubt on an approach based on the number of filters. The 
anisotropy reversed when head-movement was vertical. It seems, then, that the anisotropy 
must be a more complex interaction between filters tuned to a given orientation and the 
representation on which they act.

The following experiments were designed with the aim of producing a theory of 
the anisotropy based on spatial filtering of a disparity map. It is not known how the 
anisotropy varies with corrugation frequency, relative disparity, learning, superimposition 

of horizontal and vertical surfaces, or orientation (other than horizontal and vertical). 

Before embarking upon further theoretical speculations, the effects of these basic 

variables on the extent of the anisotropy need to be established.

Experiment 12: The Disparity Sensitivity Function for 
Vertical and Horizontal Corrugations

The purpose of Experiment 12 was to measure the anisotropy for the detection of 

sinusoidal corrugations as a function of corrugation frequency. This is the cyclopean 

analogue of obtaining the contrast sensitivity function (CSF) for luminance gratings. 

Thus, disparity sensitivity functions (DSF) were generated for horizontal and vertical 

corrugations. Photographs of both types of image are provided in Appendix D in a form 
suitable for free-fusion.
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Methods
The phase identification task of Experiment I was employed, in which observers 

were required to state whether the central bar of the corrugations was convex or concave. 

The experimental details were identical to those of Experiment 1 except that the 
corrugations were always presented with the mean at zero disparity. Five corrugation 

frequencies were tested: 0.125, 0.25, 0.5, 1.0 and 2.0 c/deg. At each frequency, thresholds 

were measured for both horizontal and vertical corrugations.

It should be pointed out at this stage that it is not possible to create a vertical 
corrugated surface which is truly cyclopean. It will be recalled from Chapter 1 that any 

surface with smooth variation of disparity in a horizontal direction produces spatial 

frequency (or size) disptu-ity. The spatial frequency of the left eye image will be reduced 
relative to the right if the surface is slanting away to the right. The opposite is the case 
where the surface slants away to the left. Thus, a surface which contains regions slanting 
in both directions, such as a con ugated surface, will contain spatial frequency differences 

within a single image. In the left eye image, the dots on the regions of the image which 
slant to the left will appear less densely packed than those on the regions which slant to 

the right^k However, for disparities close to threshold the effect is very small. Prior to 
collecting the data, the author attempted to detect vertical corrugations on the basis of 
dot-density differences in the monocular images. For peak-trough disparities of up to 2 
min arc (well above the highest used in any psychophysical run) performance in these 
monocular tests was no better than chance, except at the highest frequency, which 
produces the greatest slant for a given disparity. However, threshold disparity to detect 

this difference in dot-density would have been higher still and it was thus not thought that 

the density cue had any effect upon performance.
Runs of 64 were organized into blocks of 5. Horizontal and vertical corrugations 

were alternated between runs. Within these constraints, the different corrugation 

frequencies were randomized and counter-balanced across blocks. Feedback was 
provided.

Three observers took part in the present experiment: NJA, DK and PDL. NJA had 

seen several RDS figures prior to the experiment, had no experience of psychophysical 

experiments and was entirely naive regarding the purpose of the experiment. DK is an 

experienced psychophysical observer, but had not previously participated in an extensive 
experiment involving RDS’s. All 3 observers had nomial or corrected-to-normal vision.

Before the main data were collected, observers were shown corrugations of 0.25 

c/deg at both orientations and 2 min arc peak-trough disparity. All commented that the 

vertical corrugations appeared to have less depth.

actual fact, this is only true provided the original random image is not truly broad-band. If the image 
were to be a random-dot image of effectively infinite resolution, no spatial frequency difference would 
emerge as a result of the slant transformation.
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Figure 7.4. Detection thresholds fo r  vertical and horizontal corrugations  
as a function o f  frequency. Neither NJA nor PDL produces any consistent  
anisotropy.

Results
Thresholds for PDL and NJA are plotted in figure 7.4. Thresholds for DK are 

given in figure 7.5. The detection thresholds and the shape of the DSF for all 3 observers 

are in accord with previous findings (Tyler, 1974; Rogers and Graham, 1982). The curves 

are U-shaped with best detection thresholds falling in the region of 0.25 - 0.5 c/deg. The 

only exception to this pattern is for NJA with horizontal corrugations at 0.5 c/deg, where 

there is a slight kink in the U-shaped curve. Lowest thresholds for 84% frequency-of-
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seeing are 4 sec arc for NJA, 3 sec arc for PDL and 7 sec arc for DK. This is fine 
stereoaciiity in all 3 cases and compares well with previous results, both for random-dot 
and line stimuli (Stevenson, Cormack and Schor, 1989; McKee, 1983).

For both NJA and PDL, following the first run, there were no noticeable effects of 

learning. As can be seen from figure 7,4, no consistent anisotropy for detection was 

present. Because this result was very surprising, an extra 4 blocks were run such that the 

r.m.s. of 5 runs was taken for each threshold estimate. Unlike those for PDL, the two 

curves for NJA do not coincide, but there is definitely no tendency for vertical 

corrugations to be less detectable than horizontal ones.
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Figure 7.5. Detection data fo r  DK. who produces the classically reported  
anisotropy only at 0.125 c/deg.

The data for DK show a different pattern of results. At the very lowest frequency 

DK exhibits the classical anisotropic result. Threshold for 0.125 c/deg is twice as high for 
vertical corrugations. However, considering all 3 observers, this was the only data-point 

which produced the classically reported effect.
This overall result is puzzling for a number of reasons. First, it runs counter to 

other studies on the anisotropy which have recorded differences in detection thresholds 

for both slanted and curved surfaces (Roger and Cagenello, 1989; Cagenello and Rogers, 

1993; Mitchison and McKee, 1990). Second, all 3 of the observers reported the 

anisotropy for a supra-threshold suiface prior to participating in the experiment. Third, at 

the same time as the data in the present experiment were collected, a different laboratory 

carried out an almost identical study to this one and obtained a very different result. 

Bradshaw and Rogers (1993) recorded a difference of 2 - 3 fold between detection
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thresholds for horizontal and vertical sinusoidal corrugations. The effect tended to be 
larger at lower frequencies.

0.125 c/dcg D K

■0—  horizontal 
-#—  vertical
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Figure 7.6. Individual detection threshold estimates f o r  D K  a t  0 .125  
cl deg. After a considerable number o f  psychophysical runs the anisotropy  
completely d isappears.

It has previously been found that a small number of subjects do not produce 
anisotropic results in equating the depth of horizontal and vertical surfaces. Rogers, 
Holmes and Bradshaw (unpublished study) found that approximately 5% of a sample of 
over 40 observers did not require more disparity in a vertical surface to perceive 

equivalent depth, relative to a horizontal one. Furthermore, after finishing the data in the 

present experiment the author, PDL, acted as an observer in the Rogers and Bradshaw 

(1993) study for a limited range of frequencies and produced identical thresholds for 

horizontal and vertical corrugations. It is therefore possible that the difference between 
the two studies is merely a result of variability across different observers. However, as 
previously stated, the obser\'ers in the present experiment reported anisotropic perception 

of a supra-threshold surface prior to data-collection. It was therefore hypothesized that 

the difference between the observers might lie, not Just in an absolute difference 

concerning the extent of the anisotropy, but in the effects of learning also. With this in 

mind, subject DK continued to collect data at 0.125 c/deg until he had completed 12 runs 

for each of the horizontal and vertical corrugations. The results of these individual 

threshold estimates are presented in figure 7.6. As is clear from the graph, the anisotropy 

completely disappeared with sufficient practice.

This last result suggests an explanation for the original data and the difference 

between the present study and Bradshaw and Rogers (1993). The anisotropy may well be 
subject to learning effects which proceed at a different pace for different observers.
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Furthermore, variability across obsei*vers will interact with the psychophysical technique 
employed. The Rogers and Bradshaw study used the classical Method of Constant 
Stimuli. As argued in Chapter 2, this method tends to obscure any learning effects present 

because it does not provide continual estimates of thresholds during data collection. In 

the present study, learning may have been much quicker for NJA than for DK. It is harder 

to assess PDL because he developed the experiment and hence viewed many of the 
stimuli of both orientations prior to collecting the data presented here. What is needed, 

therefore, is a more systematic study of the effects of learning on the anisotropy.

Experiment 13: The Effects of Learning on the Anisotropy

The purpose of Experiment 13 was to provide a systematic study of the effects of 

learning on the anisotropy at a range of frequencies and amplitudes of disparity. It is clear 

from Experiment 12 that the anisotropy is a plastic phenomenon. The observers in the 
present experiment were therefore chosen on the basis of the fact that they had never 
viewed an RDS before and that they produced a large anisotropy on initial testing.

Methods
A 2ATFC procedure was employed in which the first 1000 msec interval 

contained horizontal sinusoidal corrugations of fixed peak-trough disparity and the 
second 1000 msec interval contained vertical sinusoidal coiTugations of variable peak- 
trough disparity at the same frequency. The intervals were separated by 500 msec. The 
observer had to decide whether the vertical corrugations had more or less depth than the 

horizontal corrugations. The extent of the anisotropy was indicated by the location of the 

point-of-subjective equality (PSE) of the psychometric functions. The PSE provides an 

estimate of the stimulus-level at which the observer's responses are at 50%. Hence, it 

provided an estimate of the point at which the horizontal and vertical corrugations 

produced the same perceived depth.
Surfaces subtended 10x10 deg. A problem had to be overcome regarding the 

edges of the stimulus. The frequencies were specifically chosen to be: 0.15, 0.45 and 1.35 

c/deg. With the comigations always presented with a peak at the centre of the image, 

these waveforms have a disparity of zero at the edges parallel to the corrugations. 

However, in the case of the vertical corrugations, a horizontal depth-edge is present at the 

top and bottom edges of the image which potentially provides a cue to the depth. In the 
case of the horizontal surface, a vertical edge and a wavy outline cue are present at the 
right and left edges of the stimulus. In previous experiments a ramp was used at the edges 

of corrugated stimuli. In the present experiment, this ramp could potentially provide a 

section of the surface changing in depth at an orthogonal orientation to the corrugations, 
which is clearly undesirable. A ramp corresponding to a half cycle of a cosine was again
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used, but the extent of the ramp was much smaller than in previous experiments. The size 
of the ramp was chosen on the basis of pilot trials by the author and extended over just 8 
min arc, such that it was very difficult to fuse and could not be used as a cue to depth 

judgements.
APE chose the stimuli for the present experiment from 20 stored stimuli. Two of 

this set were horizontal corrugations at the reference disparity. The other 18 were vertical 

corrugations with peak-trough disparities spaced evenly about an estimate of the 
observer’s PSE, based either on the measured PSE from the previous run of the same 
condition or, in the case of the first runs of each condition, on the basis of an equivalent 
depth judgement to be described below. The range from which APE could choose stimuli 
was determined by the step-size separating the peak-trough disparities of the 18 vertical 

stimuli, which was set to twice the previous estimate of threshold. With this step-size, the 

estimated location of the PSE for any one psychophysical run was never outside the range 

of stimuli available to APE. Each of the stimuli was chosen from one of 4 dot-pattems, 
such that there was no association between the dot-patterns and previous responses.

It is absolutely crucial to the design of the present experiment that any movement 
of the PSE from run to run could only be caused by a change in the observers perception 
of depth. No feedback was provided and the observers were kept entirely ignorant of the 
actual disparity of the stimuli which were being presented. As described in Chapter 2, 
APE begins each psychophysical run by randomly selecting from stimulus-levels centred 
on a value set by the experimenter (in this case the observer's previous PSE) and then 
continually updates the stimulus-levels after each trial such that they are always centred 
on an estimate of the PSE from the trials completed. Thus, any change in the observer's 
PSE between runs could not be the product of deciding whether the vertical stimulus had 
more or less depth than the mean of the set. Therefore, with no form of feedback 

available, changes in the PSE could only occur as a result of a perceptual change in the 

relative peak-to-trough depth of the horizontal and vertical corrugations.

Three observers were carefully selected on the basis of an equivalent depth 

judgement to be described in more detail in Experiment 14. Briefly, the observer set the 

peak-trough disparity of vertical corrugations at 0.15 c/deg until the perceived depth was 

equivalent to that of horizontal corrugations at the same frequency and 10 min arc peak- 

trough disparity. The observers for the main part of the experiment were chosen because 

they could all easily resolve the horizontal corrugations and all possessed a sizable 

anisotropy. The disparity (in min arc) required in the vertical corrugations was multiplied 

by 10 to give a measure of the anisotropy as a percentage of the disparity of the 

horizontal surface. This percentage was then used to calculate the original estimate of the 

PSE for each of the conditions in the main part of the experiment.

The 3 observers had never viewed an RDS before, had normal uncorrected vision 

and were entirely naive regarding the pui*pose of the experiment. SOP had particularly 

anisotropic depth perception. After easily resolving a surface of horizontal corrugations,
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when she was first exposed to a surface of vertical corrugations she saw no depth at all 
for several minutes. She was then presented with more vertical corrugations. After a 

period of almost 30 minutes, SOP could resolve vertical corrugations within a 1000 msec 

presentation time. At this point, she required 200% of the disparity of the horizontal 
corrugations to see equivalent depth in the vertical corrugations. In the main part of the 

experiment, SOP completed 10 runs for each of 11 conditions: corrugation frequencies of 

0.15, 0.45 and 1.35 c/deg at each of 1.67, 3.33, 6.67 and 13.33 min arc peak-trough 
disparities, except that at 1.35 c/deg the highest disparity of 13.33 min arc could not be 
fused. In addition, after completing the main data, SOP also completed a full set of 

detection data according to the methods of Experiment 12.
ALW took several seconds to perceive depth in vertical corrugations after easily 

resolving a horizontal surface. After just two presentations he could resolve the vertical 
corrugations within a 1000 msec presentation time. He then perceived equivalent depth in 
the vertical corrugations when the peak-trough disparity was 180% that of the horizontal 
corrugations. In the main experiment, ALW completed 14 runs for each of 3 conditions: 
0.15, 0.45 and 1.35 c/deg, all at 3.33 min arc peak-trough disparity.

RP could perceive both horizontal and vertical corrugations within a 1000 msec 
presentation time. At that stage, she perceived equivalent depth in the vertical 
corrugations when the peak-trough disparity was 140% that of the horizontal 

corrugations. In the main experiment, RP completed 10 runs for each of 3 conditions: 
1.67, 3.33 and 6.67 min arc, all at 0.45 c/deg.

Runs of 64 were organized into blocks of 3 for RP and ALW, one run for each 
condition. Within this constraint the conditions were randomized. For SOP, blocks 
alternated between 5 or 6 runs, each consecutive pair of blocks containing all 11 
conditions in a random order. Subjects ran 1 or sometimes 2 (separated) blocks in any 

one day and the data were collected over a period of 2 - 4  weeks.

Results
A sample psychometric function is provided in figure 7.7. The ordinate gives the 

probability of perceiving the vertical corrugations to be of greater depth. The abscissa 
gives the peak-trough disparity of the vertical corrugations. This function is the first run 

for SOP at 0.15 c/deg for a 3.33 min arc reference disparity. The PSE is 6.78 min arc. 

Thus, over twice as much disparity is required in the vertical corrugations for SOP to 

perceive equivalent depth. The bias corresponds to the difference between the location of 

the PSE and the peak-trough disparity of the horizontal corrugations, in this case 3.45 

min arc.

Figure 7.8 plots the progress of SOP's bias for 4 peak-trough disparities at a 

frequency of 0.15 c/deg. A bias of 0 means that the observer's perception is isotropic. As 

can be seen from figure 7.8, the anisotropy lessens gradually over time and completely
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disappears with extended practice. Two other aspects of these data are noteworthy. First, 
the extent of the bias is approximately proportional to the peak-trough disparity of the 
corrugations. A similar result was previously reported for slanted planar surfaces by 
Mitchison and McKee (1990): the anisotropy was an approximately constant proportion 

of surface slant. Second, the data overshoot the horizontal line which corresponds to 

equivalent depths for the two surface orientations. That is, following prolonged learning 
the vertical corrugations are actually seen with more depth than the horizontal 
corrugations. Data for the other two frequencies (not shown) are very similar.
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Figure  7.7. A sam ple psychometric function fo r  SOP. The bias measures  
the d ifference  betw een  the peak-trough  disparity’ o f  the horizontal  
reference  corrugations and the d ispar i ty  n ecessary  in the vertica l  
corrugations to see equivalent depth.

The bias was divided by the reference disparity to give an estimate of the 

proportional increase in disparity required in the vertical corrugations to be at the same 

perceived depth, then multiplied by 100 to give the bias as a percentage of the reference 

disparity. The biases were then averaged across different peak-trough disparities to give 

the mean bias as a percentage of the reference disparity for each of the 3 frequencies. The 

data are plotted in figure 7.9. There is clearly an anisotropy at all frequencies which 

disappears with practice. The anisotropy is more marked at low frequencies, but learning 
occurs at all frequencies. Again, the disparity required to see equivalent depth eventually 

becomes less than that of the horizontal reference surface. This overshoot is particularly 
pronounced for the middle frequency of 0.45 c/deg.



191

QQ

12
SOP

-e—  1.67 min 
-#—  3.33 min 
-A—  6.67 min 
■7k—  13.33 min

8

4
0.15 c/deg

0

4
8 102 4 6

Run

Figure  7.8. Estimates o f  the bias fo r  comparing horizontal and vertical  
corrugations at 0.15 cldeg f o r  SOP. A posit ive  bias indicates the extra  
d isp a r i ty  necessary  in vertica l corru gations  to p ro d u c e  equ iva len t  
p e rc e iv e d  depth. The bias, and hence the anisotropy, d isappear  with  
extended practice.

The data for ALW are plotted in figure 7.10. The first runs at two of the 
frequencies produced very poor psychometric functions, such that the fit was rejected. 
Hence the two curves corresponding to these frequencies begin at the second run. The 
results are very similar to those of SOP. Again, there is a marked anisotropy which 
disappears with extensive practice. As is the case for SOP, the anisotropy is larger at the 
lowest frequency. Also present is the overshoot, with the vertical corrugations eventually 
requiring less disparity to be perceived at an equivalent depth to the horizontal surface.
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Figure 7.9. The bias averaged across peak-trough disparities. There is an 
anisotropy at all frequencies, but it is m ore pronounced at low  frequency. 
For all frequencies, the anisotropy disappears with extended practice  and  
eventually a smaller effect is observed in the opposite direction.
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F igure  7.10. Biases f o r  ALW show the same pattern  as f o r  SOP. The 
aniso tropy  is g rea ter  at low frequency, d isappears  with p rac tice  and  
eventually reverses.

The data for RP are plotted in figure 7.11. Again the anisotropy disappeared with 
practice. The increase of the bias in proportion to the reference disparity is not so 
apparent in these data, but may well be masked by the speed of learning, which was much 
quicker for RP. At all reference disparities an overshoot again occurs following very 

prolonged learning.
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Figure 7.11. For RP the anisotropy disappears m ore quickly than f o r  the 
other two subjects. Again, it eventually reverses.

Finally, the detection data for SOP are plotted in figure 7.12. This result is very 

striking. After extensive practice with supra-threshold corrugations, SOP's detection 

thresholds for horizontal and vertical comigations are identical, with a lowest threshold 

of 11 sec arc. When SOP was first presented with horizontal corrugations, she resolved 

them immediately. When she was first presented with vertical corrugations, it took
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several minutes for her to see any depth at all. Therefore, this final set of data represents a 
substantial amount of learning.
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Figure  7.12. Detection data fo r  SOP. Curves fo r  horizontal and  vertical  
corrugations are identical. Thus, the learning transfers to stimuli at  
threshold.

Implicntions for Previous Accounts of the Anisotropy

The results of Experiments 12 and 13 have implications for both previous 
accounts of the anisotropy referred to above. In each case the results present problems for 
the account in question.

Relative disparity and curved surfaces
A potential explanation for the anisotropy based on the idea that stereoscopic 

vision processes the relative disparity of horizontally separated features (Gillam et al., 

1984, 1988) cannot account for the anisotropy for curved surfaces (Rogers and Cagenello, 
1989; Stevens and Brookes, 1988; Buckley and Frisby, 1993). Nevertheless, the curved 
surfaces employed in these studies were large and the curvatures quite shallow. The 

relative disparity account could perhaps be resurrected by arguing that the change in 

relative disparity in a large surface of shallow curvature occurs too gradually to be 

detectable. However, in Experiment 13 the anisotropy occurred for corrugations at a 

frequency of 1.35 c/deg. This is considerably higher than the peak frequency of the DSF. 

If the DSF is taken as a guide to the range over which relative disparity can be compared, 

then it is clear that the relative disparity account cannot explain the anisotropy at 1.35
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c/deg. Furthermore, the hinged surface employed by Gillam et al. (1988) which contains a 
discontinuity of relative disparity also produces an anisotropy.

Contour disparity and threshold performance
The contour disparity account provides a plausible explanation of the difference in 

perceived depth between horizontal and vertical corrugations and the difference in 
detection thresholds, although a number of objections to the account were raised above. 

However, the results of Experiments 12 and 13 provide two intractable problems for the 

contour disparity account.
First, the crucial aspect of the contour disparity account is that the perceived depth 

in a surface depends on the amount of orientation or curvature disparity present. If this 
strategy is employed by the visual system then it is very unclear why such strong effects 

of practice occur. One can imagine that the visual system might increase its estimates of 
the perceived depth of vertical surfaces for a given amount of orientation disparity, if 

some sort of feedback were to be provided. However, in Experiment 13 the observers had 

no indication whatsoever of the actual disparity of the vertical corrugations. Yet the 
perceived depth of the corrugations effectively doubled over time.

Second, and even more problematic, is the absence of the anisotropy at threshold. 
If contour disparities underlie threshold performance then the difference between 
thresholds for horizontal and vertical surfaces is a limitation imposed on the visual 
system by the nature of the stimulus. Quite simply, the horizontal surface contains more 
contour disparity than the vertical surface. Yet for some observers, detection thresholds 
for the two types of surface are identical. Furthermore, SOP, who was selected for 
Experiment 13 on the grounds of being the observer with the most anisotropic perception 

encountered by author, produced identical detection thresholds over a four octave range 

of corrugation frequencies after a very extended period of practice. The contour disparity 

account provides no possible explanation of this effect and therefore must also be 

abandoned.

The Anisotropy and Stereoscopic Matching

Strong learning effects in the viewing of RDS stimuli have been reported before 

(Julesz, 1971; Ramachandran and Braddick, 1973; Saye and Frisby, 1975; 
Ramachandran, 1976; Marr and Poggio, 1976; O'Toole and Kirsten, 1991). These effects 

are usually attributed to the difficulty of solving the correspondence problem in RDS's. 

This section considers the possibility that the anisotropy arises from the different 

demands placed on the process of stereoscopic matching by horizontal and vertical 

surfaces.
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As was pointed out by Rogers and Graham (1983), horizontal and vertical 

surfaces produce different geometrical transformations of the image. Horizontal surfaces 

produce two images which are related by a horizontal shear and vertical surfaces produce 
two images related by an expansion-compression (see figure 1.14). In terms of 

stereoscopic matching, horizontal surfaces require the observer to match elements of a 
slightly different orientation, while vertical surfaces require matching of elements of a 
different size. These may be two very distinct propositions for the visual system.

Any image differences potentially create noise in a disparity map. The 

relationship between the output of cyclopean filters and noise in the disparity map on 

which they act is not known. However, it seems reasonable to assume that any noise 

which is present in the disparity map can only serve to lessen the response of cyclopean 
spatial filtering operations. Differences in size and orientation between the images 

therefore have the potential to affect the output of cyclopean filters and may do so 
differentially. According to this theory, the learning process would be the result of an 
improvement in the ability to mate It the two images. Individual differences in the speed 

of this learning process are also well-documented (Julesz, 1971; Saye and Frisby, 1975; 
Ramachandran, 1976). That the improvement affects the vertical rather than the 
horizontal surfaces could be explained by a floor effect: for the horizontal surfaces, the 
level of noise in the disparity map is negligible, but for the vertical surfaces it is not.

Anecdotal and experimental evidence for the matching theory
Some of the subjective aspects of the anisotropy support the idea that horizontal 

surfaces are more difficult to match. About a dozen different people were shown 
horizontal and vertical images during the pilot stage to select observers for Experiment 

13. They frequently reported that the vertical corrugations were "fuzzy", "not smooth" or 

even "contained holes". Others reported that the perception of depth in the vertical 
corrugations "kept coming and going". These descriptions should be treated with caution, 
as with any subjective reports of stimuli. Nevertheless, they do imply that vertical 

surfaces present the visual system with a problem which is not simply a matter of 

calibration or estimating the depth of a suiface which is clearly resolved.

One distinct advantage of the matching theory is that it provides an explanation 

for the difference in the latency of perception between the two surface orientations. The 

longer an observer has to view an RDS the longer time is available for disambiguating the 
potential matches. Gillam et al. (1984, 1988) have previously reported a difference in 

latency but did not report any learning effects associate with it. The different latencies for 
perception were a noticeable factor in the pilot stage of Experiment 13, although rapid 

improvement occurred. Gillam et al. (1988) reported that vertical planar surfaces 

appeared fused very quickly; it was only the resolution of depth which took time. They 

did not report the same reactions of observers as were found here. But fusion of an RDS
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is a difficult and subjective concept. For disparities within Panum's limit, RDS stimuli do 
not really produce rivalry or diplopia (Tyler, 1991). Poor fusion results in a slight 
fuzziness or perception of a cloud of dots. One factor which differs between the 

experiments reported in this chapter and those of Gillam et al. is the dot-density of the 

RDS images. In both the Gillam et al. studies, the stereograms were very sparse. This 

may have reduced the sensation of fuzziness or dots at many depths.

In any case, the subjective impression of a matched image may not prevent noise 
or ambiguity in a representation of disparity from affecting perceived depth. Biilthoff, 

Fahle and Wegmann (1991) measured the perceived depth of a stimulus consisting of just 
two targets with a disparity difference between them. They found that when the two 

targets were separated horizontally rather than vertically, less depth was perceived. The 

authors hypothesized that although the two targets were easy to fuse, the extra ambiguity 
of the horizontal stimulus might reduce the perceived depth. This idea was tested by 

using targets of markedly different size or shape, such that no potential mismatches were 

available. The difference in perceived depth as a function of orientation disappeared. 
Biilthoff et al.(1991 ) drew no parallel between the anisotropy in their study and the 
surface slant anisotropy under discussion here. Nevertheless, scaling perceived depth with 

the degree of ambiguity in the image will produce the anisotropy if images containing 
size differences are indeed more difficult to fuse than those containing orientation 
differences.

Problems for the matching theory
At least three problems are immediately apparent for this simple matching theory 

as it presently stands. First, it is not apparent why the anisotropy should be greater for 
corrugations at low frequencies. Differences in size between the images are larger for 

larger horizontal disparity gradients. For a given peak-trough disparity, lowering the 

frequency will lower the maximum disparity gradient and the range of disparity gradients. 
Second, surfaces which are very close to threshold and contain correspondingly small 

disparity gradients would produce only very small differences in size or orientation, 
which one might expect to be too small to have a serious effect on the fusion process. 

Nevertheless, if fusion is considered, not as an all-or-nothing thing, but as a process of 

reducing the noise produced by ambiguous matches in a disparity map, then some noise 

will still be present even at very small disparities. Indeed, the noise in a disparity map 

will increase as the disparity of the image increases and hence as the signal increases. In 

Experiment 13, the anisotropy was approximately proportional to the peak-trough 
disparity of the corrugations. Finally, the reasons for a difference in matching images of a 

different size or orientation is so far under-specified. One possibility stems from the 

luminance filters which provide input to the matching process. Mansfield and Parker 

(1993) have shown by masking with orientationally filtered images that the matching
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process involves orientation tuned filters, but that a mask at an orthogonal orientation to a 
filtered stereogram still produces some loss of stereopsis. Matching may therefore involve 
both isotropic and orientation tuned filters. Both types of filter will be selective for size 
and hence propagate any size differences which exist in the image, while the isotropic 
filters will be blind to a difference in orientation.

Experiment 14: Balancing a Cvclopean Plaid

The simple matching theory just outlined makes the prediction that adding a 

horizontal and a vertical surface will result in the anisotropy disappearing. If the 

perceived depth is scaled according to the noise which exists in the output of the 
matching process, then when the observer is asked to make a decision about the relative 

disparity of two components of the same image, the same noise should be present for 
each. The purpose of experiment 14 was to test this prediction by requiring observers to 

balance the components of a cyclopean plaid, such that it appeared to contain equal 
amounts of variation in depth horizontally and vertically.

Methods
Images were 10x10 deg circular RDS containing vertical and horizontal 

corrugations at 0.15 c/deg, either separate or added to form a plaid. The plaid images 

therefore contained one-and-a-half cycles of the corrugations. The plaid appeared as two 
orthogonal ridges rising to a large bump in the middle of the display. Circular images 
were used because with the stimulus varying in more than one orientation it was difficult 
to deal with the corner areas of a square image. The edges of the circular images were not 
ramped, but pilot trials indicated that with the curved outline of the circular patch it was 

not possible to use the outline as a cue to compare the amplitude of the surfaces.
A procedure was devised to obtain equivalent depth judgements in the minimum 

possible time and thereby negate any effects of learning over the course of data- 

collection. In each trial with the separated conugations, the observer was first presented 

with a horizontal corrugated suiface for 1000 msec and then a vertical corrugated surface 

for 1000 msec, with a 500 msec gap between presentations. The peak-trough disparity of 
the horizontal comigations was held constant at 10 min arc. Following each trial the 

observer could either increase or decrease the peak-trough disparity of the vertical 

comigations. The aim was to equate the peak-trough disparity for the two surfaces. In the 

plaid condition, a single presentation of 1000msec was employed and the observer had to 

alter the disparity of the vertical component in order to make the plaid appear balanced, 

such that the vertical variation was equal to the horizontal variation. Again the horizontal 

corrugations had a constant peak-trough disparity of 10 min arc.
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Two images containing horizontal corrugations were stored in the computer's 
RAM along with 18 images of vertical corrugations. The step-size between the peak- 

trough disparities of the vertical corrugations was originally set at 1 min arc, ranging 
from 5 to 22 min arc. If, after the first judgement was made, it was apparent that the range 

of stimuli required by the observer was considerably narrower than this, the first 

judgement was discarded and range was altered to 7 - 1 5 .5  min arc in steps of 0.5 min 

arc. These ranges proved adequate for all the subjects tested.
Two equivalent depth judgements were made in each run. For the first, the peak- 

trough disparity of the vertical corrugations was set at a random value between 5 and 10 
min arc (7 and 10 min arc with the narrowed range). For the second, the peak-trough 

disparity of the vertical corrugations was set at a random value between 10 and 15 min 

arc (10 and 13 min arc with the narrowed range). Observers were encouraged to make at 

least 1 reversal but not more than 4 before selecting an equivalent surface, which they 
signaled with a button press.

Observers completed 4 runs with the separated corrugations and 4 runs balancing 
the plaids, making a total of eight judgements in each condition. Runs were alternated 
between the conditions. The data were recorded as the mean of the eight judgements. All 
the data were collected for each observer in a single session lasting about 20 minutes.

Fifteen observers were used. They were classified into 2 groups: experienced and 
inexperienced. Experienced observers were classified as those who had extensive practice 
of psychophysical experiments employing RDS's. There were 6 experienced observers, 5 
of whom had already completed extensive data-sets for this thesis. The sixth experienced 
observer was MJM, who has collected psychophysical data for decades, including 
extensive studies using RDS's. Nine inexperienced observers were used. All observers 

apart from MJM, DK and PDL were naive to the purpose of the experiment.

Results
The results for the experienced observers are given in figure 7.13. The height of 

the histogram bars corresponds to the peak-trough disparity of the vertical corrugations 

necessary to see equivalent depth, plotted as a percentage of the peak-trough disparity of 
the horizontal corrugations. Thus, an equivalent disparity of 100% represents isotropic 

perception and anything higher than 100% corresponds to the standard anisotropic effect. 

The mean equivalent disparity across the 6 observers for the separated corrugations was 
104%, which was not found to be significantly different from 100% (p=0.28)^^. For 

balancing the plaid, the mean was 93%, which did prove to be significantly different from 

100% (p<0.01). Thus, the vertical component of the plaid was over-estimated. Testing for 
a difference between the means of the plaid and separated condition produced a p-value

^^This p-value and all those that l'oilow in this experiment is the result of a two-tailed t-tcsl based on the 
assumption that the data are normally distributed.
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o f  0 .0 5 .  T h e r e  is t h e r e f o r e  a s u g g e s t i o n  tha t  the  p e r c e i v e d  d e p t h  o f  t h e  ver t ic a l  

c o r r u g a t i o n s  r e l a t i v e  to th e  h o r i z o n t a l  c o r r u g a t i o n s  is g r e a t e r  w h e n  t h e y  a re  

su p e r i m p o s e d ,  even  for  we l l -prac t iced  obse rvers .
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Figure 7.13. Disparity required in vertical corrugations to perceive  
equivalent depth to horizontal corrugations, both when separated and 
when added to form  a cyclopean plaid. The data are fo r  experienced  
ohserx'ers only. See te.xt for significance tests.

T h e  da ta  for  the in expe r ie nced  ob se rv e rs  a re  pre sen te d  in f igure  7 . 1 4  in the  s am e  

f o r m a t  as in f i gu re  7 .13 .  Fo r  the s e p a r a t e d  c o r r u g a t i o n s ,  all o b s e r v e r s  p r o d u c e d  the 

s t a n d a r d  a n i s o t r o p y ,  r e q u i r i n g  a m e a n  o f  158%  o f  the p e a k - t r o u g h  d i s p a r i t y  o f  the 

h o r i z o n ta l  c o n u g a t i o n s  to p e rce ive  e q u i v a l e n t  d e p t h  in the  ver t ica l  c o r r u g a t i o n s .  T h e  

d i f f e r e n c e  b e t w e e n  thi s  e s t i m a t e d  m e a n  and  1 0 0 %  w a s  fou nd  to be h ig h ly  s ig n i f i can t  

( p < 0 . 0 0 1 ) .  T h e  la rg e  d i f f e r e n c e  in the  m a g n i t u d e  o f  the  a n i s o t r o p y  b e t w e e n  the 

e x p e r i e n c e d  a nd  in ex p e r ie n ced  obse rve r s  is a fu r th er  ind ica t io n  o f  the e f f ec t s  o f  l ea rn ing 

on the a n i s o t r o p y .  For  b a l a n c i n g  the p laid,  the m e a n  w as  124 %,  wi t h  s o m e  o b s e r v e r s  

req u i r in g  less d i s pa r i ty  in the ver tical  c o m p o n e n t .  A s ig n i f ic an ce  test  fo r  a d i f f e r e n c e  in 

the m e a n  f ro m  100% ga ve  a p-va lue  o f  0 .10.  T e s t i n g  for  a d i f f e r e n c e  in m e a n s  b e tw een  

the p la id  a nd  s epa ra te d  c o nd i t io ns  pr o d u ced  a p -va lu e  o f  0.06 .  T a k e n  a l o n g s i d e  the resul t  

fo r  e x p e r i e n c e d  ob se rv e rs ,  it is c lear  that  the vert ica l  c o m p o n e n t  o f  the p la id r equ i r e s  less 

d i s p a r i t y  to b a l a n c e  the ho r iz o n ta l  c o m p o n e n t  than  w h e n  the t w o  c o r r u g a t i o n s  a re  

separa ted .

H o w e v e r ,  there  a re  m a s s i v e  ind iv id ua l  d i f f e r e n c e s  in the  j u d g e m e n t s  f o r  p la ids  

a n d  se p a r a t e d  c o r r u g a t i o n s .  F o r  s o m e  o b s e r v e r s ,  su c h  as T H B ,  a la rg e  a n i s o t r o p y  is 

c o m p l e t e l y  a b o l i s h e d  w h en  the co r ru g a t io n s  are s u p e r i m p o s e d .  H o w e v e r ,  the re  a re  o th e r  

ob se rv e rs ,  such  as C T ,  for  w h o m  this is c l ear ly  not  the case.  A n u m b e r  o f  ob s e r v e r s  a lso
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r epo r te d  that  the plaids  ap p e a re d  at first to be hor izonta l  c o r r u g a t i o n s  and  that  the  vert ical  

c o m p o n e n t  o n ly  b e c a m e  a p p a re n t  to w ard s  the end  o f  the presen ta t ion .
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Figure 7.14. Disparity required in vertical corrugations to produce  
equivalent perceived depth relative to horizontal corrugations, both when 
separate and when combined to form  a cyclopean plaid. The data are fo r  
inexperienced observers only. See text for significance tests.

T w o  c o n c l u s i o n s  m a y  ne v e r th e l e s s  be d r a w n .  F ir s t ,  th e re  is a re d u c t i o n  in the 

a n i s o t r o p y  w h e n  ho r i z o n ta l  and  ver t ica l  c o r r u g a t i o n s  a re  s u p e r i m p o s e d .  S e c o n d ,  the 

s i m p l e  m a t c h i n g  th e o r y  c a n n o t  a c c o u n t  for all  the  d a t a ,  as it c a n n o t  e x p l a i n  the 

a n i s o t r o p i c  p e r c e p t i o n  st i l l  a p p a r e n t  for  s o m e  o b s e r v e r s  w h e n  the  s u r f a c e s  a re 

s u p e r im p o s e d .

at aExperiment 15: Equating the Depth of Corrugations 2 

Ran^e of Orientations

T h e  p u r p o s e  o f  E x p e r i m e n t  15 w as  to p r o v i d e  a s t r o n g e r  test  o f  the  m a t c h i n g  

th eo ry  and  to es tab l i sh  a bas ic result  re ga rd ing  var ia t ion  in p e rc e iv ed  depth  at o r ien ta t ions  

o th e r  than hor izonta l  and ver tical .  T h e  m a tch in g  th e o i^  m a k e s  the spec i f ic  p red ic t ion  that 

p e r c e i v e d  dep th  will  be a m o n o t o n i e  func t ion  o f  o r ie n t a t io n ,  as both the s ize d i f f e re nc es  

a n d  o r i e n t a t i o n  d i f f e r e n c es  b e tw e e n  the left and  r ight  im a g e s  a re  t h e m s e l v e s  m o n o t o n i e  

fu n c t i o n s  o f  o r ien ta t ion .  T h e  d i f f e re n c e  in the size o f  c o r r e s p o n d i n g  lu m i n a n c e  fea ture s  

in c r e a s e s  g r a d u a l l y  as the su r f a c e  or ien ta t io n  c h a n g e s  f ro m  h or iz on ta l  to vert ica l .  T h e  

d i f f e r e n c e  in the or i en ta t io n  o f  im a g e  c o r r e s p o n d i n g  f ea tu re s  in c re a s e s  g r a d u a l l y  as the 

sur face  or ien ta t ion  chanties f rom vert ical  to hor izontal .
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Methods
The same equivalent depth judgement was employed as for the separated 

sinewaves in Experiment 14. The judgement was always relative to horizontal 
corrugations whose peak-trough disparity was constant at 10 min arc. The stimuli were 
10x10 deg corrugations at a frequency of 0.15 c/deg. Seven orientations were tested. The 
horizontal corrugations were defined as 0 deg and the vertical as 90 deg, according to the 
equations for the tilt (p) of a surface given in Appendix A. Tilt is defined as the angle 

between the normal to the surface and the vertical. Orientations tested were: 0, 15, 30,45, 

60, 75 and 90 deg, all rotated clockwise from 0.
Observers again completed 2 judgements in each run. The orientations were 

organized into a different random order for each observer. Observers completed one 
block containing all the orientations in a random order, followed by a second block in the 
reverse order. Data correspond to the mean of 4 settings at each orientation.

Seven observers were used, 2 of which (ML and LEM) had also participated in 

Experiment 14. The other 5 had not participated in an experiment involving RDS stimuli 
before. All but LEM were naive to the purpose of the experiment.

LEM
RJP
FMC
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ADL
AW
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Figure  7.15. Mean disparity  necessary to perce ive  equivalent depth in 
corrugated surfaces relative to horizontal corrugations at 0.15 cldeg and  
10 min arc disparity as a function o f  orientation. Depth is over-estim ated  
in ob lique corrugations. The s tan dard  an iso tropy  only  occu rs  f o r  
orientations close to vertical.

Results
The mean equivalent disparities for 6 of the 7 observers are plotted in figure 7.15. 

The results do not conform to the predictions of the matching or contour disparity
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theories. Instead greater depth is seen in the oblique corrugations compared with the 
horizontal corrugations. All the observers over-estimate the depth of oblique corrugations 
and display the standard anisotropy at 90 deg. The mean equivalent depths for the six 

observers is plotted in figure 7.16. There is perhaps a slight hint of the standard 

anisotropy at 75 deg, but in general it is tightly tuned to vertical (90 deg) surfaces 
Overall, it is clear that this result cannot be explained by any of the accounts of the 

anisotropy proposed thus far.
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Figure 7.16. The equivalent disparities p lo tted  as the mean o f  6 observers. 
The an iso tro p y  is tightly  tuned abou t the ver t ica l  an d  there is 
overestimation o f  depth at the oblique orientations.

Relation to Experiment 14

Experiment 15 may provide some insight into the mixed results of the plaid 

balancing condition of Experiment 14. A cyclopean plaid is a complicated stimulus in 

that it contains surfaces at a large range of slants and the entire range of tilts. A plaid may 
therefore stimulate local cyclopean filters at a wide range of orientations and corrugation 

frequencies. Given this assumption and the tuning curve for the anisotropy presented in 

figure 7.16, one would expect a general lessening of the anisotropy, as was observed in 

Experiment 14, on the basis of the fact that only those cyclopean spatial filters with a 

preferred orientation very near to vertical are affected by the anisotropy. Individual 

differences are also likely to occur because of the range of available strategies for 

balancing the plaid; for example, judging the shape of the central protrusion, estimating 

the tilt of the surface along a 45 deg contour, equating the horizontal and vertical bars and 

so on. Each of these strategies may combine filters in different ways, some affected by 

the anisotropy and some not.
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Depth scaling wilh orientation
Is the over-estimation of depth in oblique corrugations caused by the same 

process that underlies the standard anisotropy? There are three reasons to think that it is 
not. First, the seventh observer, AB, overestimated depth for oblique corrugations up to 
60 deg in the same manner as did the other observers. However, it proved impossible to 

produce a surface at 75 deg which contained enough disparity to be perceived at an 
equivalent depth. Furthermore, AB could not see any depth at all in vertical (90 deg) 
corrugations. Data-collection for AB was therefore halted after 2 judgements at 5 

orientations. Second, and related, observers reported a qualitative difference between the 

vertical corrugations and the other orientations. Again, some observers commented that 

the surface was "fuzzy" or "kept coming and going", but only in the vertical case. Third, 
the over-estimation is also found for vertical corrugations after extended practice. In 
Experiment 13, over-estimations of depth relative to horizontal corrugations were also 

found and were of a similar order of magnitude to those observed in the present 
experiment for oblique stimuli.

A speculative explanation for the overestimation of depth in oblique and vertical 

corrugations (the latter only after extensive training) can be found in an argument similar 

to that presented by Andrews (1964). Andrews conjectured that associations between 
perceptual dimensions could be learnt as a general process of calibration designed to 
achieve perceptual constancy. We inhabit a world of mostly continuous ground planes. It 
is therefore rare that large depth differences occur between parts of the image separated 
vertically, except at large viewing distances where binocular disparity cues are 

ineffective. Looking over the edge of a cliff or a low wall would be exceptions to this 
generalization. Nevertheless, we do not encounter such situations regularly. In contrast, 

vertical and oblique surfaces are usually not continuous and are often bounded by large 

depth differences. Posts, tress, corners and people usually appear in front of a background 

some distance away. However, this statistical difference in the orientation of depth 

differences may not transfer to a difference in relative disparity, which depends critically 

on the viewing distance. Therefore, for a given relative disparity, there may exist a 
statistical difference between the relative depth of vertically separated points and the 

relative depth of points separated at other orientations. If so, a learnt association may 

exist between orientation, relative disparity and perceived depth. This association could 
aid depth constancy by calibrating relative depth estimates in an orientation-specific 

manner. The result would be that for a given relative disparity, the perception of relative 

depth between image points separated at orientations away from vertical would be 
greater, as was found in Experiments 13 and 15.
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A Summary of the Properties o f the Anisotronv

This section summarizes results concerning the anisotropy. Any satisfactory 
explanation must account for all of the properties listed below.

(1) Basic result: Vertical surfaces produce less perceived depth (Rogers 
and Graham, 1983), longer latencies to perceive depth (Gillam et al.,
1988) and produce higher thresholds for the detectiorianddiscrimination of 

depth (Rogers and Cagenello, 1989; Cagenello and Rogers, 1993).

(2) (îr id  stimuli: Stereograms consisting of luminance grids produce a 
greater anisotropy if the grid-lines are at 0/90 deg than at ±45 deg 

(Cagenello and Rogers, 1989; Rogers and Cagenello, 1993; Mitchison and 
McKee, 1990). The size of the anisotropy increases with decreased grid 
spacing (Mitchison and McKee, 1990).

(3) Stimulus configuration: The introduction of depth-edges abolishes 

the anisotropy (Gillam et al., 1988; Mitchison and McKee, 1990). The 
anisotropy increases with decreasing frequency of corrugated surfaces 
(Bradshaw and Rogers, 1993; Experiments 13 and 14). The anisotropy 
occurs approximately in proportion to the relative depth or slant of the 
stimulus (Mitchison and McKee, 1990; Experiment 13).

(4) Learning and individual differences: Extensive training abolishes 

the anisotropy (Experiments 13 and 14). The extent of the anisotropy is 
subject to large individual differences (all studies).

(5) Orientation tuning: The anisotropy occurs only for orientations close 

to vertical, i.e. approximately 90 deg tilt (Experiment 15).

(6) Subjective accounts: The perceptual quality of vertical surfaces is 

inferior: they appear less coherent, less smooth and the perception is less 

stable (Experiments 13,14 and 15).

An Explanntion of the Anisotropy: Noise in the Disparity  
Map is not Isotropic

Assume that the first stage of stereoscopic vision is to construct a disparity map. 

Assume further that perceived depth in an RDS is governed by the output of cyclopean 

spatial filters which act on the disparity map. The variation in the anisotropy with 

orientation found in Experiment 15 can be accounted for by asserting that the anisotropy
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affects only those filters which respond to cyclopean orientations at or near to vertical, 

i.e. close to 90 deg tilt.
The responses of cyclopean spatial filters acting on a disparity map will depend 

on the noise present within the disparity map, just as noise in a luminance image will 
affect the response of spatial filters in the luminance domain. A potential explanation for 

the anisotropy therefore arises from the interaction between the disparity map and the 
cyclopean spatial filters which act upon it. If the noise in the disparity map is for some 

reason anisotropic, then it will affect cyclopean spatial filters differentially, depending on 

their orientation preference. One can consider this argument to be analogous to a masking 

paradigm: adding orientationally filtered noise to an image, where the noise is centred at 

an orientation orthogonal to the signal, will not affect filters with an orientation 

preference centred on the signal. One possibility, then, is that noise in the disparity map 
effectively masks the signal.

One advantage of this theory is that it retains the better aspects of the matching 
theory described earlier: the learning process can be seen as noise-reduction associated 

with binocular matching. Many studies have reported learning effects associated with 

disambiguating RDS's (Julesz, 1971; Ramachandran and Braddick, 1973; Saye and 
Frisby, 1975; Ramachandran, 1976; Marr and Poggio, 1976; O'Toole and Kirsten, 1991). 
There is also no need to postulate that there is anything unusual about the mechanisms 
tuned to vertical surfaces other tiian the fact that the representation on which they act 
contains anisotropic noise. Hence, once the noise in the disparity map lessens with 
prolonged learning, thresholds equalize (Experiment 13). Furthennore, if the emphasis is 
on the process of matching, the temporal dimension of the anisotropy (Gillam et al., 

1988) and the subjective reports of observers can be accounted for.

The epipolar constraint

Any noise present in a disparity map will presumably be the result of the 
binocular matching process. There is one matching constraint which by its very nature is 

anisotropic: the epipolar constraint. Marr and Poggio (1979) pointed out that the vast 

majority of positional disparity between the two images is horizontal and they employed 

this "epipolar constraint" in a matching algorithm. This anisotropic aspect of positional 

disparities is particularly true of central vision. Vertical disparities increase slowly in 

magnitude to a peak at approximately 45 deg eccentricity (Rogers and Bradshaw, 1993). 
Hence a good strategy for matching the two images is to look for potential matches over 
an area which is greater in horizontal extent than vertical extent. As reviewed in Chapter 

1, measurements of Panum's area have shown that it is indeed elliptical (Schor and Tyler, 

1981; Schor, Heckmann and Tyler, 1989). There is also neurophysiological evidence for 

the visual system's use of the epipolar constraint. DeAngelis, Ohzawa and Freeman 

(1991) found that cells oriented within 20 deg of vertical in the primary visual cortex of
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the cat display a much greater range of phase relationships, and hence are sensitive to a 

much greater range of disparities, than those tuned to orientations close to horizontal. 

Moreover, even where vertical disparities are detected in central vision, it appears that 
they do not provide any input to depth perception (Gumming, Johnston and Parker, 1991; 

Westheimer and Pettet, 1992).

The necessary result of implementing the epipolar constraint is that horizontally 
separated features in one eye will | have potential matches in the other eye in 
overlapping regions. If matching is imperfect, the location of ghost matches may 

therefore be correlated between horizontally separated visual directions. Correlation 

between the ghost matches is clearly a potential source of noise in a disparity map.

A Model of Early Stereop.si.s

In order to further examine the effects of epipolar matching on the noise in the 
disparity map, a model of the first stages of stereopsis was constructed which assumes 

that the epipolar constraint is implemented. This model is incomplete in the sense that it 

is unable to make quantitative predictions of psychophysical data concerning the 
anisotropy. In particular, the model only operates at a single spatial scale. Nevertheless, 
the aim is to show that ghost matches in the disparity map have a structure which is 
anisotropic. On this basis, an explanation of the anisotropy may be constructed which is 
in qualitative agreement with the psychophysical data summarized above.

Basic outline of the model

The model takes a pair of two-dimensional RDS images as input and produces a 

disparity map as output. The structure is illustrated in figure 7.17. Prior to matching the 
right and left images are blurred by a band-pass filter. The filtered images are then 

combined by a process of cross-correlation, such that for each visual direction a patch of 

the image is cross-correlated at a range of disparities. This is the stage at which the 

epipolar constraint is implemented: the cross-correlation function for each visual 

direction is one-dimensional and only considers potential matches between horizontally 

separated image-patches. Following this stage, a separate cross-coiTelation function is 

available for every visual direction. The peaks of these cross-correlation functions are 

then located and their position is established by computing the centroid of each peak. 

This gives a representation consisting of a list of positions of peaks for every visual 
direction. The representation is thus three-dimensional and constitutes a disparity map 

which includes ghost matches wherever there is a peak in a cross-correlation function. 

The final stage then takes a cross-section through the disparity map, either vertically or 

horizontally. The overall aim of the model is to ascertain whether there is any difference
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b e t w e e n  ho r i zon ta l  and  vert ica l  c ro ss - se c t i o n s  with re sp e c t  to the s t ru c tur e  o f  the ghos t  

ma tc he s .
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Figure 7.17. M odel f o r  examining ghost  m atches  in vertical and  
horizontal cr()SS-sections through the disparity map.

T w o  o f  the m a t c h i n g  con s t r a in t s  r ev ie w ed in C h a p t e r  1 a re  i m p l e m e n t e d  in the 

bas ic  des ign .  T h e  e p ip o la r  co ns t r a in t  is used to p r o d u c e  the  c r o s s - c o r r e la t i o n  func t ions ,
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because image-patches are only cross-correlated with patches on the same horizontal 
level. Obviously, the compatibility constraint is implemented by the process of cross
correlation itself, which provides a measure of the similarity of image-patches. The 
ordering constraint and the uniqueness constraint are not implemented at all in this 

model. It will be recalled from Chapter 1 that Weinshall (1991) employed the "double 
nail" illusion and Panum's limiting case as micro-patterns in RDS's. The result was that 
transparent planes could be seen corresponding to the potential matches. In the case of the 

"double nail" micro-pattern, up to four planes could be simultaneously perceived. This 

result violates the uniqueness constraint because dots were being matched to more than 

one other dot. It is also a violation of the ordering constraint, because the "double nail" 

configuration requires points to be matched in reverse order. In fact, the result of 
Weinshall (1991) provides evidence that whatever further processes try to make sense of 
the disparity map they will be affected by ghost matches which cannot be eliminated.

Those constraints which involve spatial interactions between neighbouring cross
correlation functions are not implemented (most notably the smoothness constraint). If 
there is any spatial structure within the ghost matches then it is primarily the constraints 

which require spatial interactions which must overcome it and find the correct match. It is 
therefore with reference to these constraints that any anisotropy in the spatial structure of 

ghosts must be interpreted.

Components of the model and psychophysical data
The model was used to run simulations on RDS images generated by the same 

methods as those employed in the experiments. For simplicity and to keep unnecessary 

computation to a minimum, the surfaces corresponded to vertical or horizontal planar 

slanted surfaces, extending over a 3.33 x 3.33 deg region (100x100 pixels). The output of 

the model consisted of horizontal cross-sections through the disparity map of a vertical 

planar surface and vertical cross-sections through the disparity map of a horizontal planar 

surface. It is assumed that the structure of these cross-sections relates to the disparity map 
as it is seen by cyclopean spatial filters tuned to the two types of surface.

The spatial filtering stage of the model consisted of convolving the left and right 

RDS images with a circulaiiy-symmetric difference of Gaussians (DOG) filter, the peak 

spatial frequency of which was 5 c/deg. The choice of the 5 c/deg filter was influenced by 
the finding of Legge and Gu (1991) that stereoacuity for sinusoidal luminance gratings 
reaches a minimum at spatial frequencies of 3 - 5  c/deg. However, several simulations 

were also run with a 2.5 c/deg filter, for comparison with the results obtained with the 5 
c/deg filter.

The second parameter to be set was the size of the image-patch over which to 

cross-correlate. The larger the region over which the cross-correlation is performed the 

more accurately the disparity is determined. However, the area over which cross
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correlation is performed will constrain the resolution of cyclopean vision, because it blurs 
out any disparity differences within the area to be cross-correlated. The high-frequency 
cut-off point of the DSF is approximately 4 c/deg (Tyler, 1974). On this basis, it was 
decided to cross-correlate over a region which was 10 x 10 min arc (or 5 x 5 pixels), 
which corresponds to two-thirds of a cycle of 4 c/deg corrugations. The value of the 

cross-correlation, C, for the visual direction (x, y), at a disparity d, was:

where I is the pixel value in the filtered image and xiandy vary from -2 to 2 pixels 
inclusively.

The cross-correlation function was calculated for all visual directions, separated 

by 2 min arc (1 pixel) horizontally and vertically. Each function covered disparities (d) 

ranging from 1 deg crossed to 1 deg uncrossed in steps of 4 min arc (1 pixel horizontal 
displacement in opposite directions for each eye). Stevenson, Comiack and Schor, (1989, 

see "gap resolution task" in figure 1.12) drew the analogy between the spatial resolution 
of two luminance targets and resolution of two simultaneously presented disparity planes 
in dynamic RDS's. Sampling disparity every 4 min for each visual direction is reasonable 
given that their thresholds in this task ranged from 136 - 351 sec arc.
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Figure  7.18. An example cross-correlation function. The highest peak  in 
this case coincides with the correct match.

A sample cross-correlation function is provided in figure 7.18. There was no 

noticeable difference in the cross-correlation functions for the different surfaces. The 

correct match in figure 7.18 is at a crossed disparity of 2 min arc and in this case the 

cross-correlation process has successfully picked it out. Another aspect of this function is 
its approximate symmetry. For a fronto-parallel plane, symmetrical ghost matches will 

appear at equal crossed and uncrossed disparities relative to the plane. Tyler (1983) refers
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to this as the "ghost conjugacy principle". As the surface deviates from the fronto- 
parallel, this symmetry becomes less prominent.

Inspection of individual cross-correlation functions revealed that the peak which 

corresponded to the "correct" match was frequently not the highest peak. Indeed, in over 
half the functions there was one and often several peaks which were larger than the peak 
corresponding to the correct match. Examples are given in figure 7.19. Assuming that 
cross-correlation over a limited area is a good approximation of stereoscopic matching, 
the prominence of ghost matches has important implications for the way complex stimuli 
are disambiguated, because it means that spatial interactions between different visual 

directions or comparison of matches across spatial scale are essential for obtaining the 

correct match. It was therefore decided to locate all the peaks within each cross

correlation function before comparing cross-correlation functions across visual directions.
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F igure  7.19. Two examples o f  cross-correlation functions where the 
highest peak does not correspond to the correct match, which is the peak  
nearest to zero disparity in each case.

The method chosen for extracting the peaks of the cross-correlation functions is 

illustrated in figure 7.20. Peaks were first approximated by maximum points in the cross

correlation functions, provided a given maximum point was positive. The precise location
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of each peak was then determined by taking the centroid of the 5 points centred on the 
maximum point, again provided each was positive. Where negative values occurred they 
were excluded from the analysis.

Stevenson, Cormack and Schor (1991) employed cross-correlation functions 
similar to those in figures 7.18 and 7.19 to explain depth attraction and repulsion effects 
between simultaneously presented fronto-parallel planes in dynamic RDS's. As was the 
case in Stevenson et al., it was found during the present study that peaks tended to be 
surrounded by negative side-lobes. By taking the centroid of 5 points the locations of 
neighboring peaks tended to attract one another if separated by 8 min arc, because the 
peaks would merge slightly. Beyond separations of 8 min arc peaks tended to repel one 
another, because the negative side-lobes coincided. Psychophysically, Stevenson et al. 
(1991) found that attraction effects occurred for planes separated by less than 4 - 6  min 
arc, beyond which planes repelled each other.

Calculate centroid

Maximum
point

4 min arc

Figure 7.20. Peaks were extracted from the cross-correlation functions by 
taking the centroid o f 5 values centred on a maximum point.

Once the peaks of the cross-correlation functions had been extracted the 
representation consisted of a list of possible disparities for every visual direction. This 
representation therefore represents a disparity map in which no spatial interactions have 
yet been employed to remove ghost matches. Almost invariably, one of the values at each 
visual direction was an approximation of the correct match. For some visual directions, 

only a single value remained. Others contained as many as 6 or 7 peaks.
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In the examples given here, the original images corresponded to horizontal or 
vertical slanted planes constructed from the same dot-pattern. Figures 7.21-23 give 3 

examples of horizontal and vertical cross-sections through the disparity maps resulting 

from vertical and horizontal surfaces respectively. Thus, these figures are meant to 
approximate the view of the slanted plane available to a cyclopean spatial filter prior to 

any spatial interactions to remove ghosts. The slanted plane can be made out in the centre 

of the graph slanting up to the right. There is clearly a difference in the structure of the 

ghost matches in the horizontal and vertical cross-sections: the ghosts in the horizontal 
cross-sections form longer strings. As this is a difficult effect to quantify, the horizontal 

cross-section of figure 7.23 is included here because it was the least convincing example 
of the effect which was encountered. Nevertheless, there is still a discernible difference 
between the horizontal and vertical case in terms of the length of the strings of ghosts. 
The existence of the strings may be alternatively described as correlation between ghost 

matches of horizontally separated visual directions. The cause of this correlation must be 

the overlapping epipolar regions within which binocular matching takes place.
At this point two strategies for disambiguating the disparity map will be 

considered: the imposition of a disparity gradient limit and comparison across spatial 
scales. Burt and Julesz (1980) have provided psychophysical evidence that binocular 
matching is constrained by disparity gradient. They found that the binocular fusion of 
pairs of points broke down when a critical value of disparity gradient was reached. This 
form of the smoothness constraint (Marr and Poggio, 1976) has also been successfully 
implemented in the PM F matching algorithm by Pollard, Mayhew and Frisby (1985). By 
their very nature, the strings of ghosts found in the horizontal cross-sections of figures 

7.21-23 are just the kind of arrangement which a disparity gradient limit will not remove.
There is evidence to suggest that binocular matching involves processing at 

different spatial scales, including masking studies with band-pass filtered RDS's (Julesz 
and Miller, 1975) and the dependency of stereoacuity upon the frequency of band-pass 

stimuli (Schor and Wood, 1983; Schor, Wood and Ogawa, 1983). MaiT and Poggio 

(1979) suggested that comparison across spatial scales is a good method for 

disambiguating RDS’s. With this in mind the size of the DOG was changed to 2.5 c/deg. 

The model was then run again on the same images as previously and the identical cross- 

sections to those of figure 7.21 were isolated for comparison. The cross-sections are 

plotted in figure 7.24 for the horizontal case. As can be seen from the figure, matching 
following convolution with the low-frequency filter picks out the correct matches very 

well but produces strings that are longer still. Moreover, comparing across spatial scale, 

the strings are highly similar for the two different filter sizes. Thus, comparing across 

spatial scale is not a strategy which will be successful in removing the strings. This can 

be contrasted with the vertical case which is presented in figure 7.25, where the strings 

appear more broken up with the lower frequency filter and there is less similarity between 
the cross-sections produced from the different sized filters.
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The results of these simulations are informative given the assumption that the 
model presented is a reasonable approximation to the matching process as it is performed 
by the visual system. It is apparent from the simulations that prior to any spatial 

interactions, the structure of the ghost matches in the disparity map is not isotropic. 

Furthermore, imposing a disparity gradient limit or making comparisons across spatial 

scales is unlikely to remove the ambiguity. If anything, a disparity gradient limit and 

comparison across spatial scale would appear to reinforce the strings of ghost matches 

found in the horizontal sections through the disparity map.
The anisotropy present in the ghost matches is a potential cause of the anisotropy 

in perception, because if the image is not completely disambiguated, then the remaining 
noise in the disparity map will be anisotropic. It is difficult to produce any quantitative 

predictions without a model of the cyclopean spatial filters which act upon the disparity 

map to extract changes in disparity across space. One possible mechanism for cyclopean 

spatial filters is that following removal of as many ghosts as possible the remaining 

matches are averaged. But whatever the mechanism, to a cyclopean spatial filter tuned to 
vertical surfaces, the slow horizontal variation in disparity which is present in the ghost 
strings is effectively low frequency noise.

Relation to psychophysical results
The crux of the theory presented is that noise in the disparity map is anisotropic 

and has a more profound effect on those cyclopean spatial filters tuned to horizontal 
variation in disparity, i.e. to vertical surfaces. This section relates the theory to the 

psychophysical findings summarized above.
As was argued for the simple matching theory tested in Experiments 14 and 15, 

noise in the filters which signal vertical surfaces coiTesponds accurately to the general 

effects associated with the anisotropy, namely the decrease in perceived depth, increase in 

discrimination and detection thresholds and the increase in perceived depth over time. 

The longer the image is viewed, the longer the matching process has to disambiguate the 

image and therefore reduce the level of noise. Furthermore, if the extent of the effect is 
governed by the effectiveness of binocular matching, the learning effects found in 
Experiments 12 and 1.1 are easily explained. If the image is eventually completely 

disambiguated then there is no reason to expect any residual anisotropy in a well- 

practiced subject.

It is interesting to re-examine the results obtained with stereograms consisting of 

luminous grids in the light of the new theory. From a large variety of stimulus 
configurations, Mitchison and McKee (1990) concluded that the only consistent effect 

they could observe was that the closer the spacing between lines the worse the anisotropy 

became. If ghost matches are the root cause of the an isotropy |then this is only to be 

expected because the number of available ghosts at disparities close to the correct match
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will increase with decreased spacing. The reduction in the anisotropy found by Rogers 

and Cagenello (1989; Cagenello and Rogers, 1993) when the grids consisted of ±45 deg 

lines, as opposed to 0/90 deg lines, also makes sense. Once horizontally neighbouring 
lines are of a different orientation they are no longer potential ghost matches. Hence 
changing the orientation of the lines will reduce the ambiguity of the stereogram 

markedly and thus reduce the anisotropy, although it may not disappear altogether 

(Mitchison and McKee, 1991).

Without a quantitative model of cyclopean spatial filters it is difficult to explain 

the increase in the anisotropy with lowering corrugation frequency (Experiments 12 and 

13; Bradshaw and Rogers, 1993) or its abolition with stimuli containing depth edges, 

because the corrugation frequency of the noise remaining in the disparity map is not 
clear. However, two further comments are worth making in this context. First, a depth 

edge will stimulate filters at all corrugation frequencies, which by itself will reduce the 
effects of any noise present. Second, Schtimer and Julesz (1984) found that the peak 

sensitivity of the DSF for corrugations at absolute disparities away from fixation shifted 
to lower frequencies. Cyclopean spatial filters tuned to lower frequencies may therefore 

also be more coarsely tuned to absolute disparity and hence be affected more by the 
presence of ghosts in separate disparity planes.

Finally, although cross-sections through the disparity map at angles other than 
horizontal and vertical were not examined in the model, it is a safe assumption that the 
effect will be tightly tuned to horizontal cross-sections, because cross-sections at other 
orientations will cut across different epipolar regions and thereby avoid the correlation 

between ghosts which results. Thus, the theory can account for the orientation tuning of 

the anisotropy found in Experiment 15.

Summary

Previous accounts of the anisotropy have not managed to account for the existing 

data. Furthermore, the detection and discrimination paradigms of Experiments 12 and 13 

show that the anisotropy can; completely disappear with sufficient practice. These 

learning effects, the subjective reports of observers and the temporal aspect of the 

anisotropy suggest that the explanation may lie at the stage of binocular matching. 

Experiments 14 and 15 show that the anisotropy is tightly tuned to vertical surfaces, 
prompting an explanation of the anisotropy based on noise present in the disparity map, 

following matching which employs the epipolar constraint. A model of binocular 

matching based on cross-correlation revealed that when potential matches of horizontally 

spaced points overlap, correlation in the ghost matches is seen. If the image is not 

completely disambiguated, then the noise in the disparity map will be anisotropic and 

affect the ability of cyclopean spatial filters to extract the horizontal change in disparity 

produced by vertical surfaces. Without a concrete model of cyclopean spatial filters it is
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not possible to make quantitative predictions with the model. However, the explanation 

offered here is in good qualitative agreement with the existing psychophysical data.
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Chapter 8

Conclusions

This final chapter draws together the results of the preceding chapters in an 
attempt to provide a general view of the perception of static stereoscopic surfaces. In 

particular, it is argued that stereoscopic vision contributes little to the perception of 

surface shape, but that stereopsis is a useful tool for perceiving relative depth; for 
representing surface orientation; and also for providing spatial information in 

circumstances where luminance vision fails.

Summary of Arguments and Findings

A review of the literature in Chapter 1 concluded that of the range of binocular 
disparities available to the visual system, neurophysiological and psychophysical 
evidence suggests that the visual system is most sensitive to horizontal position disparity, 
although contour disparities can be employed as a cue to surface slant. In addition, 
vertical disparity influences perceived depth due to horizontal disparity. Disparity 

discrimination and adaptation studies, combined with neurophysiological recording from 
single cells in the visual cortex of cats and monkeys, provides overwhelming evidence 

that the initial stages of stereopsis involve the construction of a disparity map consisting 

of a distributed population of disparity detectors for each visual direction. It was also 

argued that the process of binocular matching which must precede formation of the 

disparity map is well approximated by a process of interocular correlation following 

spatial filtering of the luminance image, provided certain matching constraints are met.

Questions posed

The above view was the starting point of this thesis, although it was noted that a 

strong anisotropy exists in the perception of slanting surfaces in spite of equivalent 

differences in disparity. An explanation of the anisotropy which is consistent with the 

evidence cited above was therefore made one of the goals of this thesis.
The question was then asked as to what functions the disparity map serves and it 

was argued that an answer to this question could be found by comparing performance 

across different stereoscopic tasks and by examining the processes which act on the
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disparity map. Analysis of detection and adaptation studies reveals that the disparity map 

is processed by cyclopean spatial filters selective for corrugation frequency and 
cyclopean orientation, in analogous fashion to spatial filters in the luminance domain. 

Nevertheless, the failure to obtain a number of relative disparity effects in RDS stimuli, 
analogous to classical simultaneous contrast effects, has led to speculation that cyclopean 
spatial filtering is of a different form to that found in the luminance domain. The 
possibility of extracting the spatial derivatives of disparity for the perception of shape and 

surface orientation is one reason to suspect that the processes operating on the disparity 

map and the luminance image might be fundamentally different. Previous studies have 
concluded that the discrimination of the slant and curvature of stereoscopic surfaces can 

be very acute. The relationship between the mechanisms responsible for the sensitivity 

displayed in these tasks and the cyclopean spatial filters implicated by detection and 
adaptation studies has not been made explicit. Furthermore, it was pointed out how little 

is known of the ability of cyclopean vision to discriminate relative depth, locate 

cyclopean features of stereoscopic surfaces and to discriminate cyclopean properties other 
than slant and curvature. Discrimination of position, orientation, size, texture and contrast 
are all aspects of luminance vision which have been explained by models which combine 
the outputs of spatial filters. It was therefore decided that the analogous discriminations 
should be examined in the disparity domain.

The various questions posed were addressed in 15 experiments using multiple 
grey-level RDS images, with smooth changes in disparity generated by grey-level 
interpolation. These images were sufficient to obtain estimates of stereoacuity as low as 

2.4 sec arc for 84% frequency-of-seeing.

Relative disparity effects

Brookes and Stevens (1989) claimed that the equivalent relative disparity effects 

of three well-known simultaneous contrast effects do not occur in RDS's: the Hermann 

grid, squares embedded in dark and light backgrounds and Mach bands. They argued on 

this basis that cyclopean spatial filtering does not involve centre-surround mechanisms 
analogous to those which are thought to produce the effects in the luminance domain. It 

was hypothesized that Brookes and Stevens' (1989) failure to observe these effects was 

caused by their reliance on casual obser\'ation and that noise in cyclopean spatial filters 

could have masked the effects. Experiment 2 employed forced-choice methods to test this 
idea in an extended study involving 46 observers. Significant effects were observed in all 

three cases in the direction predicted by analogy to the classic effect in the luminance 

domain. This finding refutes the suggestion that there exists a fundamental difference 

between the structure of cyclopean spatial filters and their counterparts in the luminance 

domain, at least with respect to relative disparity and simultaneous contrast effects.
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Sensitivity to the spatial derivatives of disparity
Sensitivity to the spatial deiivatives of disparity was contrasted with sensitivity to 

relative disparity for stimuli close to the peak sensitivity of the disparity sensitivity 

function (DSF). It was predicted on the basis of previous estimates of disparity curvature 
discrimination (Rogers and Cagenello, 1989; Johnston, 1991) that the disparity increment 
discrimination function for sinusoidal corrugations would have a different form to that 

found for contrast increment discrimination in the luminance domain. This conjecture 

was tested in Experiment 3. The Weber fraction for performing this task corresponds to 

the discriminable change in relative disparity, disparity gradient or disparity curvature, 
depending on which property is encoded to solve the task. That performance in the task 
was constant across frequency and was unaffected by frequency Jitter indicated that the 
task was solved by comparing the peak-trough disparity of the waveform, not the slant or 
curvature. Best Weber fractions of 3.5% and 7% for two observers represents 

considerable sensitivity to relative disparity and an improvement on the one previous 

estimate of relative disparity discrimination (McKee et al., 1990).

Re-examination of both Rogers and Cagenello (1989) and Johnston (1991) 
revealed that cues other than disparity curvature could have been employed to perform 
the tasks. Experiment 4 employed an experimental design which isolated relative 
disparity, disparity gradient and disparity curvature such that they were the only cues 
available for the discrimination of relative depth, slant and curvature. Experiment 5 
repeated this design for slant and curvature discrimination tasks with large surfaces of 
constant disparity gradient or disparity curvature. In both experiments, the curvature task 

produced Weber fractions for disparity curvature of 15 - 30% and for disparity gradient of 
6 - 20%. Particularly striking was the result that an observer with stereoacuity of 7 sec arc 

could not discriminate the disparity curvature of a 6.0 x 6.4 deg surface of a constant 
moderate curvature any better than a Weber fraction of 25%.

The experiments of Chapter 4 therefore support the strong conclusion that 

stereoscopic vision is relatively insensitive to disparity curvature. For this conclusion to 

hold it must be the case that observers in the Rogers and Cagenello (1989) study were 

responding according to a cyclopean size cue with sensitivity coiresponding to a Weber 

fraction of at least 5%. Although it was not the main purpose of Experiment 6 to provide 

a comparison with the results of the Rogers and Cagenello (1989) study, the finding that 

Weber fractions for corrugation frequency discrimination can be better than 3% for 84% 

frequency-of-seeing suggests that the size cue in that study may have been crucial.

Greater sensitivity is found to relative disparity than to either disparity gradient or 

disparity curvature, although sensitivity to disparity gradient increased with the extent of 

planar surfaces and was as good as 6 - 7 %  for two observers with planar surfaces 

extending 3.2 deg or larger in the direction of slant.

No evidence was found for the use of contour disparities in any of the 

experiments of Chapter 4. Although psychophysical proof that orientation disparity alone
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can produce the perception of slant (von der Heydt, 1978), discrimination of surface slant 

is too acute to be accounted for by any realistic mechanism for extracting orientation 
disparity.

Cyclopean spatial discrimination
Chapter 5 examined the ability of observers to perfomi cyclopean vernier acuity, 

corrugation frequency discrim ination and cyclopean orientation discrim ination, 

comparing with the analogous task in the luminance domain in each case. Experiments 6 

and 7 found that when stimuli corresponded to sinusoidal waveforms in a 2 - 3 octave 

region around 0.6 c/deg, performance was comparable between cyclopean and luminance 

stimuli in all 3 types of tasks. Experiment 6 also showed that spatial discrimination 

thresholds could not be predicted from the disparity increment discrimination function. 
This result parallels the result of Bowne (1990) in the luminance domain and suggests 
that there exist specialized mechanisms in cyclopean vision for extracting the orientation, 

size and position of cyclopean features. Cyclopean vernier acuity with separated 

corrugations and conugation frequency discrimination were found to be approximately 
independent of relative disparity above ten times detection thresholds, but cyclopean 
orientation discrimination improved with relative disparity. There is some evidence that 
at low spatial frequencies orientation discrimination in the luminance domain also 
becomes contrast-dependent.

Experiment 8 examined the dependence on disparity and corrugation frequency of 
vernier acuity with abutting corrugations. The absolute values of the thresholds were very 

accurately predicted by disparity increment discrimination thresholds, but the slope of the 
functions relating thresholds to peak-trough disparity were different. Results with 
abutting corrugations were in good agreement with predictions based on treating 

localization of a cyclopean feature as analogous to locating the centroid of a sampled 
distribution (Watt and Morgan, 1983).

Experiment 9 examined the meridional anisotropy for cyclopean orientation 

discrimination. Oblique corrugations produced consistently higher thresholds than 

vertical and horizontal corrugations at all frequencies. The fall-off in cyclopean 

orientation discrimination at low frequencies provided an indication that the tilt of a 

stereoscopic surface is less accurately encoded than the orientation of a cyclopean 

feature.
Taken as a whole, the results of Chapter 5 provide a further extension of the 

analogy between luminance and disparity. The similarity in performance between the two 

domains leads to the suggestion that common mechanisms are involved at higher levels 

of processing than envisaged by various models of spatial discrimination which rely on 

combining the outputs of spatial filters located early in the visual pathway (e.g. Wilson, 

1991; Regan and Beverly, 1985; Klein and Levi, 1985).
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Cyclopean texture segregation

Nothdurft (1985) has previously suggested that cyclopean texture cannot be 

segregated pre-attentlvely. Chapter 6 re-examined this claim in the light of the properties 

of cyclopean spatial filtering suggested by previous work and the experiments of 

Chapters 4 and 5. Possible reasons for the failure of Nothdurft to observe cyclopean 

texture segregation include the size of the elements which he employed and the type of 
texture which the stimuli correspond to in the environment. It was hypothesized that it 

would be possible to pre-attentively segregate cyclopean textures, provided the spatial 

scale was appropriate for cyclopean processing and the texture consisted of 

approximately continuous variation of disparity within a coherent surface. Experiments 

10 and 11 showed that a boundary between two surfaces could be perceived pre- 
attentively (i.e. at presentation times too short to allow scanning with eye-movements) on 
the basis of the size, orientation and depth in regular and irregular cyclopean textures. 
Manipulations of the standard deviation of size and orientation in Experiment 11 further 
suggested that the ability to perform the segregation depended upon the statistical nature 

of the cyclopean texture rather than selective processing of a small number of the three- 
dimensional features. These experiments provide another example of the sophistication of 
cyclopean vision to add to the spatial discrimination experiments of Chapter 5. Texture 

segregation is not a process which is confined to early cortical filtering of the luminance 

image.

The slant anisotropy
It was argued in Chapter 7 that the two previous accounts of the stereoscopic slant 

anisotropy (Rogers and Graham, 1983) have some difficulty in accounting for the known 
data. Experiments 12 and 13 examined the extent of the anisotropy for the detection of 
horizontal and vertical corrugations and differences in perceived depth of corrugated 
surfaces. The anisotropy was more evident at low comigation frequencies and perceived 

depth was reduced by an approximately constant proportion of the peak-trough disparity 

of corrugations. The most striking effect, however, was that the anisotropy diminished 

and eventually disappeared with extended practice. At the start o f testing one observer 

was unable to see vertically corrugated surfaces and required twice the disparity to see 

equivalent depth to horizontal corrugations when the surface could finally be discerned. 

After extensive practice the reduction in perceived depth completely disappeared. 
Furthermore, this learning transferred to a threshold task and the observer produced 

identical detection thresholds for vertical and horizontal corrugations at all frequencies. 

These equivalent detection thresholds cannot be explained by the patterns o f contour 

disparities produced by vertical and horizontal surfaces.

It was hypothesized that the site of the anisotropy in stereoscopic processing is at 
the stage of binocular matching. A simple explanation in terms of differential noise in the
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disparity map, produced by the different transformations associated with vertical and 
horizontal surfaces, cannot account for the continuance of the anisotropy when horizontal 
and vertical corrugations are added together to form a plaid, which was found in 

Experiment 14. Experiment 15 showed that the anisotropy is tightly tuned to vertical 

surfaces. A more sophisticated explanation of the anisotropy is that the noise due to ghost 
matches present in the disparity map is itself anisotropic, because the matching process 

looks for potential marches along horizontal levels in each eye (the epipolar constraint). A 

necessarily incomplete model of the process of binocular combination suggested that this 

is indeed the case. This theory of the anisotropy cannot provide quantitative predictions 

of psychophysical data, but is in good qualitative agreement with a large amount of 

previous studies and the experiments of Chapter 7.

Final Remarks: What is Stcreopsis For Now?

This final section assesses the impact of the arguments and experiments presented 
in preceding chapters with respect to the functions of stereopsis. The aim is to uncover 
the role which stereopsis plays in vision and the advantages of possessing the ability to 
use stereoscopic information: that is, to ask again the question posed in Chapter 1: what is 
stereopsis for?

The perception of shape from stereopsis
It has previously been argued by a number of researchers that stereopsis is used 

for the perception of three-dimensional shape, most notably the curvature of surfaces (e.g. 

Rogers, 1986; Stevens and Brookes, 1988; Rogers and Cagenello, 1989; Koenderink, 

1990; Johnston, 1991; de Vries, Kappers and Koenderink, 1994). Much of the strength of 

this claim manifests itself in the invariance of disparity curvature with viewing distance 
(Rogers, 1986). Extracting the second derivative of disparity therefore avoids the problem 

that horizontal disparity must be calibrated for the viewing parameters in order to give 
accurate information about depth. Yet, the results of Experiments 3, 4 and 5 of this thesis 

represent considerable failures of the visual system to accurately discriminate disparity 
curvature.

As the viewing distance to a surface increases, disparity differences become 
rapidly less detectable. To a good approximation, relative disparity decreases with the 

square of the viewing distance. Although disparity curvature is invariant with viewing 

distance the relative disparities present in the two images must be detectable if the visual 

system is to extract any measure of disparity curvature, whether by computing curvature 

disparity (Rogers and Cagenello, 1989) or some more complex estimate of the second 

derivative.
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Consider the case of viewing a cylindrical vase on a table. Suppose that the radius 
of this vase is 10 cm. At a viewing distance of 2 m, the relative disparity between the 
surface of the vase normal to the line of sight and the outer edge of the vase will be 

approximately 5 min arc and hence easily detectable. Presumably, any potential 

mechanism designed to signal disparity curvature will be able to operate at this distance. 

But if the viewing distance increases to 10 m, the relative disparity is already reduced to 

around 12 sec arc. This is too small to be within the range of many observers, even 

assuming that a putative disparity curvature mechanism can operate accurately with 
relative disparities close to stereoacuity estimates. Furthermore, the example cited is one 
in which the object is quite curved. If one views an object of the same size but a 

shallower curvature, then the range of relative disparity and hence the range over which a 
disparity curvature mechanism can operate will be lessened further. For many people, the 

range of viewing distances over which a disparity curvature mechanism can potentially 

operate would therefore be little more than a few metres.
The limitations of a disparity curvature mechanism may be contrasted with the 

availability of shape estimates from other depth cues. Motion parallax is similarly 
constrained by viewing distance, requiring larger and faster head-movements for relative 
velocities to be detectable at larger viewing distances. However, neither shape from 

shading nor shape from texture are constrained by viewing distance in the same manner. 
Johnston and Passmore (1994) have measured curvature discrimination for spheres 
defined by shading. They recorded a mean Weber fraction of 11% of the physically 
simulated curvature for 84% frequency-of-seeing. Relating this to disparity curvature 
discrimination thresholds is not straightforward, because disparity curvature varies 
systematically over the surface of a cylinder or sphere of constant physical curvature. 
Johnston and Passmore (1994) calculate that the 7% Weber fraction for disparity 

curvature in the study of Johnston (1991) translates to 10% for comparison in terms of 

physical curvature. The mean disparity curvature discrimination thresholds recorded in 
Experiments 4 and 5 for two observers with stereoacuity of less than 10 sec arc were 20 - 

25% and furthermore did not correspond to a constant W eber fraction. Given the 

sensitivity to shape from shading measured by Johnston and Passmore (1994) and its 

advantage of being free from viewing distance constraints, shading would appear to be a 

far more effective cue to the curvature of surfaces.

Scene layout
Across the series of experiments as a whole, stereopsis was found to have high 

sensitivity to stimulus attributes which, unlike the shape of a surface, are dependent on 
the position of the observer relative to the surface in question. Clearly, a simple 

comparison of Weber fractions for different tasks is only appropriate where the tasks are 

related, as in the case of relative disparity, disparity gradient and disparity curvature.
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However, comparison with analogous tasks in the luminance domain provides an 
alternative indication of the priorities of stereoscopic vision.

The comparison of stereopsis and shading produces a different conclusion when 

the perception of surface orientation is considered. Experiments 4 and 5 produced Weber 

fractions for disparity gradient of less than 10% for a considerable range of reference 

disparity gradients. However, in contrast to the results for stereopsis, when shading is the 
only cue available, the visual system is less able to discriminate surface slant than surface 

curvature (Mingolla and Todd, 1986; Johnston and Passmore, 1994). The relative abilities 
of observers to discriminate slant and curvature on the basis of the two cues suggests the 

possibility that shading is a better source of information for curvature and stereopsis is a 

better source for slant.

As regards the second free-parameter of surface orientation, tilt, Experiment 9 
indicates that discrimination is best when the surface is non-planar. On the basis of the 
variability of cyclopean orientation discrimination with corrugation frequency, the 
orientations of bars, ridges or corners in depth are more accurately estimated than the tilt 
of a planar surface, contrary to the formulation of the 2V2D Sketch (Marr, 1982). In 

determining the layout of a scene from stereoscopic information, the edges and corners of 

objects may therefore play an important role and combine with disparity gradient 
estimates to specify surface orientation.

That stereopsis is sensitive to relative disparity is not surprising given the 
inadequacy of most depth cues for estimating relative depth. Shading and texture both 
produce continuously changing patterns rather than allowing comparison between 
separated points. Rogers and Graham (1983) directly compared detection thresholds for 

corrugated surfaces defined by stereopsis or relative motion. The results of Experiment 3 

suggest that this task is performed by comparing relative depth, at least in the case of 

stereopsis. When relative motion was expressed in terms of equivalent disparity, 

thresholds in the relative motion case were higher by a factor of 2 for 2 of the observers 
and very similar for a third. Relative depth is clearly an important aspect of the three- 

dimensional layout of scenes and both stereopsis and motion parallax provide information 

from which it may be calculated.

The spatial discrimination experiments of Chapter 5 compared the performance in 

cyclopean tasks at particular corrugation frequencies with the same task in the luminance 

domain at the corresponding spatial frequency. The spatial resolution of cyclopean vision 

is limited by the process of binocular combination, which will blur the disparities of 

neighbouring spatial regions considerably. However, that performance in the disparity 

domain and the luminance domain was found to be equivalent within the range of 
corrugation frequencies available, suggests that stereoscopic vision makes it a priority to 

compute the size, orientation and position of cyclopean features.

Surface orientation, relative depth, size, position and orientation, are all properties 

which vary with the vantage point of the observer relative to a scene, unlike curvature,
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which is a property of a surface itself. That stereopsis is sensitive to these properties, 
presumably at the expense of shape estimates such as curvature, gives an indication that 
the primary function of stereopsis is to represent the layout of the scene in the vicinity of 

the observer, rather than the intrinsic properties of the objects in view. It may well be the 

case that for the majority of actions which take place within several metres of the 

observer, accurate estimates of shape are not needed, but accurate estimates of relative 
depth, size, surface orientation and position are. Morgan (1989) has argued that accurate 

shape estimates are not necessary for guiding hand-movements because both the hand and 
the object are simultaneously in view. Similarly, for balancing objects or oneself, what is 

required is not a shape estimate but an estimate of surface orientation.

Breaking camouflage
A final question which is prompted by the sensitivity shown to cyclopean 

orientation, size, position and texture is why such accuracy is required in cyclopean 
vision given our abilities to peiform these tasks on the basis of luminance information, 
which does not require the large quantity of pre-processing necessary to combine the 
information from the two eyes. The answer to this lies in the ability of stereopsis to break 
camouflage. Viewing an RDS is not so very different from viewing a densely textured 

surface such as bark or bumpy ground, where three-dimensional ridges and edges can be 
camouflaged in the luminance image.

Tyler (1991) has argued that stereopsis evolved in primates because it provided 
the ability to discern the layout of dense arboreal environments, where any mistakes in 
locating, grasping or jum ping onto branches were potentially fatal. Skeptical 
commentators often remark that humans can survive perfectly adequately with only one 

eye. Rather than spend many minutes or hours staring blankly at an autostereogram, such 

skeptics should stare up into the canopy of a tree with a single eye before doing the same 

with two: the advantage of stereoscopic vision will quickly leap out.
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Appendix A

The Orientation Disparity of a Line-element

Figure A I. Coordinate system for stereoscopic viewing o f a line-clement 
passing through the point of fixation.

Isolated line-element passing through fixation

The first case to be considered is that of a line-element which passes through the 

point of fixation, as illustrated in figure Al. The point of fixation is chosen as the origin 

so the vector corresponding to the line-element may be written as = ts, where s is a 

fixed unit vector and s = ai + bj + ck. The positions of the two eyes are given by = -ei 

-I- dk and pr = ei + dk where e is half the interocular distance and d is the viewing
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distance. The angle which the line-element makes with the line of sight (k) is denoted by 
0 and the angle between the vertical Cj) and the orthographic projection of the line- 
element onto the fronto-parallel plane is denoted by (j). Thus:

n =  ts = t(ai + bj + ck) = t(sin0sin(|)i + sin0cos(j)j+ cos0k) (1)

The orientation disparity of the line-element is given by (j>L - <1)r , where (|>Land (j)R are the 

perspective projections of the line-element to the left and right eyes respectively onto the 

fronto-parallel plane. This is depicted in figure A2,

cr

o
F igure A2. The orientation d isparity  o f  a line-elem ent is given by the 
orientation difference o f the perspective  pro jections o f  the line-elem ent to 
the left and right eyes onto the fron to-paralle l plane.

The line joining and is given by:

Àts-+-(1 - =  Xt(ai 4-bj-f-ck)4-(l - X)(-ei + dk)

= (Xta — (1 — A.)e)i -t- Xtbj -f- (Xtc -f- (1 — A.)d)k (2)

Hence, as t varies, equation (2) gives the family of lines projecting from points on the 

line-element to the left eye. Where the lines cross the fronto-parallel plane:

A.tc -f (1 — X)d — 0



d -  te

Substituting back into the equation (2) gives:
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d -  tc

Hence:

— !— l(dta + tce)i + dtbj) = — -— ( (da + ce)i + dbj] 
d -  tc d -  tc

, . da + ce ...tan 01, = ---------  (3)
db

Similarly:

d a - c e  ...tan 0 i< = ---------  (4)
db

The orientation disparity is given by 0l - 0R where:

XX tan 0 1 - tan 0 R
tan (01. - 0 u) = -----   —

1 + tan 01. tan 0 R

Substituting from equations (3) and (4): 

tan 01. tan 0 R =
da + ce V da -  ce  ̂ a  ̂ e^c^

db db

tan(0 i .-0 i<) =

Substituting from equation (1) we get an expression for the orientation disparity of a line- 

element which passes through the point of fixation:

2 ecos0 

d sin 6  cos 0t a n ( 0 i . - 0 R ) =  .
1 -t-tan 0

2 e
tan(0 i.- 0 i<) = — cot 0 cos 0 

d (5)

Line element passing through fixation on planar surface

The line-element in the example above could lie within an infinite number of 

different planar surfaces. This section derives an expression for the orientation disparity 

of a line-element which passes through the point of fixation, projects onto the fronto- 
parallel plane at an angle 0  to the vertical and which lies within a planar surface of slant a
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and tilt p. This situation is illustrated in figureAB. The normal to the surface is given by 

n. The surface has no slant when the noimal to the surface points directly at the observer, 

i.e. when n = k. The surface has zero tilt when the normal has no i component, i.e. when 

the surface is a "ground" or "sky" plane and an increase in slant rotates the normal in a 

plane through the vertical plane which bisects the eyes. The surface has 90 deg of tilt 
when the normal has no j  component, i.e. when the surface is a "wall" plane and the 

normal rotates in the plane of the horizontal meridian.

F igure A3. The Unc-elenient lyiufi in a surface o f  slant a  and tilt p.

The equation of the surface is given by:

r.n  = r.(sinasinp i + s in aco sp j + cosak) = 0 

If the line lies in the plane, from equation (1):

(sin6sin(j)i + sin0cos<|)j + cos0k).(sin asin  pi + sin a  cos pj + cosak) = 0
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sin asin  0 (sin (})sin P + cosPcoscj))+ co saco s0  = 0

=> sin asin  6 cos((|)-P) = -  cos a  cos 0

-1
tan 0 =

cos((j) -  p) tan a

Substituting into equation (5) we get an expression for the orientation disparity of a line- 
element of orientation 0 passing through the origin on a planar surface of slant a  and tilt

P:

?e
tan(0i.-0i<) = - — cos0 cos(0 -  p) tan a  

d

Line-element not through fixation
Equation (5) only holds for a line-element which passes through fixation. If the 

line-element does not pass through fixation then the equation of the line must be amended 

to: = p + IS, where p = pi -t- qj + rk. Working through the same calculation as before
gives:

tan (01. - 0 k )  =

e 1
2 — cos 0 f sin 0 cos0  + —(q cos0  -  rsin 0 cos0 )] 

____________________ d________________ d_______________________________________
1 1

[sin0cos0-f-—(qcos0 -  rsin 0cos0)|‘ 4-1sin 0sin 0 4- — (pcos0 -  rsin0sin0)]^  -cos^0
d d d

This rather gargantuan formula can be reduced by making the assumption that p, q and r 
are similar in magnitude to e and that all are small with respect to d and thereby removing

CD
all terms of the form: —  , etc... The formula will again reduce to:

?e
tan(0i . -0K)  = — cot0cos0 

d

Hence, this formula gives a good approximation to the orientation disparity of a line- 

element which passes close to fixation, such as is the case with the surfaces employed in 

this thesis.
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Appendix B

Calculation of Change in Cues Other than Disparity 
Curvature in Rogers and Cagenello (1989)

F igu re  B l .  C ross-sec tion al d isparity  p rofile  o f  the p a rah o lic  stim ulus  
em ployed by Rogers and Cagenello (J9H9). P arabolas w ere  term inated in 
tangential planes o f  constant slant.

Rogers and Cagenello (1989) measured curvature discrimination with stimuli 

consisting of parabolas terminated in tangential planes of constant slant (figure B l). A 

change in curvature will also produce changes in the relative depth (di to d2). and the size 

of the parabolic region (a; to a?). How big are the changes?

The equations of the parabolas are as follows:

d = y ( a ,  -y ) (a , + y )+ b , for -a , < y < a, ( 1 )

d = ^ ( a 2 - y ) ( a 2 +y)4- b  ̂ for -a^  < y  <a^ (2)
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where ci and C] are the respective disparity curvatures. The disparity gradient of any 
point on the parabolas is given by:

dd
dy

= -c ,y  a n d -C 2y (3)

Hence, if the slant of the flanking regions is held constant when the curvature changes:

Co a,
-c ,a , = -c^a^ => — =

c, a.
(4)

Therefore, the disparity curvature is inversely proportional to the extent of the curved 
section of the stimulus.

As regards calculating the increase in the overall relative disparity of the stimulus, 

it is necessary to know the value of ai in terms of h. Rogers and Cagenello do not give 

precise details of this relationship, commenting only that the extent of the parabola was 
approximately half the extent of the entire surface. Therefore, assuming that a% = h /  4:

a-, —
he,
~4c.

(5)

The disparity gradient of the flanking regions must be the same as the disparity gradient 
of the parabolas where y = aj and y = a]. So:

-4  b,

-b .
8

16

1 -

c,

(6)

2c 2 y

Substituting into equations 1 and 2, for y = 0:

3c,
d, =

c,h

(8)

8

j /

1-
4c 2 J

d, 3 3c,

(9)

( 1 0 )

(7)

which gives the relationship between the change in disparity curvature and the change in 
relative disparity.
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Appendix C

Calculation of Change in Relative Depth Cue 
in Johnston (1991)

F igu re  C l .  C ross-sec tion a l depth  p ro file  o f  the e llip tic a l cy lin d er  
em ployed by Johnston (1991).

The equation of the elliptical cylinder depicted in figure Bl is given by Johnston 

(1990) as follows:

z = b:-ÿ ( 1 )

The transformation of the depth, z, to disparity, d, is given by:

Iz
D (D -z )

(2)

where I is the interocular distance and D is the viewing distance. The disparity curvature 

was manipulated by changing the depth at y = 0, b. This would also have produced a



249

change in the disparity of all points on the cylinder, relative to the background. How big 

is the change at the peak of the cylinder?
We require the disparity curvature, which is the second derivative of disparity 

with respect to vertical height, y.

Idd _ I ( D - z ) +  Iz  ______
d l "  D (D -z ) ' " ( D - z ) '

a

d'd -Ib '
dy^ za^(D -z)^ cw

If y = 0 and z = b, from equation 6 :

d 'd

dy za'

dd dd dz -lyb^ 
dy dz dy za ( D - z )

, - ly b '

(3)

(4)

(5)

["-yb^'l 2 lyb ' r -y b '^ i ̂za' J z a '( D - z ) ’ za' J

lb
dy' a '(D -b V

(7)

Substituting from equation 2 :

d \l -d
d /

(8 )

(6)

If b is small relative to D, then to a first order approximation:

. . .  d 'd —d
disparity curvature = — - ~ —r  (9)

dy a"

Hence, in Johnston (1991), the relative disparity between the peak of the cylinder and the 

background plane varied approximately linearly with the disparity curvature.
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Appendix D: Photographs

3^

f&Hk D/. Ĵ acNkyfrapAfsff/zf fy/ac qfjHiMzw/wj fwip/oyaZ w, o// euqperfmh&nw tntg oZ%)Vf 
f/Küyfff a/%?fdT <%f cw/TYifaffo/w wTta? a/à&r rofafiMP dze f%,at
through 90 deg.
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Plate D2. Same as D l, except corrugations are vertical. Observers who have a 
stereoscopic slant anisotropy will perceive less depth in D2, compared with D1


