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SUMMARY

The overall goal of our research program is to construct models of the
human visual system that can be implemented on available computers and
capture essential abilities of the real thing. These models should be useful
in understanding how the human visual system works and for practical
applications. In order to incorporate some of the known structural features
of the brain in our models, we have chosen a neural net paradigm to mimic
some aspects of the real nervous system. These networks contain nodes
representing simplified nerve cells and can have an enormous variety of
structures, some of which are the subjects of intensive study in many
laboratories. Since so many different network structures are possible, it is
necessary to use as much information as possible to limit the choice of nets
to those most likely to be useful models of the human visual system. Our
work in psychophysics is designed to provide limits on the choice of
architectures for model nets by requiring them to satisfy certain general
conditions indicated by these experiments.

Several experimental projects will be described below concerning
perception of relative depth and motion. One generalization that emerges
from all of them is that local visual judgments can be grossly influenced by
information gleaned from quite distant parts of a scene. To mimic the
operation of the human visual system, then, a neural net must collect
information from sizeable areas of a scene and use it to influence outputs
from local visual processes.

Analysis of these results have led to some unexpected physiological
conclusions that will be described below. Our work has also raised doubts
about the utility of the idea that the human visual system has an extensive
"front end" which functions more or less automatically without being
affected by higher level or cognitive processes nor by signals from other
"low level" cortical areas. Since the results of many psychophysical
experiments depend on verbal instructions given to the observers, on their
prior experience, and also on information gathered from parts of the visual
scene remote from the region of immediate attention, we have been led to
consider neural nets which are consortia of many similar subnets whose
outputs are combined in some probabilistic way. This combination process
is a way to merge a number of pieces of incomplete or low confidence
information to achieve high confidence in the reality of a total percept
which depends partially on all of these "weak" clues.
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PERCEPTION OF RELATIVE DEPTH

Stereopsis is a task conventionally modelled with local operations. The
problem of stereopsis is to determine the distance of objects from the images
in the right and left eyes. The hard part of the problem is usually assumed
to be the identification of matching constituents of the two images that both
correspond to the same real feature of the scene being viewed. Random dot
stereograms demonstrate that the correspondence does not have to be
between recognizable contours in the two images. Accepting this, current
models often begin by finding edges at different size scales in the images,
usually by convolving the images with filters of different sizes. Each filter
is often defined as the difference of two Gaussian windows of different
widths. Edges defined by the coarsest DOG (difference of Gaussians) are
sparsely distributed in many images and are least likely to yield
mismatches. They are therefore usually found first to produce a rough
correspondence between features of right and left images. Finer scale
features are then easier to pair when this rough correspondence is known.
In computer vision, the largest DOG used is about 0.5 degrees wide, which
usually corresponds to an square about 34 pixels on a side for images
containing 256x256 or 512x512 pixels. This procedure works fairly well for
simple computer vision images, and can be parallelized for multiprocessor
computers.

We have used psychophysical methods to probe human performance on
particular tasks in order to learn how to construct stereopsis models with
properties closer to human abilities. Our results show that human
processing of depth related information is quite complex and not very
similar to the usual stereo algorithms. Major failures of current stereo
algorithms to mimic the performance of the human visual system are:

1) They cannot extract correct distance information from multiple
transparent surfaces.

2) They have no mechanism for incorporating information from
monocularly viewed areas into perceived images.

3) They do not do familiar problems faster than novel problems as
do human observers who improve in speed with experience with a
particular type of task.

(4) They do not do "easy" stereo tasks faster than "difficult" ones as
do human observers.

(5) They ignore the influence of global image properties on local
depth perception, unlike human observers.

(6) They have no mechanism for using non-stereo cues to depth in
achieving consistent depth perceptions in a scene.
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PERCEPTION OF RELATIVE DEPTHS
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ABSTRACT

When observers view a small test object in the center of the
field view surrounded by a rectangular "picture frame", they
always report that the object is moving in depth and never the
frame if either or both are actually moving in depth. They
perceive only motion in depth relative to the frame, which is
perceived as stationary. However, the threshold for
discrimination of depth differences within the central test
pattern is significantly poorer for an actually moving pattern
and fixed frame than for a fixed pattern and moving frame.
Stereoacuity is shown not to be affected by offsetting the test
pattern as much as 4 to 5 arc minutes of disparity from the
fixation plane. It appears that mechanical convergence
mechanisms need aiming accuracies no better than 4 to 5 arc
minutes to allow the best stereoacuity thresholds to be achieved.

Acknowledgments. This work was supported by the U.S. Office of
Naval Research, Contract No. N00014-85-K-0692.
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Human automobile drivers have little difficulty in determining distances
seen through a dirty cracked windshield on a rainy day, but no known
depth algorithm can do this.

These conclusions are drawn from the psychophysical experiments briefly
described below which provide requirements for any depth perception
model intended to imitate the human visual system.

(1) Multiple plane random dot stereograms were generated as follows: A
coarse black and white checkerboard-like pattern is imagined to be
superimposed on the random dot stereogram to be built. A conventional
random dot stereogram representing a plane floating below a flat sheet is
built of small red dots and brown dots placed only in the "white" regions of
the coarse checkerboard. Another conventional random dot stereogram
representing a plane floating above a flat sheet is constructed using green
and gray dots only in the "black" squares of the coarse checkerboard (other
dot colors could have been used just as well). In this way two interleaved
stereograms have been superimposed. Observers viewing this image report
seeing all three planes having all four colors. No unique depth could be
perceived for any particular dot of the random dot stereogram, and dot size
could be varied from less than an arc minute to over 15 arc minutes without
weakening the percept at all for most observers. Convolving the images
with different sizes of DOG's produces no consistent edges. Since no dot is
perceived to have a unique depth, it is not possible to assume "coherence of
matter" to interpolate the depth between dots.

(2) To test for the incorporation of monocular images, we generated a
random dot stereogram as follows: The image space was segmented with a
rectangular grid whose cells were randomly colored black, light grey, or
dark grey. One eye was shown this pattern and the other saw the same
pattern with the light and dark grey cells interchanged and the black cells
left the same. Observers report seeing two planes, one containing only grey
squares and floating behind the other, which contained only the black
squares. Next the observers were asked to pick a horizontal series of
squares containing a black square followed by four or five grey squares and
then another black square. They were then asked to call out the order of
grey levels from left to right for the selected sequence, first with both eyes
open and they with one eye closed. All the observers were quite surprised to
find that they saw one rectangle less monocularly than they saw
binocularly. When the observers reported the length of the selected
sequence and the size of the cells, it was found that they were incorporating
the monocular rectangle in the stereo percept without distorting the
monocular distance scale. Each rectangle retained its size, and the length
of the selected sequence of rectangles remained the same on monocular or
binocular viewing, although there was one more rectangle binocularly than
monocularly.

Under normal binocular viewing conditions, humans incorporate
monocular features into the binocular space. The reader may easily verify
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this by selecting a convenient edge (that of a door, a wall, or a desk; the rear
view mirror of an automobile is ideal for this) and positioning himself so
that some high contrast textured feature is occluded in one of the eyes. On
binocular viewing, the feature is incorporated into the binocular space
without any apparent spatial distortion of distances. This very simple
observation raises questions about the nature of the "geometry" that is
suitable in binocular "space." It is clearly not a simple matter of finding
iso-disparity contours and leaving patches of "unmatched" (which, of
course, implies unidentifiable) features on some convenient nearby surface.
The incorporation is such that the dimensions of identifiable objects
remains "undistorted."

3) For simple images in which feature correspondence is unique and not a
problem, stereo psychophysical experiments show that depth perception in
an area of local attention is greatly affected by elements of the image quite
far away. If four dots on a horizontal axis are presented with different
disparities, the relative perceived depth of any one of them depends on the
perceived depth of the others, even for dots many degrees of arc apart.
These effects are found even for viewing times as short as 10 milliseconds,
but during extended viewing, perceived depths drift toward a final
asymptotic value in about 250 milliseconds. Short viewing times
consistently produce different relative depths than longer ones. If the
viewer fixes attention on a particular "test dot,", its apparent depth is
dependent on whether the other dots are presented before or after the test
dot. The perceived depth of a test dot is affected by a brief presentation of
surrounding dots for about 500 milliseconds after they were shown.
Surrounding dots presented after the test dot influence its perceived depth
for about 200 milliseconds after the appearance of the test dot. Thus in a
series of images, the apparent depth of an object is influenced both by other
objects presented simultaneously with it and by objects which appear before
and after it. This sluggish behavior of the depth perception system may
help maintain coherence in the perceived scene during normal vision
despite eye movements and the motion of objects. Neural nets designed to
mimic depth perception by the human visual system must therefore have
the correct temporal behavior as well as spatial behavior.

4) Images including additional cues to depth such as shading, perspective,
and extended shape and orientation were also found experimentally to
exhibit global influences on the perceived depth of test objects. For example
the stereo image of a tilted plane generated by lines or dots of different
disparities grossly influenced apparent depth of test dots as far as 25
degrees of arc away from the the elements defining the tilted plane. It is
well known that it is difficult to see a single tilted plane in depth correctly,
but it is surprisingly easy to perceive the tilt if an oppositely tilted plane is
also in the same scene, even when the two planes are tens of degrees apart.
It is obvious that purely local mechanisms cannot account for these facts.

Experiments with a variety of background elements showed that these
"induced depth" effects could not be explained by simple transformation of
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coordinate frames or even the use of curved spaces. Here again we see the
requirement for a neural net model to have the ability to implement the
gathering and application of global information to predict correctly the
nature of a local depth experience.

Detailed evidence for these results and conclusions are presented in the
Appendices (drafts of papers to be submitted for publication: Appendix A,
"Perception of Relative Depths of Features Moving in Depth," Tribhawan
Kumar and Donald A. Glaser; and Appendix B, "Long Range Effects on
Discrimination of Local Depth," Tribhawan Kumar and Donald A. Glaser).

SPEED JUDGMENTS IN APPARENT AND "REAL" MOTION

Our apparent motion studies using 2 dots presented sequentially showed
that just 2 additional "distractor" dots could interfere with judgments of
speed in a way not predictable by any published version of the dual receptor
motion detection schemes first proposed by Hassenstein and Reichardt for
the house fly. Therefore we have learned that a more complex system,
probably involving higher levels in a functional hierarchy, is required.

ORIENTATIONAL ASYMMETRIES IN THE PERCEPTION OF
APPARENT MOTION

An asymmetry was discovered when observers perceived vertical motion
more often than horizontal motion in an ambiguous apparent motion
display for which the vertical and horizontal interpretation were equally
plausible. Detailed experimentation and analysis led to the conclusion that
there is a vertical strip of human retina centered on the fovea that projects
to both right and left visual cortices unlike the rest of the retina. It is
concluded that those motion percepts studied which require correlation of
information from both the right and left hemispheres are "weaker" than
those involving only one hemisphere in the sense that the "weaker" percept
is experienced less frequently than the "stronger" one. This result is
interpreted to mean that signals transmitted by the corpus callosum
produce percepts of lower confidence level than intrahemispheric percepts,
perhaps because of noise or other signal degradation introduced by callosal
transmission or due to dispersion of signals resulting from non-uniform
speed of transmission.
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INTRODUCTION

The perceived depth profile of the world does not change

drastically as one turns his or her head even though the

relationship between the two retinal images changes. With what

accuracy must the position of the eyes be controlled to extract

precise depths from the two eyes' views?

The relative change of retinal images during head motion and

the role of absolute and relative disparity in determining depth

has been discussed in the literature. Steinmen and Collewijn

(1980) reported that head rotations cause retinal image motions

between the eyes of about 2 to 3 degrees/sec for side to side

head rotations of about 2Hz. (See their Fig. 1) Erkelens and

Collewijn (1985) reported observation of version and vergence

movements during dichoptic viewing of random dot stereograms

moving sinusoidally toward and away from the viewer. Without a

reference frame, the random dot stereograms appeared stationary

despite the fact that the absolute convergence was changing.

They concluded that only the relative disparities within an image

determine the relative depth in different regions of a random-dot

stereogram. Convergence is driven by absolute disparities but

plays no role in determining relative depth in a random-dot

stereogram. Fender and Julesz (1967) found that for retinally

stabilized images, the observer required the images to come

within 6 to 12 arc minutes of each other for fusion to take

place. However, once fusion had taken place, they could pull the

two retinal images apart by as much as two degrees before fusion
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would be lost. This experiment was replicated by Piantinada

(1986), who confirmed the results of Fender and Julesz except

that he found that the initial distance for fusion could be

significantly greater than the 6 to 12 arc minutes they reported.

He found that the fusion and diplopia limits were much closer in

size, and larger than about 40 arc minutes. Westheimer and McKee

(1978) showed that stereoscopic acuity in the human fovea remains

unimpaired during retinal image lateral motions of up to 2

deg/sec. However, the stereoscopic acuity degraded somewhat if

the test features moved in depth. The experiments were conducted

in a dimly lit room which provided a reference frame for the test

features. Patterson and Fox (1984) reported that for stereopsis

during oscillatory head motion of frequencies of about 2 Hz, the

frequencies known to disrupt binocular correspondence, all

observers reported no change in either task difficulty nor

apparent depth visibility during head movements. This result was

consistent with the hypothesis that precise binocular

correspondence is unnecessary for processing stereoscopic

information. Blakemore (1970) measured the relative disparity

threshold for a two line task as a function of absolute disparity

of the two lines. He reported that stereo-threshold degraded

exponentially as the absolute disparity increased. In these

experiments the smallest absolute disparity off the fixation
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plane that was reported was 40 arc minutes.
1

Initial fusion requires that the eyes be correctly aimed to

within at least 40 arc minutes if one accepts Piantinida's

estimate, or to within 10 arc minutes according to Julesz and

Fender's estimate. However, once fusion has been achieved there

appears to be little input required from absolute convergence to

see depth. In this study we investigated the precision of

control of absolute convergence required to perceive fine

differences of depth. First the performance for stimuli moving

in depth was determined qualitatively, and then the threshold for

discriminating depth for the moving stimuli was measured.

Finally the stereo threshold as a function of absolute disparity

was measured around the fixation plane.

METHODS

Stimuli were presented on two identical Hewlett Packard

vector oscilloscopes (HP 1345's) with P4 phosphor, which were set

up so that the observer saw one with one eye and the other with

the other eye. The arrangement consisted of orthogonally

oriented polarizing sheets on the oscilloscope faces and in front

of the observer's eyes, allowing only one scope screen to be

1 Absolute disparity of a point is the disparity of that point

with respect to the fixation point. Relative disparity of two
points is the difference of the absolute disparities of those two
points. This can easily be shown to be the angle subtended by the
difference of distances between the two points in the left and
right eye images. The absolute disparity can only be specified as
accurately as the convergence on the fixation point. Relative
disparity can be specified as accurately as the distance between
the two points in the stimulus and the viewing distance.



4

visible to each eye. A beam splitting pellicle was used to

superimpose the images of the two screens. The active areas of

the screens were 11.2 centimeters wide and 8.5 centimeters high.

There were 2048 addressable positions available on the

oscilloscopes both horizontally and vertically. The room was too

dark to detect anything but the stimuli when data were being

collected. The observer was shown a pattern for a fixed length

of time, every 2 or 3 seconds. The durations of presentation of

the stimuli are specified for each experiment in the results

section below. The pattern was preceded and followed by a blank

screen for 250 milliseconds. For the rest of the time interval

an inter-stimulus pattern was shown. The observer was asked to

indicate whether a particular feature was nearer or farther than

the reference features. For example, if the test features were

two lines then the observer was to report whether the line to

his or her left was nearer or farther than the line on the right.

If the test features were three lines then the task was to decide

whether the line in the middle was nearer or farther than the

lines on either side ( these two lines always had equal

disparities). The observer had to set a switch and press a

button for the judgement to be recorded. For each presentation

the test features had a relative disparity randomly selected from

a set of several different disparities. Sessions were run so

that the average number of responses per level of disparity of

the test features was at least 30. For example, if seven

different values of disparities of the test features were
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selected to be shown, then at least 210 responses were collected

in a session. The stimulus pattern, the inter-stimulus pattern

and the makeup and size of the set from which the stimulus was

randomly selected is specified for each experiment below. There

were at least three sessions for each experiment. The results

were tabulated as percent of responses for which the particular

feature was judged nearer than the reference features. A

psychometric curve was fitted through the points using the probit

technique (Finney). The curve is specified by its mean (i.e. the

50% point), a slope and their associated errors. The 'threshold'

was calculated from the fitted curve. The threshold is defined

here as half the incremental relative disparity of the test dots

.required to go from 25% response to 75% response. The threshold

reported is the average of at least three threshold values

obtained for a given experiment. The convention used in this

paper is that crossed disparities are positive and uncrossed

disparities are negative.

RESULTS

Experiment 1

The stimulus was a rectangular frame 1.5 degree wide by 1.5

degrees high. In the center of the frame were two bright lines

10 arc minutes long, 15 arc minutes apart placed in the center of

the frame symmetrically around the central vertical axis. A

trial began by presenting an empty field for 250 msec, and then

the above stimulus would be shown with either the frame or the
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test lines executing an approximately sinusoidal motion in depth

at a frequency of 1 or 3 Hz. The amplitude of the motion was 10

arc minutes of disparity behind, and 10 arc minutes in front of

the fixation plane. These two frequencies are equivalent to an

average disparity "velocity" of 40 arc minutes per second, and 2

arc degrees per second, respectively. Three complete cycles were

shown, with the stimulus starting from the fixation plane, and

the moving feature either coming out of or going behind the

fixation plane. At the end of the three cycles, an empty field

was presented until the observer reported whether the lines or

the frame had been moving. When the experimental room was pitch

black, all four observers always saw only the test lines move in

depth regardless of whether the test lines or the surrounding

frame were actually in motion. The observers saw the lines

moving away when the disparity changes corresponded to the frame

moving towards the observer. With the room dimly lit, the

observers easily perceived the frame move when it was actually in

motion. Various other test stimuli were tested with the same

result; the observers never reported seeing the surrounding frame

move in a pitch black room. The movement of the eyes was not

monitored. Perhaps the eyes track to keep the frame stationary

on the retina and all features move with respect to it.

To address this issue, the above experiment was repeated for

presentation times of 100 milliseconds, allowing only part of the

first cycle to be shown. The latency of human tracking and

convergence is such that no eye movement is expected in this



amount of time; the motion in the stimulus is essentially

equivalent to the motion on the retina (see Westheimer, 1954).

For such briefly presented stimuli, there was very little

sensation of movement in depth, though on closing one eye the

lateral motion being executed by the monocular stimulus appeared

to be very pronounced. Despite this all the observers reported

that it was the enclosed features that appeared to have changed

position, while the surrounding frame appeared stationary.

When the brief presentation experiment was repeated with the

amplitude of motion being 2 degrees, then in 100 msec at average

speeds of 2 deg/sec, the displacement was 12 arc minutes. Under

these conditions, even though the surrounding frame still

appeared to be stationary, and the enclosed test lines appeared

to have moved, the observers could discriminate whether it was

the frame or the enclosed test lines that had moved on the CRT

face. The cue that allowed the discrimination was that when the

test lines moved, they were diplopic near the end of the

presentation, while for the motion of the frame the test lines

appeared fused fnr the entire presentation. This result is

consistent with the range of Panum's fusional range reported in

the literature.

Experiment 2

This experiment was intended to test whether observers show

any differences in visual performance that depend on whether the

test lines or the frame actually moved, even though they are

unable to consciously perceive and report which elements moved.
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It was designed to measure the thresholds for discriminating the

relative depths of the two test lines during apparent motion-

events. The geometrical configuration of the stimulus was the

same as for experiment 1. The presentation time was 75 msec, the

trial time was 2.5 seconds, and the average speed of the moving

feature was 2 deg/sec (i.e. a change of 9 arc min in depth in 75

msec). The stimuli shown had the frame moving with the test

lines stationary, or the lines moving with the frame stationary,

or both the frame and the test lines stationary. The moving

feature could either be moving towards (starting 4.5 arc min

behind and finishing 4.5 arc min in front of the fixation plane)

or away (starting 4.5 arc min in front and finishing 4.5 arc min

behind the fixation plane) from the observer. This gave five

conditions (one for both lines and frame stationary, two for only

the frame moving, and two for only the test lines moving), and

for each condition seven ralative disparity values between the

two test lines were used to generate a set of 35 different

stimuli. A stimulus from this set was randomly selected and

presented to the observer, and his or her response recorded. The

observers were asked to decide, "is the left line closer or

farther away from you?". An error signal, a brief flash 15

minutes vertically below the test lines, was shown if the

observer reported incorrectly; either the left line closer and

the relative disparity was negative (crossed), or the left line

farther and the relative disparity was positive (uncrossed).

The results for the frame moving toward the observer and moving
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It is clear from these results that although the observers

could only report the relative movement or displacement of the

frame and the test lines, their fine depth judgment depended on

which feature was moving on the retina. It is obvious that the

relative disparities in the two cases (only the frame moving or

only the test lines moving) are similar, but the fine depth

discrimination measurements can distinguish between these two

cases on the basis of disparity changes which depend on retinal

coordinates. In the above experiments the stimulus is presented

in the fixation plane at some instance during each trial, and the

improvement of threshold for stationary lines may be attributed

to the longer time the test lines spend near the fixation plane.

How is the fine depth discrimination task affected when the

stimulus and the reference features are presented off the

fixation plane? The next experiment addresses this question.

Experiment 3

The stimulus pattern was three vertical lines 12 arc min. apart.

The lines were 10 arc min long and less than a min wide. The

inter-stimulus pattern was a rectangular bracket (see fig. 5) 48

min wide by 30 min high with a fixation dot in the center. The

inter-stimulus pattern was designed to aid convergence and to

specify a fixation plane. The three line stimulus was presented

for 100 msec, and a trial time was 2.5 sec. The three lines were



9

away from the observer were averaged together to measure the

effect of the frame motion. Since the results showed no

difference between the conditions when the test lines were moving

away or towards the observer, the results for these two

conditions were averaged together to measure the effect of the

motion of the test lines. The responses as fraction of times the

left line was seen closer were fitted to the integral of a

gaussian using the probit technique (Finney). For comparison

data were also collected for the situation in which the frame and

the test lines moved laterally within the fixation plane. The

presentation time, and the stimulus configuration was kept the

same as for the other cases. Figures 1 through 4 show the

results for three different observers. As seen in Figure 1, the

threshold for discriminating depth was unaffected by speeds up to

2 deg/sec for lateral motion across the eyes (the frame and the

lines moved together either left or right, and there was no

motion in depth). This is in accordance with the results

reported by Westheimer and Mckee (1978). Figures 2 through 4

show the threshold for discriminating relative depth between the

two test lines when either only the frame was moving in depth or

only the test lines were moving in depth. The observers clearly

found discriminating the relative depth of the moving lines

harder than either of the other two tasks, and for at least two

of the observers the motion of the frame appears to have provided

enough of a "distraction" to make the discrimination task of the

central test lines somewhat more difficult.
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shown with an offset disparity2 relative to the fixation plahe

defined by the inter-stimulus pattern. The value of the offset

disparity was randomly selected from five preselected values.

The data were collected for offset disparities (crossed and

uncrossed) of 0, 1, 2, 3, 4 and 5 arc min. These values were

grouped into three different groups with each group having five

offset disparity values. The three groups were (0,-1,+1,-3,+3

arc min), (0,-2,+2,-4,+4 arc min) and (0,-3,+3,-5,+5 arc

min). For each value of offset disparity of the three lines,

seven disparity values for the middle line were selected. This

generated a set of 35 stimuli for each group (7 relative

disparities of the middle line relative to the flanking outer two

lines for each of the 5 offset disparities-of all the three lines

with respect to the fixation plane), and the stimulus presented

was randomly selected from one of these 35. Each group was run

independently in separate sessions and data were collected from

two observers. As can be seen in Fig 6 stereoacuity thresholds

were unaffected for both the observers for offset disparities of

less than 4 arc min, and showed some deterioration for offset

disparities of 5 arc min. The experiment was repeated with the

separation between the three vertical lines reduced to 5 arc min.

2 Offset relative disparity is essentially the same as

absolute disparity if one accepts that the observer was fixating
on the fixation plane and not slightly off it. Since we were not
measuring either the fixation disparity or eye position, we cannot
specify absolute disparity of the lines. However, the two values
should be fairly close to each other since fixation disparity is
usually reported to be less than 2 arc minutes anyway.
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The other parameters of the stimulus, the inter-stimulus pattern,

the presentation time and the time for a trial were kept the same

as before. The stereoacuity thresholds were a little higher (see

Fig 7), but the effect of the offset disparity was the same: no

change for offset disparities of less than 4 arc min, and a

slight deterioration for offset disparities of 5 arc min. The

observers were asked to report if they ever saw more than three

lines in the stimulus, which would indicate incomplete fusion, or

the possibility of matching two lines in each eye leaving an

unmatched line on either end giving a perception of four lines in

the stimulus. This would be expected if there were a point for

point matching for the retinally "corresponding points" for the

given fixation. The observers always reported only three lines.

DISCUSSION

Observers in these experiments qualitatively perceive only

relative motion in depth and are unable to specify whether the

test features or the reference features are moving. They are

better able to discriminate fine differences in depth for

features that are stationary with respect to the retina. For

fine depth discrimination tasks convergence has to bring the two

eyes' views into registration to within 3 to 4 arc min. The

rules describing which feature is seen moving during relative

motion of features were not investigated in detail. Preliminary

investigations lead us to suspect that these rules will be

similar to the induced motion effects seen in the frontal plane
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(see Day, Millar & Dickinson 1979), and that there will be

similar difficulty in defining precise attributes of the "frame

of reference" with respect to which the motion is perceived. The

induced motion in the frontal plane should also show a similar

quantitative difference between the stationary and the moving

test feature when measuring discrimination thresholds as we have

found for motion in depth.

The ability to discriminate depth better for stationary

objects cannot be attributed to the fact that stationary objects

spend more time near the fixation plane since the motion spanned

4.5 arc min in front of and behind the fixation plane and as

shown the ability to discriminate depth within this range of

offset from the fixation plane is hardly affected. The

difference is probably due to the sluggish response of the stereo

system to changes in depth in time (see Kumar, 1988). If one

postulates special units for detecting motion in depth (Beverly

and Regan) then our results indicate that these units perhaps do

not discriminate as fine depths as does the system responsible

for stationary stereopsis.

Westheimer reported that stereothresholds for discriminating

depths degrade even when the disparity "pedestal" is as little as

1 arc min. His stimulus was three lines with the middle line

having some disparity with respect to the outer two lines. The

task was to determine the just noticible difference in the

disparity of the middle line from the initial disparity with

respect to the outer two lines. Our results are not in conflict
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with this, and address a different aspect of stereo-processing.

In our experiments the disparity of the middle line being

discriminated is the difference from zero disparity of the middle

line with respect to the outer two lines. The offset disparity

is given to all the three lines which leaves the relative

disparities of the three lines unchanged.

These experiments didn't explore the effects of convergence

control on the choice of what is "matched" between the two eye's

views. Discrimination of fine depth differences in ambigous

stimuli may require finer convergence control than 3 to 4 arc

minutes. Grouping and configurational effects do override

spatial proximity of retinal "corresponding points" to determine

the matching of the two eyes views (see Ramachandran and Nelson,

1976; this is similar to the observation above where the

observers never reported more than three lines though two lines

out of three in each image were on corresponding points, and the

outermost lines were "unmatched"). This overriding of spatial

proximity of retinal correspondence takes place for presentation

times as brief as 100 msec, which rule out any role for eye

movements and change of convergence. It is likely that the

visual system relies on processing techniques for finer control

of correspondence rather than the mechanical alignment of the

eyes. However, McKee and Mitchison (1988) report some possible

role of eye position control finer than 3 to 4 arc min. in

determining "matches" in stimuli consisting of regularly spaced

dots when viewing times were much longer (up to several seconds).
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Long Range Effects on Discrimination of Local Depth
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ABSTRACT

Observers judgement of relative depth between two test dots
shown foveally is shown to be influenced by surrounding test dots that
are many degrees away (51 degrees was the largest separation that was
tested) and have much larger disparities (largest relative disparity
of the outlying features tested was 20 degrees) than the disparities
of the test dots. This influence is seen for briefly presented (100
msec or less) stimuli which rule out explanations requiring changing
eye positions. The measured influence is inversely proportional to
the spatial separation between the features, and shows saturation when
relative disparities of remote features are greater than 2 degrees.
Different observers show almost qualitative differences for various
configuration of the outlying features. This rules out explanations
based on only the spatial positions and disparities of the features in
the stimuli.
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INTRODUCTION

That the depth of a feature is influenced by the depth of

other features in the visual field has been shown by many

researchers (see Jaensch 1911; Wallach and Lindauer 1961; Pastore

1964; Werner 1937; Koffka 1935; Gogel 1956; Richards 1971;

Mitchison and Westheimer, 1984; Westheimer 1986). Stereoacuity

has also been shown to degrade progressively when an unrestricted

view is increasingly restricted (Luria 1969). A few observers

tested by Luria showed a slight degradation in stereoacuity when

an unrestricted view was restricted to 45 degrees. This research

explored spatial separations between features of no more than a

degree or so, although Richards (1971) had previously shown that

disparities of the ends of a vertical bar as large as 16 degrees

masked the depth of the central part of the same feature (the

vertical bar).

At present there is an implicit concept of interaction among

the disparity-detecting units responsible for stereopsis. How

far do these interactions extend spatially and in the disparity

domain? This report examines the interaction of disparity

signals across large spatial ranges (up to 51 degrees) and over

large disparities (up to 20 degrees). The interest lies in

determining the nature of interactions giving rise to

incorporation of depth of surrounding features and the nature of

disparity masking over large spatial distances. The results show

that perceived differences in the depth of items near fixation

are grossly influenced by image elements up to 25 degrees away



3

and that large disparities of remote features do influence the

relatively small disparities of the central features. The

results also show significant differences among the observers,

raising the possibility that the influence of depth may not be

due solely to disparity of surrounding features. The findings

demonstrate that naive subjects are unaware that the image

elements in the periphery are being manipulatedand that subjects'

local relative depth judgments are affected by peripheral image

elements. Although observers are able to report the relative

depth of the peripheral image elements when asked, they are

unable to report the relative depth of peripheral image items if

also required to report the depth of central test features.

METHODS

Stimuli were presented on two identical Hewlett-Packard

vector oscilloscopes _(HP 1345's) with P4 phosphor, appropriately

arranged using polarizing filters to present stereo images. The

active area of the oscilloscopes was 11.2 centimeters

horizontally and 8.5 centimeters vertically, limiting the field

to about 17 degrees by 13 degrees at 36 centimeters viewing

distance. The addressability of the oscilloscopes was 2048

positions horizontally and vertically. The luminance of the

2patterns was 100 cd/m. The room was dark enough so that only

the stimulus was visible when data were being collected,

eliminating any incidental cues that may have been available from

objects in the room.

The observer was shown a pattern for a fixed length of time,
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usually 50 milliseconds, every 1.5 or 2 seconds. The pattern was

preceded and followed by a blank screen for 250 milliseconds.

For the rest of the time interval a fixation dot was shown at the

center of the screen. Two test dots were shown symmetrical to

the fixation dot during the presentation time of the pattern.

During this time the fixation dot was not visible. The observer

was asked to respond whether the dot on the left was nearer or

farther away than the test dot on the right. To record his or

her judgment, the observer set a switch and pressed a button.

For each demonstration, the test dots had a relative disparity

randomly selected from a set of six or seven different

disparities. No error feedback was provided.

Experiments were run in sessions of 300 responses. Each

experiment consisted of two cases. The second case stimuli was

the same as the first case except all of the surrounding features

around the test dots had their disparities reversed in sign.

Following convention, crossed disparities were labeled positive

and uncrossed disparities, negative.

The results were tabulated as percent of responses reporting

the left dot as farther away than the right dot versus the

different relative disparity of the two test dots. A

psychometric curve was fitted through the points using the probit

technique (Finney). The curve is specified by its mean (i.e.,

the 50% point), a slope and their associated errors. The

"threshold" was calculated from the fitted curve and is defined

here as half the incremental relative disparity of the test dots
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required to go from 25% correct response to 75% correct response.

The difference between the means of the two cases is the

parameter referred to as the observed shift of the mean (DELTA).

The error in DELTA is the square root of the sum of squares of

the errors in the two means used to calculate the shift. For

most points DELTA was measured at least three times over a period

of several weeks. The DELTA reported is the mean of the measured

DELTA's. The error reported is either the weighted error of the

standard error associated with each DELTA, or the standard

deviation of the spread in the measured means, whichever is

larger.

For a field of view larger than 17 degrees by 13 degrees,

the stimulus was projected on a screen using two slide

projectors. Polaroid sheets were placed in front of the

projector lenses, and appropriately aligned polaroid glasses worn

by the observer allowed her to see only one of the projections

with each eye. Electronic shutters mounted on the lenses of the

projectors were controlled by a personal computer. This setup

allowed a presentation time of 100 milliseconds. A set of

mounted slides was placed in the slide carousels, and the

positioning of the carousels was done manually.

All of the observers, except one (one of the authors) were

naive as to the purpose of the experiment. The naive observers

were undergraduate students who had been tested for stereoacuity

using a three-line task. The lines were 15 minutes in length,

and 15 minutes apart. The outer two lines had zero disparity,
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and the middle line's disparity was varied. Subjects were

selected if their initial stereoacuity threshold was less than 40

arc seconds. All of the subjects showed decreasing thresholds

with practice, and in time all of them approached a very

respectable level of less than 10 arc seconds.

RESULTS

Experiment 1

The depth contrast effect was explored parametrically in

this experiment. The underlying stimulus used was larger in all

dimensions but similar to the configuration used by Werner (1938)

to demonstrate depth contrast. The stimulus consisted of a

rectangular frame 12.44 degrees wide and 9.36 degrees high in one

eye and of varying smaller width and same height in the other

eye. There were two symmetrically placed test dots 21.6 arc

minutes apart in the center. The stimulus was shown for 100

milliseconds preceded and followed by an empty visual field

whichlasted 250 milliseconds. The difference in the widths of

the rectangular frame in the two eyes is the disparity of the

frame (D) referred to in Figure 1. The two cases consisted of a

set of twelve or fourteen different displays. Each case had half

of these displays, with each display corresponding to a different

relative disparity of the test dots. The first case had the

wider frame shown to the left eye and the narrower frame shown

to the right eye (this is selected to be negative frame disparity

by convention). The second case had the wider frame shown to the

right eye and the narrower frame shown to the left eye (this case
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being the positive frame disparity). For each case six or seven

different relative disparities of the test dots were selected.

The stimulus that was shown was randomly selected from this set

of twelve or fourteen displays.

.tfter recording 300 responses, a psychometric function was

fitted to each case giving the mean, the slope and their

associated errors. The mean shift for the above configuration

for four different observers is given in Figure 1. The

associated thresholds for three of these observers is given in

Figure 2. Figure 3 and 4 gives the mean shift for two other

observers when the dimensions of the stimulus were changed. The

dimensions of the stimulus for Figure 2 are 9.8 degrees for the

wider frame and 7.5 degrees high. The test features are now two

vertical lines 10 minutes long, 49.2 minutes apart.

All subjects showed the same qualitative behavior, although

the actual numbers for the shift differed by a factor of two for

the same stimulus between observers. Even though the stimulus

was diplopic, frame disparities of 8 degrees yielded consistent

and reliable shifts. The measured shift is propotional to the

frame disparity until the disparity is about 2 degrees. Beyond

that the shift is roughly constant or slightly decreasing and may

indicate processing of the frame's edges in qualitative

stereopsis range (see Ogle 1950). The shift was measured for

different frame widths and test dot separations. The results for

two observers are given in Figures 5 and 6. The measured shift

is inversely propotional to the frame width over the range
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measured. These results demonstrate remarkable support for

Gogel's adjacency principle and are in agreement with Mitchison

and Westheimer's (1984) implementation in their Salience concept.

Although the measured shift generally increases with test dot

separation, it is not proportional to the test dot separation.

Table 1 lists the shifts for three subjects when the outer

frame was 17 degrees in one eye and 13.6 degree in the other eye;

the test dots were 15 minutes apart. The presentation time of

the stimulus was 100 milliseconds. For this stimulus, after the

data had been collected three times over a period of two weeks,

the naive observers were asked if they had noticed whether the

frame was flat and in the fronto parallel plane or tilted out of

the plane. They had paid no attention to the frame and did not

know. The same stimulus was shown again, and the observers were

asked to respond as to whether the left side of the frame was in

front or behind the right side of the frame. All of them

correctly identified the depth 100 percent of the time at the

above frame disparity. The observers were then asked to respond

only when the left side of the frame was in front of the right

side (positive frame disparity case). For these responses they

were to indicate whether the left central dot was in front or

behind the right central dot. The average of the thresholds

obtained for the runs when the number of responses for the

negative frame disparity to the total number of responses was

less than 10 percent is also given in Table 1. It is clear that

the ability of the observers to report the relative depth of the
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central features is considerably impaired when they are required

to be simultaneously aware of the depth of the peripheral

features.

Experiment 2

To test for frame wider than 17 degrees slide projectors

setup was used. The test features were two lines one degree long

and 3 degrees apart and had zero relative disparity. The larger

frame width was 51 degrees and the frame disparity was 12

degrees. The width of the test lines and the lines of frame was

10 minutes. The observer was asked to report whether the left

central line was in front of or behind the right test line. The

set of stimuli consisted of zero degree frame disparity, +/- 12

degree frame disparity, +/- 20 degree frame disparity, a case

with no frame, and another one in which the frame was shown to

only one eye (monocular frame). The observer was shown each

stimulus in random order. Each stimulus was shown a minimum of

30 times. The results, the fraction of the time the left line

was reported in front of the right line, for three naive

observers who did not know about the purpose of the experiment,

and one experienced observer (T.K., one of the authors) are given

in Table 2. It is clear that all observers except one were

influenced by the disparity of the frame even when the frame

disparity was 20 degrees.

Experiment 3

In the above experiments the vertical edges of the

rectangular frame had relative disparity with respect to each
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other. The authors wished to test whether there was any

interaction over spatial distance if the frame edges, while

having no relative disparity with respect to each other, had an

offset disparity with respect to the central test lines. The

offset disparity showed the frame in the fronto parallel plane,

but either in front of or behind the central test lines. A frame

of dimensions 6 degrees by 9 degrees was shown with varying

offset disparity with respect to the central test lines. The

central test lines were shown with a relative disparity with

respect to each other selected randomly from a set of seven

disparities. The question was the same as before: Is the left

line in front of or behind the right line? The two cases that

were compared were (1) the offset disparity of the frame was

crossed, and (2) the offset disparity of the frame was uncrossed.

There was no mean shift observed for any of the observers, but

there was a degrading of the threshold values. There was no

significant difference in the threshold values for the crossed

and uncrossed offset disparities cases for any cf the observers

tested. Figure 7 gives the average threshold for the crossed and

the uncrossed offset disparity cases for three different

observers.

Experiment 4

Is it feasible to seek an explanation of depth contrast only

in terms of disparity and position of features being shown? If

the observers showed judgements of relative depth significantly

different from each other as the surrounding features were
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changed, then it is likely that information other than what was

shown in the position and disparity of the visual features was

involved. The relative weights of the surrounding features was

investigated by showing only a certain select portion of the

rectangular frame. Figure 8 gives the front view of the case one

of the stimulus that was shown. The right and the left eyes'

views are superimposed. Filled circles mark the position of the

dots in the right eye's view, and crosses mark the position of

the dots in the left eye's view. If the feature was a line, then

a solid line marks the position of the line in the right eye's

view, and a dashed line marks the position of the line in the

left eye's view. Only one of the disparity values out of the set

of six or seven that were used is shown in the figure. The

values obtained for the observed shifts for the stimulus shown is

listed for four observers (Table 3). Observers B.H. and T.K.

were given frame disparities of 8 degrees for the configuration,

and observers V.M. and H.S. had frame disparities of 2 degrees.

The test dots were 21.6 minutes apart for all the observers.

The observed shift is largest for the complete frame (Figure

8a), and smallest for the single dot (Figure 8i) on the side.

There are significant differences among the observers.

Comparison of the shifts obtained for configurations 8h and 8i

indicates a doubling of the shift for observers B.H. and V.M., a

20% increase for T.K., and tripling for the observer H.S.

Comparison of the configurations 8f and 8g similarly show that

doubling the vertical dimension of the frame produces a
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negligible change in the shift for observer B.H., but close to

doubling for observer H.S. Comparing 8d and 8e shifts shows B.H.

and T.K.'s shifts decreasing, while those of H.S. and V.M.,

increasing. All observers show a decrease in the shift between

configurations 8b and 8c. These differences among the observers

cannot be attributed to the difference in the frame disparity for

the observers B.H. and T.K. and observers H.S. and V.M., since

there are differences between the observers shown the same

disparity. The authors were unable to find a simple scaling rule

that could bring results of different observers into agreement.

DISCUSSION

The dynamics of stereo processing suggested by these results

indicate that the interaction of disparity processing can extend

over degrees of visual space, and from small disparities to

fairly large ones. The relative depth of two foveally seen dots

is influenced by the disparity of a frame degrees away, given

presentation times of 100 milliseconds. The short presentation

times rule out explanations requiring changing eye positions to

minimize some function of corresponding points. The almost

qualitative difference among the observers for different

configurations of the frame rules out any attempt to explain

stereo processing as a simple addition or subtraction of

disparity of individual features over the whole of the visual

scene. These individual differences probably indicate that the

brain does not have a reliable technique for extracting depth

from disparity alone. Frame disparities of twenty degrees or ten
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degrees for either side of the frame do influence the depth'

judgement of the central test lines. The influence appears to

saturate when the disparity of the frame exceeds a few degrees

(i.e., one degree for either vertical side of the frame).

Although the offset disparity of the frame does not change the

relative depth of the central test features, it does degrade the

stereoacuity of the central features. Although this degradation

was measured only for a frame 6 degrees wide, the effect on

stereo acuity is expected to extend to much larger distances.

Westheimer and Tanzman (1956) showed that observers could

discriminate between 10 degrees crossed and 10 degrees uncrossed

disparity for foveal bars. Richards and Foley (1971) showed that

the detectability of disparity when the binocular components are

presented to different hemispheres extended to 16 degrees, and

probably to 32 degrees. This study agrees with their results in

detecting such large disparities and demonstrates further that

large disparity detectors interact and influence the disparity

detectors responsible for the determination of the much smaller

disparity difference of the central test lines; this interaction

extends over large spatial distances. These results also suggest

that this interaction is not likely to be a simple algebraic

operation on the disparity and position of the features in the

viewing field.

Luria's conclusion that stereoacuity deteriorates because of

relative lack of stimulation in the periphery of the visual field

is difficult to reconcile with these authors' experience of
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measuring stereoacuity in a pitch dark room. The value of

stereoacuity was found to be independent whether it was measured

in the pitch dark room or in a dimly lit room in which the

various objects (instrumentation, etc.) in the room were visible

to the observer. In light of these data, it is likely that

Luria's results were a consequence of the way he restricted the

field of view. According to Luria, he placed "15.24 cm in front

of the subject's eyes, a sheet of curved white bainbridge board

with two circular holes of appropriate size; one hole was fixed,

and the other could be moved horizontally to adjust for

differences in interpupillary distances." The "frame disparity"

provided by the edges of the holes, and not the lack of

stimulation of the periphery, may have caused the deterioration

of the threshold that Luria measured.

To summarize, these results indicate that (1) disparities of

20 degrees can be detected; (2) these large disparities interact

with the units responsible for detecting much smaller disparities

(on the order of seconds of arc); (3) these interactions extend

over large visual angles; (4) these interactions do not require

the observers to be either attending to or aware of the depth of

the peripheral features; and (5) these interactions cannot be

explained in terms of algebraic operations on disparity and

position of features alone. These results indicate that there

may not be a clean separation between local and global

stereopsis. If there are local disparity units, then their

responses are likely to be influenced by units responsible for



15

global stereopsis.
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TABLE 1. Threshold and shifts for three different observers

for a frame approximately 15 degrees 'wide and

disparity of 3.4 degrees when the observers are

paying no attention to the disparity of the frame

(NR > 0.9), and thresholds when observers were

trying to respond only to the positive frame

disparity (NR < 0.1).

OBSERVER NR > 0.9 NR <0.1

SHIFT THRESHOLD THRESHOLD

(seconds) (seconds) (seconds)

B.H. 110 +/- 15 35 +1- 10 107 +/- 28

H.S. 52 +/- 12 38 +/- 4 > 120

V.M. 52 +/- 18 40 +/- 6 > 120

Number of responses for negative frame disparity
NR -

Number of responses for positive frame disparity



TABLE 2. Fraction of responses when left line called closer

for frame 51 degrees wide and 40 degree high. The

test lines always had zero relative disparity.

OBSERVER

F R A M E B.H. H.S. T.K. V.M.
DISPARITY

MONOCULAR 0.50 0.53 0.47 0.44

NO FRAME 0.57 0.47 0.44 0.53

00 0.40 0.47 0.50 0.57

+120 0.17 0.13 0.10 0.23

-120 0.77 0.70 0.83 0.67

+200 0.20 0.53 0.17 0.27

-200 0.80 0.53 0.83 0.77



FIGURE 3
Observer: B.H.
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FIGURE 4
Observer: V.M.
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FIGURE 5
Observer: B.H.
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FIGURE 6
Observer: H.S.

1000
U900

600
o L=17.0 D=3.4 H=13.6

0706 oL=1O.O D=3.4 H= 9.2
0 II/

4-j-0 600 ,,

-r< 500 ,
Co o 400 ,

U 300 ,
200 ,"

C., 1660~
0 . I . I

0 50 100 156 200 250
Test Dot Separation

arc minutes



FIGURE /7

460

L

306

r-iO0

C

U) 10 - roB. H . L=6.0 degs.
oH.S. a= 15 mans.

F &V.M. H= 9.0 degs.

-1 6 1 2 3 4 5 6
Of fset Disparity

degrees



FIGURE 8

"-- X Xe

eX Xo

XX *X XX X 0

OX Xo

- X X "

b---- ---

X Xo XX

*X Xe----- ---- *X XX

X eX X



TABLE 3: The shift in arc seconds is listed for stimuli 'shown

in Figure 26A through 261. Frame disparity for B.H.

and T.K. was 80 and for H.S. and V.M. was 20.

ST IMULUS OBSERVERS

B.H. T.K. H.S. V.M.

5A 240+/-30 364+/-15 184+4/-18 228+/-10

5B 226+/-30 352+/-13 162+/-18 174+/-35

5C 123+/-25 266+/-14 93+/-10 140+/-13

5D 130+/-10 266+/-14 -40+/-10 150+/-15

5E 93+/-15 167+/-13 125+/-10 222+/-10

5F 88+/-1.5 205+/-12 90+/-10 188+/-10

5G 95+/-15 148+/-10 46+/-10. 152+/-8

5H1 60+/-1.5 166+/-15 92+/-10 146+/-10

51 30+/-10 133+/-16 28+/-10 60+/-10


