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Background: Clinically, stereothresholds for random-dot (RD)
stimuli are measured at near with a typical resolution of 20-
to 40-seconds arc. In this article, we describe a method by
which stereothresholds are measured using RD stimuli on
a conventional computer monitor with sub-picture-element
spatial resolution.

Methods: The RD stimuli consisted of individual left and right
eye images, viewed haploscopically from 50 ¢cm through
orthogonal polarizers. Cross and uncrossed horizontal dis-
parities as small as 6-seconds arc were produced by intro-
ducing appropriate phase disparities within the individual
spatial frequency components of the RD stimulus. The
method of constant stimuli was used to determine the
stereothresholds for 20 normal adult observers.

Results: The mean stereothreshold across the 20 observers was
24.1 + 16.6-seconds arc, with an average trial-to-trial vari-
ability of +23%.

Conclusion: Stereothresholds of a few-second arc can be meas-
ured accurately from a near distance for RD stimuli, using
a conventional computer monitor. A clinical test based on
this technique would allow the measurement of global
stereothresholds with very high spatial resolution.
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heatstone! demonstrated that human observers

perceive compelling stereoscopic depth when the

two eyes are presented with separate images that
contain small horizontal disparities between the relative posi-
tions of common features. These horizontal position dis-
parities simulate the slightly dissimilar views that result from
the lateral separation between the two eyes, when viewing
a natural three-dimensional scene. The smallest retinal
image disparity that observers can attribute reliably to a
nearer or farther object is the stereothreshold. Although the
stereothreshold may be measured using "local” targets that
contain identifiable features in the images presented to each
eye, it is generally preferable to assess the stereothreshold
using "global” random-dot (RD) targets.? In contrast to local
stereotargets, RD targets have no identifiable monocular fea-
tures and consequently provide no monocular cues that can
indicate the direction of disparity when an observer is asked
to make depth judgments. On the other hand, some patients
can report the perception of depth in local stereotargets, but
have difficulty or are unable to perceive stereoscopic depth
in RD targets. The difficulty experienced by some
observers in perceiving depth in RD targets could be con-
sidered a potential drawback for the use of RD stereo tests.
However, this difficulty could result in part from the absence
of salient monocular features in most RD targets, which
decreases the likelihood of accurate vergence and creates
uncertainty about where perceived depth should appear.
Here we describe a new method that allows the measure-
ment of stereothresholds at a near distance using com-
mercially available computer monitors. The stereotargets
that we describe include monocular features to guide ver-
gence and to direct the observer's attention, but provide no
information about the direction of stereoscopic depth.
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Hu“ra 1 A, Relative shift in luminance distribution introduced by shifting the position of one image relative to another. Each panel (top, bottom) shows a
sinusoidal grating with a spatial frequency of f,. Note that the subscripts for each of the variables in the figure indicate units. The relative

difference in position of the two gratings is dy,. The long dotted line that runs vertically through both gratings represents a horizontal reference
position chosen arbitrarily. B, Relative shift in luminance distributions introduced by shifting the phase of one distribution relative to the other.
Each aperture contains two cycles of a sinusoidal grating of spatial frequency f.,,. The grating in the bottom aperture is shifted leftward relative to
that in the top aperture by dy,. If we arbitrarily assign a phase angle of zero to the grating in the top aperture, then the phase difference ®rad
between the gratings in the top and the bottom is given by 2 stfy,qdyeq. When the image in the top aperture is seen by the left eye and the image in
the bottom aperture is seen by the right eye, a crossed horizontal disparity of dy, (equivalent to a “crossed” phase disparity of drad) will be
produced. €, Sub-pixel position shift of a grating stimulus. The top panel shows the normalized luminance of individual pixels around the long
dotted line in the top grating shown in Panel B. The smooth curves represent the continuous luminance distributions that were sampled to obtain
the luminance at each pixel number in the sampled luminance distribution (step-wise functions). The bottom panel shows the sampled luminance
distribution corresponding to a half-pixel shift of the continuous luminance distribution in the top panel. Note that the separation between the two
vertical dotted lines in this panel corresponds to a substantially smaller phase or position shift than is represented in Panels A and B.

In laboratory experiments, the optimal threshold
for detection of relative retinal image disparity in
RD stimuli is a few-seconds arc.®® To measure
these fine spatial thresholds in the laboratory, the
binocular stimuli have to be presented on a dis-
play device with very high spatial resolution. To
achieve the needed spatial resolution using
available computer monitors, the stimuli are
viewed typically from a considerable distance.
However, because many daily tasks are performed
at a near distance, and because some sensory and
motor operations of the visual system are dis-
tance-dependent, measurement of the
stereothreshold at a near distance is often more
relevant for clinicians.

Previously, Stevenson, Cormack, and Schor?
showed that near stereothresholds in the range of
3- to 5-seconds arc are possible using RD stimuli.
454

These measurements were made using custom
hardware that shifts the horizontal scan lines on
a computer monitor by less than the size of a sin-
gle picture element (pixel). The availability of such
custom hardware is currently limited to research
laboratories. Clinically, stereothresholds are
measured at near using tests such as the Titmus,
Randot, and Randot Preschool Stereoacuity tests,
with a resolution of 20- to 40-seconds arc.®7 This
resolution is inadequate to characterize the opti-
mal performance of the stereovision system. The
assessment of optimal stereothresholds may be
helpful when clinicians wish to probe the func-
tional consequences of subtle visuomotor dys-
functions and evaluate therapeutic interventions.
For example, one consequence of correcting a
sizeable fixation disparity at near might be to
improve the stereoscopic depth threshold from 20-
to 10-seconds arc,®? which would be undetectable
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using most current stereotests. Similar consider-
ations may arise when prescribing refractive cor-
rection, such as soft contact lenses, that may leave
some residual blur. Other reasons to measure the
optimal stereothresholds at near are to identify
individuals who are faced with stringent visual
demands. As examples, the performance of
patients who are jewelers, tailors, or surgeons
might be enhanced noticeably by an improvement
of their near stereothresholds from 20-seconds arc
to 10-seconds arc or better.

The resolution of a typical computer monitor is
72 dots-per-inch (dpi). This corresponds to a pixel
size of about 140-seconds arc when the monitor
is viewed from 50 cm. One technique for pro-
ducing a horizontal disparity between a pair of
monocular stimuli on a computer screen is to shift
the identical luminance distributions that are pre-
sented to the two eyes in opposite directions, by
an integer number of pixels (see Figure 1, A).
However, a drawback of this technique is that the
minimum horizontal disparity is limited to the size
of one pixel. To measure stereothresholds at a
near distance, one has to overcome this limited
spatial resolution. One way to overcome this lim-
itation is to use a single spatial frequency grating!®
or Gaussian blobs!! as the binocular stimulus. As
shown in Figure 1, B, the introduction of a hor-
izontal position shift (dg.,) between a pair of grat-
ing targets is equivalent to introducing a phase
shift (¢,,4) in one grating relative to the other.
When the top grating is presented to the left eye
and the bottom grating is presented to the right
eye, the crossed horizontal disparity equal to dg,
is equivalent to a “crossed” phase disparity of ¢,,4.
To improve spatial resolution, this technique intro-
duces a relative phase shift between the spatially
sampled luminance distributions that are pre-
sented to the two eyes. Although the position of
an image on a monitor can only vary by an inte-
ger number of pixels, the phase of a sinusoidally
graded luminance distribution can vary virtually
continuously. Figure 1, C illustrates how a con-
tinuous sinusoidal luminance distribution that is
sampled at one-pixel intervals can be phase-
shifted and then re-sampled to result in a posi-
tion shift equal to one-half pixel. Extremely small
spatial shifts can be introduced by re-sampling a
sinusoidal luminance distribution, thereby reduc-
ing substantially the minimum horizontal dis-
parity that can be presented between a pair of
monocular images. Because this technique
involves sampling, at fixed spatial locations, of
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sinusoidal gratings with a spatial phase difference
between them, the images that are presented to
the two eyes are not identical, except when the
horizontal disparity is an integer multiple of the
pixel size.

A disadvantage of using grating stimuli to meas-
ure stereothresholds is that—like line targets—
gratings include strong local features that can
provide unwanted monocular cues during binoc-
ular testing. More importantly, stereothresholds
measured with gratings (as well as with Gauss-
ian blobs and Gabor patches)!%-12 are an order of
magnitude higher than the optimal threshold val-
ues that are measured with lines'®1® or RD stere-
ograms.®® Indeed, Westheimer and McKee!?
reported that removing the information in any
substantial band of spatial frequencies from a line
stereogram resulted in a degradation of
stereothresholds. Consequently, stereothresh-
olds measured by introducing sub-pixel dispari-
ties between a pair of stimuli with limited spatial
frequency content (such as gratings) are unlikely
to reflect the optimal sensitivity of the stereovi-
sion system. Recently, Bach et al.!® used sub-pixel
disparities to measure stereothresholds of a few-
seconds arc with a slightly blurred line stimulus.

Although it is relatively simple to introduce sub-
pixel horizontal disparities between two grating
stimuli, the process of introducing sub-pixel hor-
izontal disparities in an RD stimulus is more com-
plex.* Nevertheless, the elementary operations of
this complex process are similar to those used for
introducing sub-pixel horizontal disparities
between two gratings. Like any repetitive or non-
repetitive pattern, the half of an RD stereogram
that is presented to one eye can be decomposed
mathematically into a unique set of sinusoidal
spatial frequency components. Equivalently, any
repetitive or nonrepetitive patterned image can
be produced by summing up a finite number of
sinusoidal gratings, each of which is characterized
by its spatial frequency, amplitude, relative posi-
tion (or phase), and orientation. The method that
is used most commonly to decompose a sampled
image is called the Discrete Fourier Transformation.
After this decomposition or transformation,

* Recently, Hess et al.5 created sub-pixel disparities in
stereograms created from random-spatial-noise images
by interpolating between the luminance values of hor-
izontally adjacent pixels. In some experimental condi-
tions, this technique yielded stereothresholds in their two
practiced observers that were less than 10-seconds arc.
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each sine wave that contributes
to the original image is termed a
Fourier component. The Fourier
transformation of a two-dimen-
sional sampled image generates
a two-dimensional Fourier rep-
resentation that is specified
mathematically as a matrix of
complex numbers (A + Bi). This
matrix of complex numbers con-
tains the amplitude, phase, and
orientation information for each
Fourier component of the image.
By reversing this process, a sam-
pled image can be constructed
from its Fourier components
using a process called the Inverse
Fourier Transformation.

To overcome the limited spatial
resolution that is inherent in
standard computer monitors, we
presented sub-pixel horizontal
disparities within pairs of RD
stimuli by introducing the appro-
priate interocular phase dispari-
ties between the Fourier
components of each eye's image.
Small horizontal position dispar-
ities were represented by intro-
ducing these phase disparities in
a spatial frequency- and orien-
tation-dependent manner.

Methods

Observers

Twelve males and eight females vol-
untarily participated in this experi-
ment. Most of the observers were
optometry students or graduate stu-
dents from the College of Optome-
try at the University of Houston.
Informed consent was obtained
before the experiments were con-
ducted. In addition, our sample
included four members of the col-
lege faculty and staff and two of
their family members. The age of
our subjects ranged from 8 to 50
years. All observers wore their habit-
ual corrections and reported visual
acuity of 20/20 or better at near and
far in each eye. Each observer
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13.3

26.6

39.9

53.2

A

Fiqure 2

Sample pairs of images used in the experiments. If an image pair is fused with crossed
eyes, the central square will appear A, behind or B, in front of the outer reference square.
The numbers in the left column (signs are assigned arbitrarily) indicate the horizontal
disparity within the central squares in seconds arc if the viewing distance is adjusted so
that each outer square of RDs subtends a visual angle of 3.3 degrees.
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-13.3

-39.9

-53.2

demonstrated stereoacuity of 100-seconds arc or bet-
ter (average = 39 + 27-seconds arc) when assessed
with a laboratory-based test using line targets.®
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Stimuli

The RD stimulus consisted of
pairs of individually constructed
left and right eye images, viewed
haploscopically in a dark room
from 50 cm. The computer mon-
itor was divided into two halves
with each half covered by a
polarizing film. The angle of
polarization on the left half was
45 o[rientation]deg and that on
the right half was -45 odeg.
Observers wore a spectacle
frame with -45 odeg and 45 odeg
polarizing film in front of the left
and the right eye, respectively.
Because the two halves of the
stereogram were separated lat-
erally on the computer monitor
and cross-fused, additional 4.5
p.d. base-in prisms were intro-
duced in front of each eye to
make the vergence demand
approximately equivalent to a
target viewed at a distance of 50
cm. The luminance of the targets
presented on the computer mon-
itor was calibrated using a
Minolta LS-110 photometer. To
minimize the effect of residual
non-linearities after the lumi-
nance calibration, only the gray
levels between 64 and 192 (out of
the total range of 256 gray levels)
were used to construct the stim-
uli. Each eye's image (50% con-
trast, mean Iuminance with
polaroids in place = 7 cd/sq-m)
consisted of a 1-degree central
square of random dots embed-
ded in a 3.3-degree square of ran-
dom dots. Each dot subtended an
angle of 2-minutes arc. For the
experiments reported here,
crossed and uncrossed horizontal
disparities as small as 6-seconds
arc were produced by shifting
the phases of all spatial fre-
quency components in the cen-
tral square that was seen by the
right eye with respect to the left

eye. Additional details about how the RD stimuli
were constructed are provided in the Appendix.
Sample images of RD stimuli containing different
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"n“re 3 Stereothresholds meqsured using RD stimu!i with sub-pixel resoiutiqn. The left panel plots each observ_er's ;tereothrgshold on Trial 1 vs. ﬁhe
stereothreshold on Trial 2. The one-to-one line is shown, also. The right panel plots the percentage variability from trial to trial as a function of
the average stereothreshold for each observer. Percentage variability is defined as the absolute percent deviation of the stereothreshold on Trial
1 from the mean stereothreshold across the twa trials for each observer.

crossed and uncrossed disparities are shown in
Figure 2, A and B.

Note that the outline of the central square
remains visible in most of the RD stimuli pre-
sented in Figure 2. The outline of the central
square, however, is centered exactly within the
images presented to both eyes and subtends zero
disparity with respect to the outer square when
the two eyes’ images are fused. Consequently, the
central square that is visible within each monoc-
ular image provides no cue for the direction of
perceived depth. However, the outline of this
square may help the observers to quickly stabi-
lize their vergence and versional eye positions.

Using the method of constant stimuli, a pair of
RD images (one for each eye) was selected ran-
domly from a set of images and was presented
on the computer monitor. The set of images
contained nine different disparities (four
crossed, four uncrossed, and zero disparity) in
the inner square. Each pair of RD images
remained on the screen until the observer reg-
istered a response using a joystick. The
observers indicated whether the texture in the
central square appeared to be nearer or farther
than the outer reference square. Each dispar-
ity was presented 10 times within one run, after
which a psychometric function was fit to the
observer’s responses. Stereothresholds corre-
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spond to a change of 1 standard deviation (SD)
on the fitted psychometric function (i.e., the
change from 50% to 84% "nearer” or "farther”
responses). The reported stereothresholds
would decrease by approximately 33% if a cri-
terion of 75% instead of 84% were used. For
each observer, stereothresholds for the RD tar-
gets were measured twice, in immediate suc-
cession. Although stereothresholds improve
with practice,'®1° we performed our experi-
ments without training the observers in order
to mimic the clinical situation in which
patients are tested without previous training.

Results

The stereothresholds obtained in the two trials are
shown in the left panel of Figure 3. The mean
stereothreshold averaged across all 20 observers
is 24.1 + 16.6 (+ 1 SD) seconds arc. Eight of the
observers had mean stereothresholds that were
less than 20-seconds arc. Across observers, the
stereothresholds do not differ significantly
between Trial 1 and Trial 2 (F[1,19] = 2.96, p =
0.1). The right panel in Figure 3 illustrates the
between-trial variability in the measured stereo-
thresholds. The average trial- to-trial variability
(defined as the absolute percentage deviation of
the threshold on Trial 1 from the mean of the
thresholds on Trials 1 and 2 for each observer) is
+23%.
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Hu“ra 4 A sample chart to measure stereothreshold from a near distance. Upon_ fusing a pair of
images on one row with crossed eyes, one of the four inner squares will appear in front
of the other three inner squares. If viewed from the distance at which each of the four
inner squares subtends 1 degree, the relative disparity between the inner square with
crossed disparity and the remaining three inner squares with the same uncrossed
disparity is shown on the right side. The correct answers, for the image pairs going from
top to bottom, are the right, bottom, left, bottom, and top inner square.

CLINICAL RESEARCH

Discussion

Stereothresholds in the hyper-
acuity range can be achieved at
a near testing distance using RD
stimuli created on a standard
computer monitor with sub-pixel
resolution. These fine thresholds
were obtained despite the fact
that 16 of the 20 observers were
unfamiliar with the RD stereo
task. The average trial-to-trial
variability of both measurements
was about 6-seconds arc. Trial-to-
trial repeatability is particularly
relevant if such measurements
are to be made clinically.
Although the stereothresholds
measured on the first and second
trials did not differ significantly,
most of the observers’
stereothresholds were higher on
the first trial. For example, an
improvement of stereothreshold
was found on the second trial for
14 of the 20 observers, suggesting
that a small amount of training
may be necessary to achieve sta-
ble, low stereothresholds using
these stimuli. In other words, a
clinician may need more than
one reading in order to obtain a
precise measurement of a
patient’s baseline stereothreshold.

Some previous studies reported
stereothresholds measured with
RD stereograms that were sub-
stantially higher than the hyper-
acuity range. For example,
Harwerth and Rawlings?° found
stereothresholds for RD stere-
ograms that ranged from 15- to
200-seconds arc. In two addi-
tional studies, the mean
stereoacuites for RD stimuli
were reported to be 137 + 87
(1 SD) seconds arc?' and 40 +
7.2 (1 SE) seconds arc.?? In con-
trast, we found an average
stereothreshold measured with
RD stereograms of approximately
24-seconds arc. At least two dif-
ferences between our study and
the previous studies might con-
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tribute to the dissimilar outcomes. First, stereo-
scopic depth was created in our RD stimuli by dis-
parities that are smaller than the size of a single
dot, as compared with disparities of at least one
random dot in the previous studies. Other than
the fact that our stimuli are able to represent
smaller disparities using readily resolvable dots,
it is not clear how this stimulus difference may
impact upon the stereothreshold. Second, the
observers in our study knew precisely where the
disparities would be presented in the RD targets
and, therefore, could quickly achieve an accurate
vergence and versional eye posture. The higher
thresholds with RD targets in previous studies
may be attributable—at least in part—to uncertain
or inaccurate vergence and versional postures.
Harwerth (personal communication) attributed
the high stereothresholds obtained for RD stim-
uli in his study with Rawlings?® primarily to
methodological difficulties associated with the
experimental set-up. We believe that our method
gains a clear advantage over other methods that
are used to measure global stereoacuity®’ by spec-
ifying explicitly the location in the stimulus where
disparity will be presented.

Using the technique described here, it would be
possible to create a series of computer-generated
“charts” to measure stereothresholds quickly at
near in a clinical setting. An example of such a
chart is shown in Figure 4. The stimuli presented
to each eye consist of an outer square of random
dots with four embedded inner squares, each of
which is similar to one of the central squares in
Figure 2. As in Figure 2, the outer squares for the
right and left eyes in Figure 4 are always identi-
cal. The outlines of all the inner squares remain
at zero disparity, but the disparity in one of the
four inner squares is opposite in direction to the
disparities in the other three inner squares. An
increasing magnitude of disparity is represented
in the four inner squares of the successive
“charts.” The patient’s task is to indicate which
of the four inner squares on each chart is at a dif-
ferent depth (in front, for each of the five image
pairs in Figure 4) than the other three, and to
specify the location in depth (nearer or farther)
of the different one. Because these judgments are
between targets that lie in front of and behind the
reference plane, it is logical to define the
patient's stereothreshold as the disparity between
the inner squares, which is equivalent to twice
the disparity of each inner square from the ref-
erence plane.
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One of the main advantages of our method over
existing clinical methods of measuring the
stereothreshold is that it can measure optimal
stereovision performance at very high spatial res-
olution using a conventional computer screen.
Because the method is computerized, it can eas-
ily be integrated with computerized tests of other
visual functions. There are numerous benefits of
computerized testing of visual functions, such as
the capability to quickly reconfigure the testing
parameters (e.g., viewing distance), and to man-
age each patient's data more quickly and easily.
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Appendix

Construction of random-dot stimuli

Here we describe how the central square in the right eye's image was
constructed with a specific disparity from the central square of the left
eye's image (see Figure 2). First, the RD image that comprised the
central square in the left eye's image was transformed mathematically
to its Fourier representation. This representation was a matrix that spe-
cified the amplitude and phase of each sinusoidal spatial-frequency
component (0 to 21 cpd) of the left eye's central square, at each orien-
tation between —90 and 90 degrees of orientation. Our angular conven-
tion is that a vertical sine wave grating is at 0 degree of orientation.
Horizontal disparity was introduced into the right eye's image by add-
ing a spatial-frequency and orientation-dependent phase shift to each
spectral component of this Fourier matrix. The phase shift (¢, in radians)
that was added to the spatial frequency component (f, in cpd) oriented
at an angle (o) with respect to the vertical is given by

¢ (f, o) = 27 dfcos ()

in which, d is the desired horizontal disparity in degrees. This equation
was applied to all positive spatial frequencies (i.e., the elements of the
Fourier matrix in Cartesian quadrants 1 and 4). To ensure that the
inverse transform of the phase-shifted Fourier matrix remained real,
mirror symmetric elements on the negative spatial frequency side of
the matrix were set to be the complex conjugates (i.e., the imaginary
part changes sign) of the elements on the positive frequency side.
The inverse Fourier transform of this manipulated Fourier matrix
yielded the central square of the right eye's RD image. Both eyes' inner
squares had the same amplitude spectrum and, consequently, an iden-
tical mean luminance of 7 cd/sq-m in the central regions. The mean
luminance of the outer region in both eyes' images is equal to the
average of the minimum and maximum luminances present in both of
the inner squares. This contrast scaling introduces a slight difference
in contrast between the inner squares and the outer region in both
eye's images, so that the inner squares in the left and right eyes have
a similar appearance with respect to the outer squares. All of the RD
images used in our experiments were constructed using MatLab
software (Mathworks, MA). The smallest horizontal disparity that we
produced between the RD targets in our experiment was 6-seconds
arc. The smallest disparity that can be produced with our technique
is considerably smaller than a pixel and is limited only by the dynamic
range of contrast that can be produced on the computer monitor.
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