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It is well-established that depth discrimination is finer in the fovea than the periphery. Here, we study the decline in depth
discrimination thresholds with distance from the fovea using an equivalent noise analysis to separate the contributions of
internal noise and sampling efficiency. Observers discriminated the mean depth of patches of ‘‘dead leaves’’ composed of
ellipses varying in size, orientation, and luminance at varying levels of disparity noise between 0.05 and 13.56 arcmin and
visual field locations between 08 and 98 eccentricity. At low levels of disparity noise, depth discrimination thresholds were
lower in the fovea than in the periphery. At higher noise levels (above 3.39 arcmin), thresholds converged, and there was
little difference between foveal and peripheral depth discrimination. The parameters estimated from the equivalent noise
model indicate that an increase in internal noise is the limiting factor in peripheral depth discrimination with no decline in
sampling efficiency. Sampling efficiency was uniformly low across the visual field. The results indicate that a loss of
precision of local disparity estimates early in visual processing limits fine depth discrimination in the periphery.
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Introduction
The stereo resolution of the human visual system is
remarkably ﬁne under optimal conditions with thresholds for relative depth discrimination as low as a few
seconds of arc (e.g., McKee, 1983; Rawlings & Shipley,
1969; Stevenson, Cormack, & Schor, 1989; Westheimer
& McKee, 1980a, 1980b). The precision of stereopsis is
important for quantitative depth perception and in
segmenting natural scenes (Julesz, 1971; Wardle, Cass,
Brooks, & Alais, 2010). Stereoacuity is typically
quantiﬁed as the smallest detectable separation in
depth between two stimuli. In the fovea, it is a
hyperacuity; depth differences can be distinguished
that are smaller than the diameter of individual
photoreceptors (Howard, 1919; Westheimer, 1975,
1979; Westheimer & McKee, 1980a). Although larger
absolute disparities can be detected in the periphery,
stereoacuity is ﬁnest in the fovea and on the horopter,
and declines both in the periphery and away from the
ﬁxation plane (Blakemore, 1970). Even a small
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disparity pedestal elevates depth discrimination thresholds (Westheimer, 1979).
Stereoacuity declines in the periphery along the
horizontal (Rawlings & Shipley, 1969) and vertical
(McKee, 1983) meridians compared to the fovea. It is
preferable to measure peripheral sensitivity along the
meridians as stereoacuity declines off the horopter.
Rawlings and Shipley (1969) reported stereo thresholds
at 88 eccentricity on the horizontal meridian that were
around 16 times greater than that in the fovea. The
falloff in performance is rapid; for the vertical meridian
threshold elevation has been measured only a few
minutes of arc from the fovea (McKee, 1983).
Stereoacuity in the periphery falls off faster than
resolution acuity (Fendick & Westheimer, 1983)
indicating that it is not accounted for by the resolution
limit of the retinal photoreceptors.
There is evidence that a change in the spatial scale of
receptors across the visual ﬁeld is related to the decline
in stereoacuity in the periphery. When other hyperacuities are M-scaled to account for cortical magniﬁcation,
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performance is comparable across the visual ﬁeld
(vernier acuity: Levi, Klein, & Aitsebaomo, 1985;
Virsu, Näsänen, & Osmoviita, 1987). Siderov and
Harwerth (1995) measured depth discrimination for
difference of Gaussian stimuli of various spatial
frequencies at a range of eccentricities and pedestal
disparities off the horopter. Thresholds were higher
with increasing crossed or uncrossed pedestal disparities, independent of spatial frequency and retinal
eccentricity. However, thresholds at different eccentricities were found to be dependent on spatial frequency.
For low spatial frequencies (0.5 c/8), discrimination
performance was relatively invariant as a function of
retinal eccentricity within the range tested, up to 108.
However, for higher (2 and 8 c/8) spatial frequency
stimuli, performance declined rapidly with eccentricity.
The authors suggest that low frequency mechanisms
are consistently placed across the retina, thus stereoacuity for low spatial frequencies is invariant with
eccentricity. As stereoacuity declined rapidly with
eccentricity for higher spatial frequencies, they suggest
that either the number of high frequency mechanisms
declines with eccentricity or, in the periphery, stimuli
are detected by a nonoptimal mechanism tuned to a
lower frequency. Spatial scale cannot account for how
the increase in receptive ﬁeld size degrades performance, thus the reason for the decline in stereoacuity in
the periphery remains unclear.
Reduced peripheral stereoacuity is likely to be either
a consequence of an increase in the bandwidth and size
of disparity-tuned mechanisms or a decrease in their
number and density across the visual ﬁeld. Neurophysiological differences between foveal and peripheral
vision begin within the retina. The density of cones
and ganglion cells in the human retina falls off with
eccentricity (Curcio & Allen, 1990; Curcio, Sloan,
Kalina, & Hendrickson, 1990), suggesting coarser
sampling in the periphery (see Snyder, 1982). However,
the optics of the human eye remain nearly constant
over a large region of around 108 centered on the
optical axis (Jennings & Charman, 1981). It is
established that the receptive ﬁeld size of neurons in
striate cortex increases with eccentricity, particularly
for complex cells (cat: Wilson & Sherman, 1976).
Disparity tuning in V1 is coarser and wider (Prince,
Cumming, & Parker, 2002) for the periphery with a
larger standard deviation in receptive ﬁeld disparity
(Joshua & Bishop, 1970). Natural scene statistics reveal
a similar pattern to these V1 cells. The standard
deviation of the distribution of disparities in natural
scenes increases in the periphery relative to a virtual
observer (Liu, Bovik, & Cormack, 2008). Together,
these results suggest that the local estimates of disparity
are likely to be noisier in the periphery, thus precision
in locating each element in depth, and hence stereoacuity, is reduced. It may also be that there are fewer
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disparity-tuned mechanisms with peripheral receptive
ﬁelds. In this case, undersampling of disparity by a
coarser representation of space in the peripheral visual
ﬁeld may also increase noise in the estimates.
In this paper, our aim is to use equivalent noise
analysis (Barlow, 1956) to parse out the relative
contributions of these factors to the decline of
stereoacuity in peripheral vision. We will measure the
depth increment threshold (smallest detectable difference in disparity that can be detected between two
stimuli) at different locations in the visual ﬁeld. The
method of equivalent noise (e.g., Allard & Faubert,
2006; Dakin, Bex, Cass, & Watt, 2009; Dakin,
Mareschal, & Bex, 2005a, 2005b; Heeley, BuchananSmith, Cromwell, & Wright, 1997; Lu & Dosher, 1999)
will be used to weigh the relative contributions of
sampling and internal noise, as explained in this article.
Equivalent noise analysis uses additivity of variance
to partition out the sources of noise that contribute to
observed psychophysical thresholds. The advantage of
this method is that it can help clarify why thresholds
differ across conditions. The observed threshold
corresponds to the sum of external and internal noise
divided by the number of samples (Equation 1). The
(squared) observed threshold is a sampling distribution;
thus the sum of the two sources of variance (internal
and external noise, which are assumed to be normally
distributed) is divided by N, which corresponds to the
number of samples and is proportional to sampling
efﬁciency (Solomon, 2010). The core assumption of the
model is that internal noise for any set of conditions is a
constant. Performance at low levels of external noise is
jointly determined by internal noise and sampling.
However, when the level of external noise greatly
exceeds internal noise, the contribution of internal
noise becomes minimal, and thresholds depend primarily upon sampling efﬁciency. External noise can be
manipulated experimentally by increasing the variance
in the stimulus along the parameter of interest. In this
case, the level of external noise corresponds to the
standard deviation of the distribution of binocular
disparities in the stimulus. Psychophysical thresholds
are measured under increasing levels of external noise
(disparity variance) and across different conditions
(degrees of eccentricity). This allows for comparison of
these sources of error across different eccentricities.
The two-parameter model (internal noise and number
of samples) is ﬁtted to the thresholds across levels of
external noise, estimating the contribution of each to
the observed thresholds.
We will use two clusters of ellipses generated from a
‘‘dead leaves’’ model as our stimuli for depth discrimination (e.g., Lee, Mumford, & Huang, 2001; Lindgren,
Hurri, & Hyvärinen, 2008; Ruderman, 1997; Srivastava, Lee, Simoncelli, & Zhu, 2003). As far as we are
aware, dead leaves have not been used in a stereopsis
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experiment before, however, they have been used in
computational analysis of binocular images (Aschenbrenner, 1954; Langer, 2008). The advantage of these
stimuli is that they have properties similar to natural
images; are varied in size, luminance, contrast, and
orientation; and allow for manipulation of disparity
variance by individually assigning the disparity of each
ellipse.
Figure 1 illustrates the predictions of the twoparameter equivalent noise model for a schematic
version of our stimuli. For clarity, only a few individual
ellipses at different disparities are shown. The two
sources of behavioral variability (internal noise and
sampling efﬁciency) predict different causes for the
decline in depth discrimination with increasing stimulus
eccentricity. If local estimates of disparity are noisier in

3

the periphery, the estimate of internal noise (rint) will
rise with eccentricity (Figure 1a). In this case, the
disparity of each individual stimulus element is more
uncertain in the periphery compared to the fovea.
Similarly, if a coarser representation of space causes
undersampling in the periphery, lower estimates of the
number of samples (N) will be observed further from
the fovea (Figure 1c). Here, the loss of precision is
caused by a reduction in the pooling of the disparities
of individual local elements.
r2obs ¼

r2int þ r2ext
N

ð1Þ

Methods
Observers
Three observers with normal stereovision and
normal or corrected-to-normal visual acuity participated. Two were authors (SW and JC) and the third was a
senior undergraduate student (SG) who was naive to
the aims of the experiment and reimbursed for
participation at the rate of $20/hr. The experiment
was conducted in accordance with the Declaration of
Helsinki.

Stimuli

Figure 1. Schematic representation of internal noise (top row) and
number of samples (bottom row) in the equivalent noise model.
Ellipses represent the individual stimulus elements used in the
experiment, which are at different depths. Depth in each panel is
shown along the diagonal axis, from near-depth in the bottom left
corner to far-depth in the top right corner. x and y axes for each
panel are the stimulus locations relative to the observer, to the
right (bottom right of each panel) and left (upper left of each
panel). (a) At high levels of internal noise, precision in locating
each element in depth is reduced (indicated by the dashed
arrows). (b) At low levels of internal noise, the location of each
element in depth is more precise. (c) If the global depth is
undersampled, only a few elements are pooled, compared to (d) a
higher sampling rate.
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Stimuli were generated on a PC using MATLAB
(The MathWorks) with functions from the Psychtoolbox (Brainard, 1997; Pelli, 1997). Stimuli were presented on a Viewsonic VX2268wm LCD monitor at 120 Hz
with screen resolution 1680 · 1050 pixels. Shutter
glasses (Nvidia GeForce 3D Vision) were used to
control stereoscopic stimuli presentation. The 120 Hz
monitor alternated between each eye’s view, updating
at 60 Hz per eye. The (LCD) monitor was gammacorrected to obtain linear output across RGB values.
Subpixel resolution via the graphics card provided a
spatial positioning accuracy of .004 pixel, corresponding to a stereo display resolution of 0.2 arcsec.
The stimuli for depth discrimination were two
patches of ‘‘dead leaves’’ (Lee, Mumford, & Huang,
2001; Ruderman, 1997) constructed from ellipses that
differed in luminance, size, and orientation (see Figure
2). Each square patch contained 200 ellipses; one patch
served as the test stimulus and the other as the reference
stimulus. The number of ellipses was intended to ﬁll the
entire stimulus area with no visible background and, as
a result, many of the ellipses were wholly or partially
occluded. The patches measured approximately 38 · 38
of visual angle and were placed one above the other
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Figure 2. Examples of the stimuli at disparity noise levels SD ¼
0.05 (top row), 3.39 (middle row), and 9.44 (bottom row) arcmin.
These disparities are for the stimulus size and viewing distance in
the experiment, and are not scaled in the diagram. The left and
middle column is for crossed fusion, and the middle and right
column for uncrossed fusion. A unique set of ellipses was
generated for each trial. The examples shown here are not
gamma-corrected, so they differ in luminance and contrast from
the experimental stimuli.

separated by an average distance of 16.9 arcmin with
the reference patch always on the bottom. The screen
location of each ellipse was randomly drawn from a
uniform distribution of dimensions within the stimulus
space; therefore, the measurement of the stimulus
border is approximate as the edges of some ellipses
fell outside this area. The luminance distribution of the
elements was drawn from a distribution whose skew
and kurtosis were matched to the statistics of the
McGill natural image database (Olmos & Kingdom,
2004) and RMS contrast was 0.32. The height and
width of each ellipse was determined by uniformly
distributed random values between 6.8 and 54.2
arcmin. The luminance and size of each ellipse was
selected at the start of the experiment and was constant
for all trials in the session. However, the orientation,
screen location, and disparity of each ellipse was
randomly allocated on each trial. This means that the
stimuli were unique for each trial, and an ellipse that
was in the reference patch for one trial could be in the
test patch for another trial.
The binocular disparity of each ellipse was randomly
selected from a normal distribution with a ﬁxed mean
and standard deviation. The standard deviation deter-
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mined the level of external (disparity) noise and was
equal in the test and reference patch for each noise
level. The mean disparity of the ellipses in the reference
patch was always set at zero, and the mean disparity of
the ellipses in the test patch was varied to determine the
depth discrimination threshold using the method of
constant stimuli as explained in Procedure. Each ellipse
was shifted horizontally in the other eye’s image to
produce disparity and the perception of depth. The
patches appeared as square-shaped clusters of ellipses;
each ellipse had an individual disparity centered on the
mean disparity. Disparity was relative to the screen
rather than the observer’s horopter because the
stimulus locations were along the horizontal meridian
of the visual ﬁeld as in Rawlings and Shipley (1969). At
the viewing distance used, the distance of each of the
peripheral screen locations from the theoretical horopter was 0.0798 at 38 eccentricity, 0.3158 at 68 eccentricity, and 0.7068 at the greatest eccentricity of 98.
In these stimuli, transparency is sometimes perceived
in the overlapping ellipses for certain combinations of
luminance and depth order (e.g., Nakayama &
Shimojo, 1992). This can alter the perceived depth of
a particular ellipse, which means that the perceived
depth may not equal the disparity assigned to that
element from the normal distribution of disparity noise.
As both screen location and disparity were randomly
assigned to each ellipse on every trial, any change in
perceived depth for some of the stimulus elements
would not be systematic across trials. This has the
effect of adding uniform noise to the disparity signals,
but does not change the shape of the underlying
disparity distribution. Additionally, the presence of
transparency could not be used as an alternative cue for
discrimination between the stimuli as it is equally likely
to occur in the test and reference patches of ellipses.

Procedure
Observers completed a short training program to test
that their stereovision was adequate for the task before
they began the main experiment. In the training
program, observers were shown two patches of dead
leaves with all ellipses at the same disparity, i.e.,
standard deviation SD ¼ 0 or at a moderate level of
noise SD ¼ 3.39 arcmin. The reference patch was
always at zero disparity, and the test patch was at either
crossed or uncrossed disparity. On each trial, observers
identiﬁed whether the test patch was closer or further
than the reference patch. Observers practiced the task
at the fovea and at the greatest eccentricity tested (98).
As stereo thresholds improve with practice, particularly
for stimuli in the periphery (Fendick & Westheimer,
1983), care was taken to ensure thresholds had
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stabilized in each observer before data collection
commenced.
Observers wore shutter glasses and were seated 114
cm from the computer monitor with their position ﬁxed
using a chin and forehead rest. The experimental room
was painted black, and the only illumination came from
the computer monitor. Vergence was maintained at
zero disparity with nonius lines and a short stimulus
duration. Each trial began with the presentation of a
black nonius cross (line length: 50.8 arcmin; line width:
3.4 arcmin) with a binocular horizontal line and
monocular vertical segments. The cross was vertically
centered between the stimulus locations and was
ﬂanked by two pairs of black and white vertical nonius
lines (length: 1.48; width: 6.8 arcmin; vertical separation: 10.2 arcmin; horizontal separation: 50.8 arcmin).
The upper and lower segments of the lines were
presented to opposite eyes and, when fused, they
appeared as two vertical lines, one black and the other
white.
The observer pressed a key to initiate each trial when
the nonius lines and cross appeared aligned, indicating
that their eyes were converged at zero disparity. The
nonius lines and cross only appeared in-between trials,
and were replaced by a square ﬁxation point (11.9 ·
11.9 arcmin) when the stimuli were displayed. The
stimuli were presented for 200 ms, too brief to allow for
the completion of a vergence eye movement away from
the ﬁxation plane (McKee, Bravo, Taylor, & Legge,
1994). The observer pressed a button to indicate
whether the test patch (above ﬁxation) or reference
patch (below ﬁxation, always at zero disparity) was
closer in depth. The allocation of crossed or uncrossed
disparity to the test patch was random on each trial,
resulting in an absolute depth discrimination threshold
from zero, which did not consider the sign of the
disparity. Feedback was given by changing the color of
the horizontal line of the nonius ﬁxation cross to green
(correct) or red (incorrect) for 200 ms.
The stimuli were centered either on the fovea (08), 38,
68, or 98 eccentricity to the right of ﬁxation along the
horizontal meridian. The stimuli extended approximately 1.58 in each direction from the center. As each
stimulus patch was 38 · 38 in size and separated
vertically from each other by 16.9 arcmin, these values
reﬂect the location of the middle of the stimulus in the
horizontal direction rather than the minimum gap
between the fovea and the edges of the stimulus
patches. It was checked that none of these locations
fell in the observer’s blind spot where there is no
binocular vision by a short blind spot mapping
program. Observers moved a small yellow disc around
the screen to locate their blind spot and ensure it did
not overlap with any of the stimulus display locations.
Eight levels of external disparity noise were used in logspaced steps: 0.05, 0.21, 0.42, 0.85, 1.69, 3.39, 6.78, and

Downloaded from jov.arvojournals.org on 09/21/2019

5

13.56 arcmin. This resulted in 32 (four eccentricities ·
eight levels of external noise) separate conditions.
The method of constant stimuli was used to
determine the depth discrimination threshold for each
condition. The mean disparity of the ellipses in the test
patch was varied in 17 evenly spaced steps starting at
zero in order to determine the depth discrimination
threshold. The step size was determined from pilot
testing for each eccentricity and noise level in order to
adequately sample the psychometric function. Each
mean disparity of the test stimulus was repeated a
minimum of 20 times over two or more runs, so each
threshold was calculated from a minimum of 340 trials.
Each run combined at least two levels of external noise
so that the reference stimulus was not the same on each
trial. Consequently, observers could not use their
response on the previous trial to gauge their answer
as the reference stimulus was usually different. The
eccentricity conditions were completed in separate runs
with each run containing only one eccentricity.

Threshold estimation
Psychometric functions were obtained by ﬁtting a
cumulative Gaussian function to the data for each
condition using the Levenberg-Marquardt algorithm
implemented with Matlab’s nlinﬁt routine. The standard deviation of the ﬁtted function was taken as the
threshold estimate. Conﬁdence intervals (95%) on the
threshold estimates were derived from the Jacobian
matrix of the ﬁtted function with Matlab’s nlparci
routine.

Equivalent noise model
The equivalent noise model (Equation 1) was ﬁtted
to each observer’s data with the Levenberg-Marquardt
algorithm. A separate ﬁt was calculated for each of the
four eccentricities for each observer. The ﬁt was
weighted using the conﬁdence intervals for the psychometric functions. Conﬁdence intervals (95%) were
estimated for the ﬁtted parameters of internal noise
(rint) and sampling efﬁciency (N) using the method
previously described for the psychometric functions.

Results
Depth discrimination thresholds as a function of
disparity noise level and visual ﬁeld location are shown
individually for each observer in Figure 3. The
equivalent noise ﬁts (Equation 1) for each eccentricity
are plotted as solid lines. Naive observer SG was unable
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Figure 3. Depth discrimination thresholds as a function of disparity noise (rext) and visual field location for three observers. Solid lines
show equivalent noise fits (Equation 1) for each eccentricity. Parameter estimates for internal noise (rint) and sampling efficiency (N) are
in the legend. Error bars are 95% confidence intervals on the threshold estimates.

to perform the depth discrimination task at the two
highest levels of disparity noise (SD ¼ 6.78 and 13.56
arcmin) so, for this observer, the equivalent noise
functions were ﬁt to the remaining six noise levels. One
threshold for observer JC (68 eccentricity, SD ¼ 13.56
arcmin) could not be estimated from the data, so this
point was excluded from the equivalent noise analysis.
Overall, for each eccentricity, discrimination thresholds
are lowest at the smallest levels of disparity noise and
increase with greater levels of disparity noise. Across
observers, at the lowest noise level, thresholds in the
fovea range from 0.27 to 0.64 arcmin, 0.44 to 0.80 at 38,
0.39 to 1.39 at 68, and 0.80 to 3.09 at 98. At the sixth
noise level (SD ¼ 3.39 arcmin), thresholds converge
across eccentricity for all three observers. At this level
of noise, thresholds were in the range 1.41 to 3.76
arcmin in the fovea, 1.59 to 4.64 at 38, 1.70 to 3.11 at 68,
and 1.80 to 3.59 at 98.
The equivalent noise ﬁts shown in Figure 3 reveal
that, at lower levels of noise, thresholds for depth
discrimination are lowest in the fovea and increase at
further retinal eccentricities. However, for higher levels
of disparity noise, the ﬁts for each eccentricity converge
so that there is minimal difference in thresholds across
the visual ﬁeld, and thresholds rise in proportion with
external noise. There is considerable variability in the
magnitude of the thresholds across observers; however,
the overall pattern of convergence around 3.39 arcmin
of noise is consistent. This pattern of threshold
elevation indicates that internal noise is the limiting
factor for depth discrimination in the periphery with
little or no reduction in the sampling efﬁciency.
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The parameter estimates of internal noise (rint) and
sampling efﬁciency (N) from the individual equivalent
noise ﬁts are plotted separately in Figure 4. Data for
observer SG at the greatest eccentricity (98) is omitted
from this ﬁgure and further analysis because a
reasonable parameter estimate could not be obtained

Figure 4. Parameter estimates for internal noise (rint) and
sampling efficiency (N) as a function of visual field eccentricity
for three observers. Dashed lines are linear fits to the data using
weighted least-squares, fitted parameters for the slope (b) and
intercept (a) are shown in the legend. Data for observer SG at 98
eccentricity are omitted because reasonable parameter estimates
could not be obtained for this condition (see text for details). Error
bars are 95% confidence intervals.
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for this condition. Parameter estimates for SG at 98 as
shown in Figure 3 are 5.58 (95% CI: [0.2, 11.4]) for
rint and 3.65 [95% CI: 3.5, 10.8] for N. As apparent in
Figure 3, thresholds for SG at 98 eccentricity do not
appear to vary with noise level, so observer SG’s data is
only considered from the fovea to 68 eccentricity.
For all three observers, internal noise increases with
increasing visual ﬁeld eccentricity with higher internal
noise in the periphery. The magnitude is approximately
a 2.7-fold increase for SW, a 7.2-fold increase for JC,
and a 1.6-fold increase for observer SG (from the fovea
to 68). However, there is no systematic change in
sampling efﬁciency with eccentricity. If a reduction in
sampling efﬁciency were driving the increase in depth
discrimination thresholds in the periphery, a reduction
in N would be expected in the periphery compared to
the fovea. However, the estimates of N remain
approximately constant across eccentricity for all
observers with a difference of only 0.82 (SW), 0.52
(JC), and 0.48 (SG, from the fovea to 68) between the
maximum and minimum estimates of N.
In order to obtain a quantitative estimate of the
change in internal noise and sampling efﬁciency with
eccentricity, a ﬁrst-order polynomial in the form y ¼ a þ
bx was ﬁt to the parameter estimates using weighted
least-squares. The ﬁts are represented as the dashed
lines in Figure 4 with the best-ﬁtting parameters for the
slope (b) and intercept (a). For all observers, there is a
positive slope for the ﬁt to internal noise across
eccentricity (b ¼ 0.11, 0.22, and 0.06 for observers
SW, JC, and SG, respectively). R2 was in the range 0.90
to 1.00 for all observers. This means that, for each
degree increase in eccentricity, internal noise rose by
0.06 to 0.22 arcmin across observers. The linear ﬁts to
sampling efﬁciency were poorer with uniformly low
estimates of b (b ¼0.09, 0, and 0.03 for observers SW,
JC, and SG, respectively). Corresponding R2 for the ﬁts
were 0.89, 0.15, and 0.17, respectively, indicating
poor ﬁts except for observer SW. Apart from a small
effect for observer SW, the ﬁtted functions reveal no
change in sampling efﬁciency with visual ﬁeld eccentricity.

Discussion
We used equivalent noise analysis to examine the
relative contribution of internal noise and sampling
efﬁciency to the reduction in stereoacuity across the
visual ﬁeld. Observers discriminated the mean depth of
patches of ‘‘dead leaves’’ at varying levels of external
disparity noise. At low levels of noise, depth discrimination thresholds were lowest in the fovea and
increased at greater eccentricities. At higher levels of
disparity noise, thresholds were comparable across the
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visual ﬁeld. Equivalent noise analysis indicated that the
reduction in stereoacuity in the periphery was driven by
an increase in internal noise with no evidence for a
change in sampling efﬁciency.

Stereoacuity across the visual field
Previous investigations of stereoacuity have reported
smaller thresholds than those in the present study. In
the fovea, stereoacuity thresholds are less than 5 arcsec
under optimal conditions (McKee, 1983) and can be as
small as vernier thresholds (Westheimer & McKee,
1979). McKee (1983) measured stereoacuity using bar
stimuli and found greatest sensitivity when the length
of the bars was between 10 to 15 arcmin. However,
estimates of stereoacuity are known to vary considerably with the stimuli and task used. Stevenson,
Cormack, and Schor (1989) used random-dot stereograms to measure stereoacuity for different 2AFC
depth discrimination tasks. The lowest thresholds of 1.7
to 3.6 arcsec across observers were reported for a task
requiring the detection of which interval contained a
depth step (a difference in depth between the lower and
upper half of the dot ﬁeld). Thresholds were considerably higher (22 to 38 arcsec) when the task involved
discriminating a difference in depth (or thickness)
between two overlapping random dot planes. The
highest thresholds (136 to 351 arcsec) were obtained for
a gap-resolution task, which required detection of a gap
between two disparity planes compared to a ‘‘ﬁlled’’
thick plane of dots with equal thickness in depth.
In the present study, thresholds in the fovea for the
lowest noise condition (SD ¼ 0.05 arcmin) ranged from
16.46 to 38.28 arcsec across observers, which is
comparable to thresholds for detecting a difference in
depth between two overlapping random dot planes
(Stevenson, Cormack, & Schor, 1989). This indicates
that depth discrimination thresholds for our stimuli
were outside the hyperacuity range but within the range
of other depth discrimination tasks. This is expected
because our stimuli were complex, containing a range
of orientations, luminance, and sizes. The task also
required the global averaging of the local disparity of
the ellipses in the two stimulus patches although, at the
lowest noise level, this would be negligible. The two
patches had to be matched across an average vertical
distance of 16.9 arcmin, although the borders of some
ellipses within each patch would be closer because their
locations were randomly generated. Stereoacuity
thresholds double at an eccentricity of only 30 arcmin
from the fovea (McKee, 1983), thus on average the
stimulus placement in our foveal condition was already
outside the range of the ﬁnest stereoacuity.
In agreement with previous literature, we found that
stereoacuity thresholds increased with eccentricity
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across the visual ﬁeld. Rawlings and Shipley (1969)
reported depth discrimination thresholds across the
visual ﬁeld on the horizontal meridian for 2 points (in
stereo) of 21 00 of arc at the fovea, 82 00 at 28, 155 00 at 48,
193 00 at 68, and 345 00 at 88 eccentricity. These
eccentricities are comparable to the ones in the present
study; however, thresholds in the present study for the
smallest noise level (SD ¼ 0.05 arcmin) are considerably
lower. In the fovea, thresholds across observers ranged
from 16 to 38 arcsec, 26 00 to 48 00 at 38, 24 00 to 83 00 at 68,
and 48 00 to 185 00 at 98. The increase in thresholds
between the fovea and the far periphery in Rawlings
and Shipley (1969) was a ;16-fold increase compared
to a group mean increase of ;5-fold in the present
study. This discrepancy in threshold measurements
may be explained by differences in the stimuli and
method. Rawlings and Shipley’s (1969) task required
depth discrimination between two small point-light
sources 60 arcsec in diameter. The dead leaves stimuli
in the present study were much larger and subtended 38
· 38. Our stimuli contained a greater distribution of
disparity information. We demonstrate that the visual
system is able to average disparity information, which
could facilitate depth discrimination by an improved
signal across multiple local cross-correlations. In
addition, Rawlings and Shipley used a method of
adjustment rather than a 2AFC task to measure
thresholds. In their task, observers adjusted the
separation of the two peripheral point targets until
they appeared equidistant, and the threshold was taken
as the mean deviation.
The stimuli used in this study were deliberately not
equated for contrast, spatial frequency, or cortical
magniﬁcation across the visual ﬁeld because the aim
was to use equivalent noise analysis to probe the
decrement in stereoacuity thresholds in the periphery.
Contrast sensitivity decreases with eccentricity (e.g.,
Rovamo, Virsu, & Näsänen, 1978), so it is possible that
our stimuli were less visible when presented in the
peripheral visual ﬁeld. However, the luminance distribution of the dead leaves stimuli were matched to the
distribution in natural scenes, calculated from a natural
image database (Olmos & Kingdom, 2004), so there
were local areas of both high and low contrast in the
stimuli. When peripheral stimuli are M-scaled to
equalize the cortical area stimulated, contrast sensitivity does not differ from the fovea (Rovamo, Virsu, &
Näsänen, 1978). Although stereoacuity thresholds are
lower at higher contrast, reducing stimulus contrast
does not raise thresholds signiﬁcantly until near
contrast threshold, thus contrast would be unlikely to
have an effect on stereoacuity for the suprathreshold
stimuli in this experiment (Cormack, Stevenson, &
Schor, 1991; Ogle & Weil, 1958).
Contrast sensitivity as a function of spatial frequency also changes with eccentricity. For low spatial
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frequencies, thresholds are lowest in the periphery and,
for high spatial frequencies, maximum sensitivity is in
the fovea (Virsu & Rovamo, 1979). Although the
stimuli patches were the same size in the foveal and
peripheral conditions, the individual ellipses varied in
size and contrast. An ideal characteristic of these
broadband stimuli is that a range of spatial frequency,
luminance, and contrasts were available at all eccentricities. Siderov and Harwerth (1995) demonstrated
with spatially narrowband difference-of-Gaussian stimuli that the decrease in depth discrimination performance in the periphery is limited to high spatial
frequencies. Our data with spatially broadband stimuli
indicate internal noise is the limiting factor in
peripheral depth discrimination; the physiological
implications of this are the focus of the next section.

Increase in internal noise with eccentricity
The ﬁts of the equivalent noise model to our data
indicate that the falloff in stereoacuity in the periphery
is entirely due to an increase in internal noise. An
analogous increase in directional internal noise has
been shown to account for a reduction in direction
discrimination thresholds in the peripheral visual ﬁeld
(Mareschal, Bex, & Dakin, 2008). Internal noise is
likely to reﬂect the tuning of disparity mechanisms
early in visual cortex. Physiological evidence indicates
that disparity tuning varies with eccentricity. In the
periphery, disparity tuning in macaque V1 is coarser
and wider (Prince, Cumming, & Parker, 2002) and, in
cat cortex, standard deviations in receptive ﬁeld
disparity increase with eccentricity, indicating that cells
are less ﬁnely tuned (Joshua & Bishop, 1970). Wider
tuning curves indicate less precision in response to
disparity at greater eccentricities. Receptive ﬁeld size
also increases with eccentricity across areas V1V4 of
human visual cortex (Smith, Singh, Williams, &
Greenlee, 2001). Together, these physiological data
are consistent with our behavioral ﬁnding that internal
noise was the main limiting factor for stereoacuity in
the periphery. Less precise estimates of the disparity of
each individual element would create noisier estimates
of the disparity of each patch of leaves and thereby
elevate depth discrimination thresholds.
Our estimates of sampling efﬁciency are relatively
constant across the visual ﬁeld. This suggests that
disparity signals are not globally integrated to extract
the mean depth, which would compensate for an
increase in external noise once external noise exceeds
the level of internal noise in the visual system. Disparity
pooling has been suggested as a means of cancelling out
spurious disparity signals (Fleet, Wagner, & Heeger,
1996; Tyler & Julesz, 1980); however, it does not appear
to be used to compensate for increased levels of noise to
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judge the average depth of clustered elements at
different disparities. However, perceptual disparity
averaging is known to occur over a small spatial range.
Parker and Yang (1989) constructed random dot
patterns with alternating rows of dots at different
depths. The stimulus was perceived at the mean
disparity of the two component depths only when the
disparity difference was within 114 arcsec. This type of
disparity averaging is not present in the dead leaves
stimulus used here as it appeared as a patch of ellipses
at different depths rather than as a thickened surface at
a single mean disparity. The lack of global integration
of local estimates in stereoacuity is in contrast to the
extraction of global motion direction. In central vision,
Dakin, Mareschal, and Bex (2005a) found that the
number of pooled local estimates of motion direction
increased when more elements were added to the
display, evidence that the motion system is efﬁcient at
pooling local estimates to extract a global direction of
motion. There does not appear to be an analogous
pooling process in the extraction of disparity. This may
be because, in order to extract ﬁne disparity differences
between the two eyes, the visual system already
integrates over a large spatial extent by cross correlation (e.g., Tyler & Julesz, 1978).
The absence of a change in sampling efﬁciency with
eccentricity is congruent with the results of Harris and
Parker (1992) on the efﬁciency of stereopsis in randomdot stereograms. Compared to an ideal observer,
human observers were found to use a limited number
of dots from the total number in a stereogram for
judgments of a depth discontinuity. Stereoscopic
efﬁciency was around 20% for low numbers of dots
and dropped further when more dots were added to the
stimulus with efﬁciency reaching as low as 0.52%
when the number of dots exceeded 150. Harris and
Parker (1992) calculated that observers never used
more than ﬁve dots at the depth discontinuity to make
their judgment. The present experiment extends this to
the periphery. Across the visual ﬁeld, the number of
elements observers used to make the depth discrimination remained static even though each stimulus
contained 200 ellipses. Indeed, the estimates of N we
obtained were very low across all eccentricities: N ’ 1
for JC and SG, and N ’ 4 for observer SW who was
highly practiced on the task. Together, these data
indicate that the stereo efﬁciency of observers is
consistently very low across the visual ﬁeld, and thus
the reduction in stereoacuity with eccentricity cannot
be due to any change in sampling efﬁciency. This
observation is directly analogous to motion processing
in the peripheral visual ﬁeld (Mareschal, Bex, & Dakin,
2008) where sampling efﬁciency is also relatively
invariant of eccentricity.
An important consideration is whether the increase
in internal noise relates to monocular or binocular
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processes. Positional acuity is also known to degrade
with eccentricity, even for stimuli equated for visibility
(Waugh & Levi, 1993). It is possible that the increase in
internal noise observed in the periphery for depth
discrimination could be explained by increased positional uncertainty. For vernier acuity, Levi and Waugh
(1994) found that peak masking spatial frequency
varied with eccentricity; the masking function peaked
at lower spatial scales for greater eccentricities and
higher spatial frequencies in the fovea, suggestive of a
change in spatial scale across the visual ﬁeld. Levi and
Waugh (1994) found that the shift in scale did not
completely account for the decline in positional acuity
in the periphery as the thresholds fell faster than the
change in peak spatial frequency masking. It is unclear
whether local estimates of disparity are noisier in the
periphery because of greater positional uncertainty (a
monocular cause) or because of binocular processes
involving disparity detectors.

Summary and conclusions
Observers were able to discriminate the depth of two
patches of ‘‘dead leaves’’ stimuli containing ellipses
varying in orientation, luminance, size, and disparity—
even at relatively high levels of disparity noise (up to
SD ¼ 13.56 arcmin). Stereoacuity declined with
eccentricity; thresholds for depth discrimination were
on average around 5 times higher at the furthest
peripheral location tested (98) compared to the fovea.
Equivalent noise analysis revealed that this decline is
exclusively due to an increase in internal noise in the
peripheral visual ﬁeld with no change in sampling
efﬁciency. Sampling efﬁciency remained very low
across the visual ﬁeld. When external noise exceeded
internal noise, thresholds were proportional to the level
of noise in the stimulus, thus the stereo system was not
able to compensate by increasing sampling efﬁciency to
‘‘average out’’ the noise. An increase in internal noise
with eccentricity is consistent with physiological
ﬁndings of broader disparity tuning and larger receptive ﬁeld size in the periphery. We conclude that
reduced stereoacuity in the periphery is a result of a loss
of precision in local disparity estimates early in depth
processing.
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