
RESEARCH ARTICLE

Robust natural depth for anticorrelated

random dot stereogram for edge stimuli, but

minimal reversed depth for embedded

circular stimuli, irrespective of eccentricity

Paul B. HibbardID*, Jordi M. AsherID

Department of Psychology, University of Essex, Colchester, Essex, United Kingdom

* phibbard@essex.ac.uk

Abstract

The small differences between the images formed in our left and right eyes are an important

cue to the three-dimensional structure of scenes. These disparities are encoded by binocu-

lar neurons in the visual cortex. At the earliest stage of processing, these respond to binocu-

lar correlation between images. We assessed the perception of depth in anticorrelated

stimuli, in which the contrast polarity in one eye is reversed, as a function of their location in

the retinal image, and their depth configuration (a horizontal edge or a circle surrounded by

an annulus) We found that, regardless of stimulus eccentricity, participants perceived depth

in the natural direction for edge stimuli, and weakened, reversed depth for circular stimuli.

Introduction

Binocular vision and binocular disparity

The perception of depth from binocular vision depends on binocular disparities, the differ-

ences between the left and right eyes’ images. These disparities are encoded in the primary

visual cortex by binocular neurons that have a receptive field for each eye (Fig 1). Receptive

fields are combined in such a way that binocular simple and complex cells in V1 have a charac-

teristic disparity tuning function—that is, the strength of their responses depends on the dis-

parity of the stimulus presented within their receptive fields [1].

Disparity-tuned neurons in the primary visual cortex form the early stages of a broadly dis-

tributed network of binocular processing. At higher levels of visual processing, binocular

responses are found in both the dorsal and ventral streams [3]. This broad distribution of bin-

ocular processing reflects the importance of three-dimensional information for both action

and perception, and demonstrates the complexity of extracting depth from binocular signals.

Modelling binocular vision

The binocular energy model (Fig 2) gives a computational account of the responses of dispar-

ity-tuned binocular neurons in the primary visual cortex [4, 5]. In this model, odd- and even-

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0274566 September 22, 2022 1 / 21

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Hibbard PB, Asher JM (2022) Robust

natural depth for anticorrelated random dot

stereogram for edge stimuli, but minimal reversed

depth for embedded circular stimuli, irrespective of

eccentricity. PLoS ONE 17(9): e0274566. https://

doi.org/10.1371/journal.pone.0274566

Editor: Guido Maiello, Justus Liebig Universitat

Giessen, GERMANY

Received: December 26, 2021

Accepted: August 30, 2022

Published: September 22, 2022

Copyright: © 2022 Hibbard, Asher. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Data and example

stimuli are available at Open 509 Science

Framework (https://osf.io/bmfcu/).

Funding: The authors received no specific funding

for this work.

Competing interests: The authors have declared

that no competing interests exist.

https://orcid.org/0000-0001-6133-6729
https://orcid.org/0000-0003-4115-9715
https://doi.org/10.1371/journal.pone.0274566
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274566&domain=pdf&date_stamp=2022-09-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274566&domain=pdf&date_stamp=2022-09-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274566&domain=pdf&date_stamp=2022-09-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274566&domain=pdf&date_stamp=2022-09-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274566&domain=pdf&date_stamp=2022-09-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274566&domain=pdf&date_stamp=2022-09-22
https://doi.org/10.1371/journal.pone.0274566
https://doi.org/10.1371/journal.pone.0274566
http://creativecommons.org/licenses/by/4.0/
https://osf.io/bmfcu/


symmetric Gabor functions are used to model the binocular receptive fields of neurons. These

first-stage filters sum inputs from the left- and right-eyes’ images; the responses of these quad-

rature pairs of linear first-stage binocular filters are then squared and combined to produce

responses that are sensitive to the binocular disparities of features, but invariant to the loca-

tions of these features within the receptive field. Disparity tuning in this model depends on dif-

ferences in the position and structure (phase) of the receptive fields between the left and right

eye.

Our understanding of how populations of neurons modelled in this way give rise to the per-

ception of depth has been greatly enhanced by the use of random dot stereograms (RDS) [6].

These consist of a stereo-pair of patterns of randomly positioned dots and allow us to isolate

binocular cues to depth in a laboratory setting. In a classic, correlated random dot stereogram

(CRDS), the positions of some of these dots will be shifted between the two eyes to create non-

zero disparities (Fig 3a), which are either ‘crossed’ (consistent with near depth) or ‘uncrossed’

(consistent with far depth). Humans and many other species perceive depth consistent with

Fig 1. Each eye, the left (top) and right (bottom), receives a different image depending on fixation (point 2). The

point of fixation falls on the same retinal location and has zero disparity. For point 1, there is a small shift leftwards in

the right eye’s image in comparison to point 1 in the left eye’s image. This crossed disparity arises as this point in the

image is closer than the fixation point. Conversely, there is a rightward shift of point 3 from the left to the right eye’s

image. This uncrossed disparity arises as this point is further away than the fixation point. Point 1 will appear closer

and 3 further away. Images are drawn from [2].

https://doi.org/10.1371/journal.pone.0274566.g001
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Fig 2. Outline of a first order binocular energy model (orange pathway): Odd and even symmetric monocular

receptive fields (white areas represent excitatory regions of the receptive fields and dark areas inhibitory regions)

are combined to compute the first order binocular energy response. Responses are summed across the two eyes for

corresponding filters, then squared. The squared outputs are summed across the two halves of the quadrature pair.

Outline of a second order binocular energy model (green and blue pathway): Odd and even monocular energy

responses are calculated separately for each eye (green pathway). The first-order responses are squared and summed,

to produce monocular energy responses for each eye. This forms the input to the second order filters (blue pathway)

where the pairs of monocular filters are summed, squared and combined to calculate the second-order binocular

energy response.

https://doi.org/10.1371/journal.pone.0274566.g002
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the disparities present in the stimuli. Binocular cells in the visual cortex respond to CRDS with

clearly-defined disparity tuning [7–10].

A variation on these stimuli, known as anticorrelated random dot stereograms (ACRDS),

can be used to test models of binocular vision. In an ACRDS, the contrast polarity of elements

is reversed between the two eyes, such that bright pixels in the left eye are dark in the right eye,

and vice versa (Fig 3b). The binocular energy model predicts that the disparity tuning function

should be inverted in ACRDS in comparison with CRDS. This means that the preferred and

anti-preferred disparities (the stimulus disparities creating the largest, and smallest, responses

respectively) are switched, and thus a different stimulus disparity is required to produce the

maximum response for correlated and anticorrelated stimuli (see Fig 3c & 3d respectively).

The disparity predicted to give the largest response to an ACRDS is the one that gives the

smallest response to a CRDS. This will often, but not always, have the opposite sign of disparity

for the two types of stimulus.

Fig 3. (a) Image pair for a correlated random dot stereogram, where the outer annulus and the inner circle (the detection target) contain correlated

(matching) dots in the images shown to the left and right eyes. (b) Image pair for an anticorrelated random dot stereogram, where the outer annulus

contains correlated (matching) dots in the images shown to the left and right eyes. In contrast to the correlated target in (a), the target circle contains

anticorrelated (reversed polarity) dots in the images shown to the left and right eye. (c) an example first order binocular energy tuning function in

response to a correlated random dot stereogram. This tuning function has a preferred disparity at 10 arc minutes (d) the same first order binocular

energy tuning function in response to an anticorrelated random dot stereogram. The tuning function is inverted and now has a preferred disparity at 5

arc minutes.

https://doi.org/10.1371/journal.pone.0274566.g003
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Psychophysical studies have attempted to assess how the perception of depth from ACRDS

can be linked to these neural responses. Computational models such as the binocular energy

model allow us to predict the effects of anticorrelation on the encoding of binocular informa-

tion, as a result of the inversion of disparity tuning functions. These individual neural

responses, at the earliest stage of processing, are not in themselves sufficient to elicit the per-

ception of depth. Rather, processing at later stages of the visual hierarchy, and subsequent

feedback to these early stages, also play a role in the perception of depth. Understanding the

perceptual consequences of the inversion of disparity tuning functions of early-stage binocular

filters in ACRDS informs our understanding of these later stages of binocular processing.

When both the target and background in a random dot stimulus are anticorrelated, no

depth perception is found even after extensive training [11]. When the target is anticorrelated

and the background correlated, several studies have found that depth is perceived in the

reversed direction [12–15], although others have found little evidence for reliable depth per-

ception in similar stimuli, or that reversed depth may be reported by only a minority of partici-

pants [16, 17]. This reversed depth also appears to be possible only for simple near/far

judgments, but not the perception of more complex structure [13]. When stimuli contained

just a step edge in depth, the majority (67%) of participants who perceived depth in CRDS also

perceived depth in the natural rather than reversed direction for ACRDS [17]. Finally, reversed

depth in ACRDS has been reported to be more common when stimuli are presented in the

periphery of the retinal image, rather than the centre [18, 19].

The primary purpose of the current study was to assess the combined effects of stimulus con-

figuration and eccentricity on the perception of depth for ACRDS. Each of these stimulus prop-

erties has been shown to affect whether depth is perceived in ACRDS, and if so whether this is

in the natural or reversed direction. Zhaoping and Ackerman [18] found that, for circular tar-

gets surrounded by an annulus, depth was seen in the reverse direction for peripheral stimuli,

but not at all for centrally presented stimuli. Asher and Hibbard [17] found that, for stimuli pre-

sented at an eccentricity of 5.5 degrees, depth was seen in the natural direction for circular tar-

gets surrounded by a reference annulus, but in the natural direction for abutting rectangular

target and reference stimuli. We were particularly interested in understanding how eccentricity

would affect the perception of depth in these two stimulus configurations. These findings have

also been used to propose models of how particular processing mechanisms, such as top-down

feedback [20] or second-order channels [17], might contribute to the perception of depth.

The second purpose of the study was to assess the relationship between depth discrimina-

tion and perceptual confidence in ACRDS. While reliable depth perception in ACRDS has

been reported in some studies, it is typically not accompanied by the clear, crisp, depth appear-

ance found for equivalent CRDs stimuli [13]. We therefore expect that confidence might be

low in ACRDS, even when performance differs from chance.

Finally, the third purpose of the study was to assess the importance of presentation time.

Brief presentations will tend to enhance the responses of the transient stereoscopic system,

which may be important in the perception of depth from ACRDS [21]. Longer durations will

support the effects of top-down feedback, and thus the reduction of perceived depth in

ACRDS [19, 20].

To address these three aims, we measured depth discrimination and confidence for CRDS

and ACRDS. We varied the spatial configuration of the stimulus (a circular target with a sur-

rounding annulus, or a simple horizontal depth edge); its eccentricity (between 0 and 12˚);

and the presentation duration (80ms or 700ms). For ACRDS stimuli defined by a single depth

edge we show that, regardless of eccentricity or presentation time, depth tended to be per-

ceived in the natural direction. In contrast, for the circular stimuli, when depth was seen it

tended to be in the reversed direction.
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Experiment one

Methods

Participants. 3 participants (2 females, mean (std) age 34.5 (9.6)) completed the experi-

ment, one (O1) was the co-author (PH), who had also served as a participant in a previous

study [17] of the effects of shape on the perception of depth in ACRDS. Two students, who

were naive to the aims of the study, were reimbursed for their participation. All had normal or

corrected to normal vision, and stereoacuity of at least 50 arc sec, as measured using the Stereo

Optical Butterfly Stereotest. All work was carried out in accordance with the Code of Ethics of

the World Medical Association (Declaration of Helsinki). The study procedures were

approved by the University of Essex Ethics Committee (Application No. JMA1901). All partic-

ipants gave informed written consent.

Apparatus. Stimuli were presented on a VIEWPIXX 3D monitor, viewed from a distance

of 50 cm. The monitor screen was 52 cm wide and 29 cm tall. The screen resolution was 1920

by 1080 pixels, with a refresh rate of 120 Hz. Each pixel subtended 1.9 arc min. Stereoscopic pre-

sentation was achieved using a 3DPixx IR emitter and NVIDIA 3D Vision LCD shutter glasses.

The cross-talk between the left and right images, measured using a Minolta LS-110 photometer,

was 0.12%. Participants’ responses were recorded using the computer keyboard. Stimuli were

generated and presented using MATLAB and the Psychophysics Toolbox extensions.

Stimuli. Stimuli in all conditions were random dot stereograms, consisting of 9 arc min

square red (27.0 cdm−2) and black (0 cdm−2) dots against a red (13.5 cdm−2) background. Equal

numbers of red and black dots were presented, with the number chosen so that they covered

25% of the stimulus area. In all cases, stimuli consisted of a correlated reference region, pre-

sented with 0 disparity, and a test region that was either correlated or anticorrelated. The dots

were, in all cases, randomly repositioned on each frame. This created dynamic stimuli with a

refresh rate of 60Hz. The test region was presented with disparities of -28, 0, or +28 arc min

(where negative values signal uncrossed, far disparities, and positive values signal crossed, near

disparities). In separate blocks of trials, stimuli were presented in the centre of the visual field, or

to the right, so that the centre of the stimulus was at an eccentricity of 0˚, 3.1˚, 6.2˚, 9.5˚ or 12.7˚.

Two stimulus configurations were used. The first was the circular condition, in which the target

was a circular region with a radius of 2.3˚. The reference was a surrounding annulus with an

inner radius of 2.3˚ and an outer radius of 3.4˚. The second was the horizontal edge condition,

in which the reference and test regions were both a rectangle with a width of 3.40˚ and a height

of 2.33˚. The test region was vertically positioned directly above the horizontal midline, and the

reference region directly below. The two stimulus configurations are illustrated in Fig 4(a).

Procedure. Each trial began with the presentation of a central fixation cross for 200 ms,

followed by the presentation of a stimulus for either a short (80 ms) or long (700ms) duration.

The fixation cross remained visible throughout each trial block. The combination of two stim-

ulus configurations, and two presentation durations, resulted in four conditions. Each partici-

pant completed each condition within a single session. Within each condition, trials for each

of the 5 eccentricities, and for correlated and anticorrelated stimuli, were presented in a sepa-

rate block. In each block, each of the 3 disparities was presented 40 times. The order of presen-

tation of these 10 blocks for each condition was randomised for each participant, as was the

order of presentation of the four conditions.

After stimulus presentation, the participant was required to make two responses. The first

was to indicate whether the target appeared closer (down arrow) or further away (up arrow)

than the reference. The second was to indicate whether they felt confident in their response

(right arrow) or that they were guessing (left arrow). The next trial began after the two

responses had been made. See Fig 4(b).
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Results

For each duration, and each stimulus type, the proportion of near responses, and the partici-

pant’s confidence, were recorded for CRDS and ACRDS. To evaluate performance on the

depth task, we determined whether participants tended to consistently report natural or

reversed depth, and whether this was affected by eccentricity. To do this, we combined data

from the two non-zero disparities, coded for natural and reversed depth, irrespective of whether

this was nearer or further than the reference. The average proportion across participants, as a

function of eccentricity, is plotted in Fig 5 for each condition. Averages were obtained by calcu-

lating probit values from the proportion of correct responses, taking the mean of the probit val-

ues, then converting back to proportions. 95 percent confidence limits on these averages were

derived using a bootstrap procedure with 10000 samples, in which the participants’ responses

were resampled from a binomial distribution. These confidence limits allow us to evaluate

whether, on average, depth judgments tended to be reliably above or below that expected by

chance. The average proportions of confidence responses were calculated in the same way and

are plotted in Fig 6. Data are plotted separately for each participant in the S1 File.

For each duration-by-shape-by-correlation condition, data were analysed with a general-

ised linear mixed effects model, with a binomial error function, a probit link function and

eccentricity as the predictor. This allowed us to determine whether depth perception was in

the natural or reversed direction, and how this was affected by eccentricity. In this model, a

positive intercept indicates that depth tends to be perceived in the natural direction, and a neg-

ative intercept indicates that depth tends to be perceived in the reversed direction. A positive

slope indicates an increasing number of natural depth responses with eccentricity, while a neg-

ative slope indicates a decreasing number of natural depth responses.

Our predictions regarding eccentricity were that, for the range of stimulus positions used,

any effects of eccentricity would be monotonic. The range of eccentricities (up to 12.7 degrees)

was chosen to be comparable to that used by Zhaoping and Ackerman [18], and the much larger

disparities used in the current study mean that we would have expected reliable performance

for a broader range of eccentricities than would have been the case with the small disparities

used by Zhaoping and Ackerman. Eccentricity was thus included as a linear predictor.

Fig 4. (a) Schematic of stimuli used for the Circle (left) and Horizontal Edge (right) conditions. For the circle

condition the reference was the outside circle and for the horizontal edge condition the reference was always the

bottom rectangle. The reference was always zero-disparity and the target disparity was 0 or ±28 arc minutes (where

negative values are for uncrossed ‘further away’ and positive values are for crossed ‘closer’ targets). (b) Procedure:

Targets (Circle or Horizontal Edge) were presented at one of 5 eccentricities (0˚, 3.1˚, 6.2˚, 9.5˚ or 12.7˚) for either

80ms or 700ms. Participants reported the position of the target (compared to the reference) making a response using

the up arrow for a ‘further way’ or down arrow for a ‘closer’ response. This was immediately followed by a confidence

judgment where right arrow was selected for ‘high confidence’, or left arrow for ‘low confidence/guessed’.

https://doi.org/10.1371/journal.pone.0274566.g004
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Depth judgments. Circular stimuli at short durations (80ms). For correlated stimuli,

depth was perceived in the natural direction (β=5.12, t(13)=8.50, p<0.001), with the reliability

of these judgments decreasing with eccentricity (β=-0.011, t(13)=-7.46, p<0.001) (Fig 5a). This

indicates more variable responses at greater eccentricities [22–24]. For anticorrelated stimuli,

depth judgments did not differ from chance (β=-0.052, t(13)=-0.685, p = 0.505), or vary with

eccentricity (β=0.00, t(13)=-0.074, p = 0.942) (Fig 5a). We did not find an increased tendency

to the perception of reversed depth with increasing eccentricity [18].

Horizontal edge stimuli at short duration (80ms). For correlated stimuli, depth was per-

ceived in the natural direction (β=5.89, t(13)=5.69, p<0.001), with the reliability of these

Fig 5. Proportion of correct depth responses as a function of eccentricity. The top row plots data for the short

duration (80ms) for (a) circular and (b) horizontal edge stimuli. The bottom row plots data for the long duration

(800ms) for (c) circular and (d) horizontal edge data. In all cases, the blue squares plot data for CRDS and the pink

circles plot data for the ACRDS. Data show the mean results across participants, and bootstrapped 95 percent

confidence limits. The horizontal dotted line shows chance performance. In all cases, depth was seen in the natural

direction for CRDS. For the short duration ACRDS stimuli, there was no reliable perception of depth for the circular

stimuli. Depth was perceived in the natural direction for edge stimuli, decreasing with eccentricity. For the long

duration ACRDS stimuli, depth was seen in the reversed direction for circular stimuli, and in the natural direction for

horizontal edge stimuli. For the edge stimuli, the reliability of perceived depth reduced with eccentricity.

https://doi.org/10.1371/journal.pone.0274566.g005
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judgments decreasing with eccentricity (β=-0.014, t(13)=-5.31, p<0.001) (Fig 5b). For anticor-

related edge stimuli, depth was perceived in the natural direction (β=0.916, t(13)=4.68,

p<0.001), with the reliability of these judgments decreasing with eccentricity (β=-0.0020, t(13)

=-2.94, p = 0.0116) (Fig 5b). Compared with the responses to anticorrelated circular stimuli,

responses were reliable (overall 70% versus 47% correct responses).

Circular stimuli at the long duration (700ms). For correlated stimuli, depth was perceived in

the natural direction (β=4.61, t(13)=12.05, p<0.001), with the reliability of these judgments

decreasing with eccentricity (β=-0.008, t(13)=-8.84, p<0.001) (Fig 5c). For anticorrelated sti-

muli, there was a tendency for depth to be perceived in the reverse direction (β=-0.391, t(13)=-

3.68, p = 0.0028) (Fig 5c). This did not vary with eccentricity (β=0.0004, t(13)=1.10, p = 0.290).

Horizontal edge stimuli at the long duration (700ms). For both correlated (β=3.35, t(13)

=9.29, p<0.001) and anticorrelated (β=1.29, t(13)=8.26, p<0.001) stimuli, depth was perceived

Fig 6. Proportion of confident responses as a function of eccentricity. The top row plots data for the short duration

(80ms) for (a) circular and (b) horizontal edge stimuli. The bottom row plots data for the long duration (800ms) for (c)

circular and (d) horizontal edge data. In all cases, the blue squares plot data for CRDS and the pink circles plot data for

the ACRDS. Data show the mean results across participants, and bootstrapped 95 percent confidence limits. In all

cases, confidence was high for centrally presented CRDS, and reduced with eccentricity. Confidence was generally low

for ACRDS, with the exception of centrally presented edge stimuli at the long duration.

https://doi.org/10.1371/journal.pone.0274566.g006
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in the natural direction (Fig 5d). The reliability of these judgments decreased with eccentricity

for both correlated (β=-0.0042, t(13)=4.5, p<0.001) and anticorrelated (β=-0.0022, t(13)

=-4.077, p = 0.0013) stimuli.

Confidence judgments. Circular stimuli at short durations (80ms). For correlated stimuli,

confidence was high for centrally presented stimuli, and reduced with eccentricity. For antic-

orrelated stimuli,confidence was low, consistent with the low reliability of depth judgments

(Fig 6a).

Horizontal edge stimuli at short duration (80ms). For correlated edge stimuli, confidence

was high for centrally presented stimuli, and reduced with eccentricity. For anticorrelated

edge stimuli, confidence was low (Fig 6b).

Circular stimuli at the long duration (700ms). For correlated stimuli, confidence was high

for centrally presented stimuli, and reduced with eccentricity. Confidence was low for anticor-

related stimuli (Fig 6c).

Horizontal edge stimuli at the long duration (700ms). For both correlated and anticorrelated

stimuli, confidence was high for centrally presented stimuli, and reduced with eccentricity

(Fig 6d).

Discussion

The first experiment assessed the perception of depth, and participants’ confidence in their

depth judgments, for correlated and anticorrelated random dot stereograms as a function of

their horizontal eccentricity and presentation duration.

For correlated stimuli, in all cases accuracy and confidence were high for centrally pre-

sented stimuli and tended to reduce with eccentricity, as would be expected.

For anticorrelated stimuli, different results were found for the circular and horizontal edge

stimuli. For circular stimuli, reversed depth was perceived at the long duration. For anticorre-

lated horizontal edge stimuli, in contrast, depth in the natural direction was perceived.

One complication in studying the effects of eccentricity on binocular stereopsis is the varia-

tion in binocularity, and stereoacuity, across the visual field. There are for example known dif-

ferences in the horopter of corresponding points, and in the bias and precision of depth

perception, between the upper and lower visual fields [25, 26]. These differences are reflected

in the disparity tuning of cortical neurons [10, 26]. In the horizontal direction, stereoacuity

also reduces with eccentricity [27], and the retinal blindspot limits binocular processing for

eccentricities beyond around 12˚, the maximum eccentricity used in the current study [28].

While the proximity of our stimuli to the right eye’s blindspot could have affected our results,

we did not see a notable reduction in performance with CRDS at this eccentricity, over and

above the general trend for reducing accuracy with increasing eccentricity. Nevertheless, the

experiment was repeated for short duration stimuli at the same eccentricities in the vertical

direction, to determine if there is a consistent effect of eccentricity on the direction of per-

ceived depth, and to ensure that the findings at the furthest eccentricity were not affected by

the influence of the blindspot.

Experiment two

Methods

2 participants from Experiment 1 (O1 and O3) and a new participant O4 (naive to the aims)

participated in this study. The apparatus were the same as in the first experiment. Horizontal

edge stimuli were presented with the brief (80ms) duration, but in this experiment they were

positioned below the central fixation, at eccentricities of (0˚, 3.1˚, 6.2˚, 9.5˚ or 12.7˚) (Fig 7).
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Results

Results for the stimuli presented below fixation, on the vertical meridian, are summarised in

(Fig 8).

Depth judgments. Circular stimuli. For correlated stimuli, participants perceived depth

in the natural direction (β=1.50, t(13)=4.45, p<0.001), with the number of correct responses

decreasing with eccentricity (β=-0.002, t(13)=-3.26, p = 0.006) (Fig 8a). For anticorrelated sti-

muli, there was no reliable trend for depth judgments in either the natural or reversed direc-

tion (β=-0.14, t(13)=-1.68, p = 0.118), and no effect of eccentricity (β=-0.0004, t(13)=1.067,

p = 0.306)(Fig 8a).

Horizontal edge stimuli. For correlated stimuli, participants perceived depth in the natural

direction (β=1.20, t(13)=3.35, p = 0.0052), and there was no reliable effect of eccentricity on

accuracy (β=-0.0011, t(13)=-1.28, p = 0.222) Fig 8b). For anticorrelated stimuli, depth was per-

ceived in the natural direction (β=0.89, t(13)=3.79, p = 0.00227), with the reliability of judg-

ments decreasing with eccentricity (β=-0.0022, t(13)=-3.27, p = 0.00662) (Fig 8b).

Confidence judgments. Circular stimuli. For correlated stimuli, confidence was high for

centrally presented stimuli, and reduced with eccentricity. For anticorrelated stimuli confi-

dence was low for all eccentricities (Fig 8c).

Horizontal edge stimuli. For correlated stimuli, confidence was high for centrally presented

stimuli, and reduced with eccentricity. For anticorrelated stimuli confidence was low for all

eccentricities (Fig 8d).

Discussion

The second experiment was performed to determine whether the eccentricity effects on the

perception of depth were influenced by the presence of the blind spot, for the largest horizontal

eccentricity tested. We found similar results when stimuli were presented below, rather than to

the right of fixation. These results show that for stimuli presented on horizontal and vertical

meridians, there was (i) a very limited tendency for perception of reversed depth for anticorre-

lated circular stimuli, (ii) natural depth perception for anticorrelated edge stimuli and (iii) an

overall reduction in reliability and confidence with increasing eccentricity.

Fig 7. Targets (circle or horizontal edge) were presented below the fixation cross at one of 5 eccentricities (0˚,

3.1˚, 6.2˚, 9.2˚ or 12.2˚) for 80ms. Participants reported the position of the target (compared to the reference) making

a response using the up arrow for a ‘further way’ or down arrow for a ‘closer’ response. This was immediately followed

by a confidence judgment where right arrow was selected for ‘high confidence’, or left arrow for ‘low confidence/

guessed’.

https://doi.org/10.1371/journal.pone.0274566.g007
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General discussion

The current study assessed the effects of retinal eccentricity on the perception of depth from

correlated and anticorrelated random dot stereograms, using both horizontal edge and embed-

ded circular surface configurations. We replicated our previous finding of a striking difference

in performance between these two stimuli, with unreliable reversed depth seen in some cases

for circular stimuli (Fig 5b) and reliable, natural depth seen consistently for horizontal edge sti-

muli (Figs 5b and 5d and 8b).

For the horizontal edge stimuli, participants reliably reported depth in the natural direction

in anticorrelated stimuli. Performance was more reliable when the presentation time was lon-

ger, and reduced with increasing eccentricity. For the circular stimuli, the perception of depth

in anticorrelated stimuli was much weakened, but was in the reversed direction when it did

occur, and again was more reliable at the longer duration. These results were found for stimuli

on both the horizontal and the vertical meridians. Contrary to the prediction that reduced top-

Fig 8. Accuracy and confidence of depth judgments for the short duration stimuli presented along the vertical

meridian. The top row shows the accuracy judgments for the circular and edge stimuli, for each participant. The

bottom row shows the confidence judgments. Error bars show 95 percent confidence intervals.

https://doi.org/10.1371/journal.pone.0274566.g008
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down feedback in the periphery would lead to increased perception of reversed depth [20], we

found no such increase, and sustained perception of natural depth for simple edge stimuli.

These results are not consistent with some previous findings [18].

In contrast to our findings, Zhaoping and Ackerman [18] found that reversed depth was

reported more frequently when circular stimuli were presented in the periphery than in the

centre. There were however a number of differences between the stimuli that might have con-

tributed to this discrepancy. For example, Zhaoping and Ackerman used stimuli in which the

dots in the display were replaced every 100ms, whereas our dot locations were updated every

16.7ms. We also used shutter glasses to present a different image to each eye. This means that

the image presented to one eye was delayed by 8.3ms relative to the other, and the two images

were not presented simultaneously. However, given the temporal integration of information

in the visual system, this magnitude of delay is not expected to affect the perception of depth

[13]. Our stimuli were also smaller, with the inner target region having a radius of 2.3 degrees,

compared with the 3 degrees used by Zhaoping and Ackerman. The difference in refresh rate

would have increased the number of samples in our stimuli and thus the information about

the anticorrelation in ACRDS [29]. This might be expected to increase the strength of any

depth signal. However, Hibbard et al. found no difference in performance between static and

dynamic RDS, and no evidence for reversed depth, for larger (4.8 degree radius), centrally pre-

sented stimuli [16]. Doi et al. [14] reported reversed depth for dynamic, circular ACRDS with

a radius of 2.5 degree, presented at an eccentricity of 3 degrees. The perception of reversed

depth cannot therefore be attributed to the size, eccentricity, or temporal properties of the sti-

muli alone.

Another difference is the size of the disparity. Our disparity of 28 arc min was much larger

than the 2.6, 5.1 and 10.2 arc min used by Zhaoping and Ackerman. Doi et al [14] argued that

reversed depth in ACRDS is associated with coarse disparity processing mechanisms [30–33],

and thus more likely to be found for large disparities. For stimuli at an eccentricity of 3

degrees, they found reversed depth from large (28.8 arc min) disparities, but no depth from

small (1.8 arc min) disparities. The lack of reversed depth for centrally presented stimuli found

by Zhaoping and Ackerman might thus be attributed to the use of a small disparity, in the

range associated with fine disparity processing mechanisms.

A final difference is that Zhaoping and Ackerman used eye-tracking to ensure that fixation

remained constant. This means that it is possible that, in our experiments, participants may

have made eye-movements towards the stimuli, thus reducing their eccentricity. This would

have been more likely for the long stimulus presentation. If so, then we might predict a smaller

effect of eccentricity for the long stimulus presentation, and less tendency for the perception of

reversed depth. We found a greater tendency for the perception of reversed depth with the lon-

ger duration, and no difference in the influence of eccentricity, which is not consistent with

the predicted decrease in reversed depth if the effective eccentricity was reduced.

The effect of anticorrelation on the responses of binocular neurons in the primary visual

cortex is to invert the disparity tuning function and to reduce the amplitude of response [34].

The perception of depth depends on the interpretation of these responses by later stages of

processing. It is not thus possible to make simple predictions of how the inversion of disparity

tuning will affect depth perception for ACRDS. However, several aspects of the overall

response of binocular cells have been used to help explain the perception of depth in ACRDS.

The first reason for the lack of consistent and reliable depth perception in ACRDS is the

inconsistency of responses across different binocular neurons. For each individual binocular

neuron, the disparity tuning function depends not only on its position and phase disparity, but

also on its orientation and spatial frequency tuning. So, for example, the peaks and troughs of

this function will be closer together for a neuron tuned to a higher spatial frequency, and there
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will be more such peaks and troughs when the spatial frequency tuning bandwidth is narrower.

For a correlated stimulus, the peaks in response will tend to occur for filters with the same pre-

ferred disparities across different scales, thus providing a consistent indication of the stimulus

disparity. In contrast, the peaks in response for an anticorrelated stimulus will occur for filters

with different preferred disparities, with the only consistency being a minimum in the

expected response at the stimulus disparity. Across spatial scale, there is then no consistent evi-

dence in support of the presence of a stimulus with a particular disparity [16, 17]. The sign and

magnitude of depth signalled in ACRDS by individual neurons depends on the antipreferred

disparity of the neurons, and there will be no single disparity that is consistent with the

responses of the population as a whole.

The second reason why depth may not be perceived in ACRDS is that it is more closely

associated with the response of binocular neurons at higher levels of cortical processing, where

binocular matching is solved. For example, in area V4 the responses of some disparity-tuned

cells to ACRDS do not depend on disparity, consistent with the general lack of reliable depth

perception in these stimuli [35]. This has been taken as evidence that it is these higher levels of

processing that provide the neural correlate of the perception of depth, rather than the dispar-

ity-tuned responses of neurons in V1.

In cat area 18, the responses of some neurons are also consistent with the second-order dis-

parity-processing channel [36], in which disparity can be defined by differences in contrast,

rather than the underlying texture [37–40]. In the secon-order channel, the binocular energy

calculation is preceded by an earlier stage of linear filtering, at a higher spatial frequency, and a

rectifying nonlinearity (Fig 2) which makes the response insensitive to the contrast polarity of

individual features (Fig 9). This sequence of calculations also means that strong matches can

be achieved when the underlying random dot pattern is not matched between the left and

right eyes’ image [38].

We have previously argued that the responses of the second-order channel might also

explain the perception of depth in the natural direction that is found only for ACRDS stimuli

defined by a single depth edge [17]. Since the second-order channel only signals simple depth

[41], we proposed that it was not able to discriminate disparity in the stimuli in which the cir-

cular target was surrounded by an annulus.

While second-order stimuli support the perception of motion and depth, several studies

have proposed that their contribution to figure-ground segmentation is limited. In the case of

motion, Cavanagh and Mather [42] created random texture stimuli in which the motion of a

central square region and the background, both defined by second-order cues, were in oppo-

site directions. Participants could see the relative motion between the two areas, but there was

no apparent segmentation between the two, and no impression of a subjective square. Dosher

et al. [43] showed that the accuracy of reporting the direction of motion of a central square

region in a random dot kinematogram, against a dynamic noise background, was greatly

reduced when dots alternated in polarity. The perceived direction in this case depends on the

balance between the contributions of the first- and second-order mechanisms, which is influ-

enced by factors including the number of frames and the spatial scale of the stimulus [43–45].

These stimuli were also used to assess the strength of motion segmentation on the basis of sec-

ond-order motion. In this case, participants were presented with a 3x3 grid of patches of planar

motion. Eight of the patches moved in the same direction, while a randomly-selected target

region moved in the opposite direction. Participants were not able to locate the target better

than chance. It was concluded that second-order information supports the analysis of the

direction of motion at only one or two locations in the image. The accurate perception of the

direction of motion, but inability to use this information to segment an image into figure and

ground, has also been found in the case of equiluminant [46] and dichoptic [47] motion.
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In the case of binocular disparity, Ziegler and Hess showed that second-order stimuli sup-

port the perception of depth, but not three-dimensional shape or segmentation [41]. They

showed that participants were unable to report the orientation of a depth corrugation defined

by second-order disparity, even though they could accurately discriminate the depth of an

individual element relative to fixation. They also investigated the perception of shape using the

most elementary configuration, a step edge in depth. They showed that participants could

accurately judge relative depth between two elements, but that performance rapidly reduced

when additional elements were added. In contrast, participants were able to judge the overall

depth, relative to fixation, when all elements had the same disparity. Second-order random

noise stimuli have also been found to be unable to support the perception of depth from dis-

parity when the noise is uncorrelated between the two eyes, providing a noisy first-order dis-

parity signal [48]. When first-order disparities were set at zero, and second-order disparities

signalled a sinusoidal depth corrugation, observers were able to distinguish this surface from a

stimulus with a random distribution of disparities, but only if the corrugation had a large

Fig 9. Left: Disparity tuning for first order mechanisms where the spatial frequency tunings of the filters were set to 4, 8 or 16

cycles/degree for (a) CRDS and (b) ACRDS. As predicted by the first order binocular energy response there is a peak at the

correct disparity for CRDS (10 arc min), but an inverted peak for the preferred disparity for ACRDS. Right: Disparity tuning

for second order mechanisms. Here the mean responses of the second order energy response model show a peak at the correct

disparity for (c) CRDS (10 arc min), however for (d) the ACRDS, the inversion of the disparity tuning function is absent. For

ACRDS second order models predict depth in the natural direction. Images reproduced with permission [17].

https://doi.org/10.1371/journal.pone.0274566.g009
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amplitude. In this case, observers perceived a step-like change in depth, rather than the smooth

surface defined by the second-order disparities.

For both motion and binocular disparity, second-order, non-Fourier information is not

effective in tasks requiring the comparison of information across multiple spatial locations [41,

43]. This is consistent with the idea that these mechanisms operate most effectively at large

spatial scales [45].

We would thus expect the contribution of second-order mechanisms to the perception of

three-dimensional shape to be very limited. In the case of our horizontal-edge stimuli, which

contain many elements, we might predict that our participants would not accurately judge rel-

ative depth, based on previous results of Ziegler and Hess [41]. There are two important differ-

ences between our stimuli and theirs, however. The first is that one side of the step-edge was

correlated in our stimuli, thus providing a robust first-order disparity signal. The second is

that this reference region was presented at zero disparity in our stimuli, whereas Ziegler and

Hess used stimuli with equal and opposite disparities either side of the edge. This means that

averaging the disparity across the entire stimulus in our experiments would have provided a

signal that would support the reliable perception of depth in the natural direction, as we

found. These were necessary stimulus differences for two reasons. Firstly, a correlated refer-

ence stimulus was used since depth is not seen when an anticorrelated stimulus is presented

against an anticorrelated background [12]. Secondly, this reference region was given a zero

disparity, since presenting it with the opposite direction of disparity from that in the target

region would have provided an unambiguous, correlated signal to the direction of depth with-

out participants having to process the binocular information in the uncorrelated region.

If our participants were able to report the average disparity in this way, then we would also

have expected accurate perception of depth for the circular stimuli. It would therefore have

been possible for participants to perceive natural depth in both of our stimulus configurations

from second-order mechanisms, even given the latter’s limited spatial resolution. That partici-

pants did not reliably perceive depth in the natural direction is consistent with their judgments

being based on the relative depth between the centre and surround, and the poor spatial reso-

lution in the second-order mechanism in providing this relative depth information.

One difference between our edge and circular stimuli is that the edge stimulus contains

only a horizontal depth edge, while the circle contains edges at all orientations. A possible

explanation for the difference in performance for the configurations might then be that sec-

ond-order mechanisms are more sensitive to horizontal edges, reflecting the well-established

stereoscopic anisotropy [49–54]. However, the perception of depth in the natural direction in

step-edge stimuli does not appear to depend on orientation, since we have previously reported

similar results for stimuli with a vertical edge [17].

Another reason why depth is not routinely perceived in ACRDS may be the role of top-

down feedback. Perceptual inference has been characterised as a hierarchical process of analy-

sis-by-synthesis, in which feedforward signals from V1 generate a perceptual hypothesis in

higher visual areas [20]. In the case of binocular disparity this is the estimation of depth based

on the disparity-tuned inputs from V1. The hypothesised binocular disparity is then used to

synthesise a putative visual input, which is fed back to V1 for comparison with the actual

input. A good match between the actual and hypothesised inputs then strengthens the support

for the hypothesis, while a poor match will weaken the support. A naturally-viewed surface

will create an input that is correlated across the two eyes. In the case of ACRDS, there will thus

be a mismatch between the predicted positive correlation, and the actual negative correlation

in the stimulus. It is this mismatch that is proposed to account for the lack of perceived depth.

It has been suggested that this feedback process is weaker in the periphery than in central

vision [20]. This reflects the distinct roles played by peripheral and central vision in input
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selection and decoding, respectively. It is also consistent with physiological evidence that the

periphery is less well represented in higher cortical areas such as V3, V4 and V5/MT [55, 56].

The reduced higher-level representation of the peripheral visual field reduces the opportunity

for feedback to V1, and thus for the depth suggested by the disparity-tuned responses to

ACRDS to be vetoed [18]. It is the lack of this top-down feedback that is argued to allow for

reversed depth to be perceived from peripherally presented ACRDS, based on the responses in

V1. For centrally presented stimuli, the evidence for the hypothesised depth is down-weighted,

meaning that depth is not perceived. This difference in feedback was proposed to account for

the effect of eccentricity on the perception of depth in ACRDS reported by [18]. The lack of

feedback in itself is not proposed to account for the reversal of depth, which is assumed to

result from the inversion of the disparity tuning functions of binocular neurons in V1.

Anticorrelated stimulus elements can also contribute to strengthening the perception of

depth in central vision, when combined with correlated elements with the opposite disparity

[19]. This study also showed that anticorrelated elements disrupted the perception of depth

from correlated depth when presented briefly, and with the same disparity. This disruption

was not found for longer stimulus presentations. This was attributed to the vetoing of

reversed-depth signals from anticorrelated elements by top-down feedback, when sufficient

time was available for this to occur. This account again relied on the assumption that the depth

signalled by first-order mechanisms would be in the reverse direction.

The location of stimuli in the visual field is also expected to affect the contributions of first-

and second-order mechanisms to the perception of depth. Second-order stimuli can be

detected in the periphery, and sensitivity loss with eccentricity scales similarly for first- and

second-order stimuli [57–60]. However, the manner in which these channels are combined

differs between central and peripheral vision [61]. In central vision, first- and second-order

channels can be accessed separately. In contrast, perception in the periphery is subjected to

‘feature-blur’, such that multiple features, including the responses of first- and second-order

channels, are blended together. This pooling of information across first- and second-order

channels has also been proposed as a way to improve the accuracy of disparity estimation [62].

When applied to ACRDS, the first-order channel may be assumed to signal depth in the

natural or reversed direction, and the second-order channel to signal depth in the natural

direction. This may result in perceptual transparency [39, 40] or bistability [63, 64]. Given the

potential difference in direction and magnitude signalled by the two channels, and in the reli-

ability of this information, it is not possible to predict unequivocally whether this will result in

an overall tendency to perceive depth in the reversed or natural direction, or how this would

vary with eccentricity. This is true regardless of whether the channels are accessed indepen-

dently or combined.

Studies that have found reversed depth in ACRDS have often used brief presentation times.

Depth perception in opposite-polarity stimuli has been proposed to depend on the transient

system, which relies on low spatial frequency components, and is not able to process spatially

complex stimuli [65]. From this, we would predict that natural depth from second-order sig-

nals would be stronger for brief rather than long presentations. Additionally, feedback signals

are predicted to be stronger following longer stimulus presentations [20], leading to a reduc-

tion of any signals for reversed depth in ACRDS in comparison with short presentations, if the

perception of depth is moderated by feedback signals. Consistent with this prediction, the dis-

ruptive effects of uncorrelated elements on the perception of depth from correlated elements

was found to reduce with increasing presentation time [19]. Increasing the presentation dura-

tion enhanced depth in the natural direction (for edge stimuli) and in the reverse direction

(for circular stimuli). However, the extent of the effect did not change with increased

eccentricity.
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In conclusion, we confirm a striking difference in the perception of depth from ACRDS

between horizontal edge stimuli, which tend to be perceived in the natural direction, consis-

tent with the binocular disparity, and stimuli in which a circular target is surround by a refer-

ence annulus, which tend to be perceived in the reversed direction. This result was consistent

for stimuli with different presentation times and eccentricities, and when presented along the

horizontal and vertical meridians.
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