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ABSTRACT

Stereoscopic depth has a mixed record as a guiding attribute in visual attention. Visual search can be efficient if
the target lies at a unique depth; whereas automatic segmentation of search arrays into different depth planes
does not appear to be pre-attentive. These prior findings describe bottom-up, stimulus-driven depth guidance.
Here, we ask about the top-down selection of depth information. To assess the ability to direct attention to
specific depth planes, Experiment 1 used the centroid judgment paradigm which permits quantitative measures
of selective processing of items of different depths or colors. Experiment 1 showed that a subset of observers
could deploy specific attention filters for each of eight depth planes, suggesting that at least some observers can
direct attention to a specific depth plane quite precisely. Experiment 2 used eight depth planes in a visual search
experiment. Observers were encouraged to guide their attention to far or near depth planes with an informative
but imperfect cue. The benefits of this probabilistic cue were small. However, this may not be a specific problem
with guidance by stereoscopic depth. Equivalently poor results were obtained with color. To check and prove
that depth guidance in search is possible, Experiment 3 presented items in only two depth planes. In this case,
information about the target depth plane allows observers to search more efficiently, replicating earlier work. We
conclude that top-down guidance by stereoscopic depth is possible but that it is hard to apply the full range of our
stereoscopic ability in search.

1. Introduction

Horizontal disparities between the two eyes’ retinal images are the
primary cue for stereoscopic depth (Duan et al., 2021; Wheatstone,
1838). Considering the three-dimensional world we live in, intuition
might suggest that depth information would be beneficial in the visual
search tasks of everyday life. However, stereoscopic depth has a mixed
record as a “guiding attribute” in visual attention (Wolfe & Horowitz,
2017). Some previous studies do suggest that bottom-up, stimulus-
driven depth information can play a guiding role in search. For example,
Nakayama and Silverman (1986) found that when the target has a
unique depth and all distractors are located at another depth, the search
time is independent of the number of distractors. They concluded that
the depth information can be processed at a pre-attentive stage. A
follow-up study by de la Rosa et al. (2008) investigated the minimum
disparity required for efficient depth x color conjunction search. They
found that efficient search occured with disparities of 6 arcmins or more.
McSorley and Findlay (2001) examined the eye movement patterns of a
search task using targets defined either by a depth or a color singleton.
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Search for either of these feature targets was found to be quite efficient
with approximately 70% of first saccades landing on the target. Plewan
and Rinkenauer (2018) found that “surprising” depth information
captured attention. In real-world search tasks, Godwin et al. (2017)
found adding depth to the items improved accuracy for the transparent
stimuli. Participants learned to search more exhaustively in displays
containing depth (Godwin et al., 2020). Besides visual search tasks,
Sarno et al. (2019) found a benefit of depth information in a change-
detection paradigm, and that the benefits were observed when the
working memory load exceeded max capacity. Ogawa and Macaluso
(2015) also found more accurate and faster detections for foreground
changes and overall better performance in binocular than monocular
conditions with a flicker paradigm. Caziot and Backus (2015) assessed
the effect of disparity on object recognition by giving an object a brief
stereoscopic offset and found the object was easier to recognize. They
concluded that binocular vision confers an advantage for recognizing
objects. The above studies all found stereoscopic depth information to be
a useful cue that improved task performance.

On the contrary, there are studies showing that although visual
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search is faster and more accurate with depth knowledge (Reis et al.,
2011), there is no evidence of improved search efficiency as indexed by
the slope of the reaction time (RT) x Set Size function (Roberts et al.,
2015). This suggests that the benefits of stereoscopic depth might occur
in early vision (e.g. in image segmentation) or at a decision stage, rather
than having an impact on search. O’ Toole and Walker (1997) examined
the generality of the claim that stereoscopic disparity is detectable in
parallel using random-dot stereograms, and they found none of their RT
x set size search slopes fit the classically flat pattern which is associated
with parallel access of a basic feature. Finlayson et al. (2013) asked
whether attending to one depth plane would improve search efficiency
by eliminating interference from distractors on the other depth plane.
No differences were found between one-depth and two-depth with a
conjunction search task, despite prior knowledge of the depth plane
containing the target. The parallel search of Nakayama and Silverman
(1986) may be achieved by detecting a depth singleton rather than by
restricting search to a single depth plane.

To what extent does direct attention to a particular plane in depth
enable observers to filter out interference from another depth plane?
Theeuwes et al. (1998) found that observers cannot prevent attention
capture from distractors in another depth plane. Plewan and Rinkenauer
(2021) further investigated this issue with a multiple target search task.
Based on their results, they concluded that depth is an important but
easily perturbed attention guiding feature. Depth guidance may exist but
may be an error-prone process or interfered with by other features
(Plewan & Rinkenauer, 2020).

The existing studies indicate that there is some guiding role for
bottom-up, stimulus-driven depth information. There is relatively little
research on the top-down attentional control by stereoscopic depth and
most of that work is qualitative in nature. In order to further investigate
the extent to which observers can deploy their attention to different
depth spaces while eliminating the interference from non-target depths,
this paper seeks to quantitatively measure the top-down ability to direct
visual attention to specific depth regions using a relatively recent
experimental paradigm called “centroid estimation” (Sun et al., 2016a).

With the centroid paradigm, we can quantitatively measure the
attentional control of depth information, and obtain selectivity weights
for the target depth plane and for each irrelevant depth plane during
attention deployment. These weights constitute a portrait of an attention
filter for stereoscopic depth information similar to the filters that Sun
et al. (2016a) derived for color. Such filters describe the effectiveness of
the human visual system in controlling attention on the basis of a spe-
cific feature.

In Experiment 1, we quantitatively measured the ability to selec-
tively process different depths using the centroid estimation paradigm.
We found that a subset of observers who passed the screening for tem-
poral stereoscopic ability could deploy specific attention filters for each
of eight depth planes, suggesting that at least some observers can direct
attention to a specific depth plane quite precisely. Having the ability to
attend in depth is not the same as being able to use that ability to guide
attention in visual search. In Experiment 2, we explored the question of
depth guidance in visual search using similar multi-depth plane stimuli.
The results showed small benefits of depth cues, similar to what we find
in a color cue condition. While some observers can direct attention to
specific depth planes, it seems to be difficult to deploy this skill effec-
tively in search. In the face of that largely negative finding, we sought to
confirm that some guidance by stereo depth information is possible.
Experiment 3 presented items in only two disparity-defined depth
planes. In this case, information about the target depth plane allowed
observers to search more efficiently in a two-depth condition, compared
to a one-depth condition.

2. Experiment 1 - Selective processing of stereoscopic depth

This experiment studies visual selective attention for depth. When
the target depth is known, can human observers selectively process the
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information at the target depth using top-down control of attention
while not being distracted by irrelevant information in non-target depth
planes?

The schematic diagram of the centroid experiment is shown in Fig. 1.
During the experiment, a cloud of dots stimuli was briefly presented to
the observers. Three dots on the target plane were the target dots, and all
dots on the other depth planes were distractors. Observers were
instructed to estimate the center of gravity, based only on the three
target dots while attempting to ignore the distractor dots. Based on the
position of all dots and the estimated centroid given by the observers,
the weight of target depth and the interference from non-target depth
could be measured quantitatively with a regression model.

Depth planes were generated with stereoscopic disparity. There were
three dots assigned to each depth plane. If the observers could correctly
select the target depth and completely ignore interferences from other
depths, the estimated centroid should be the center of gravity of the
three target dots with some random response errors added. However,
any of the other dots might have some impact on the centroid judgment
if the observers cannot perfectly select the target depth and ignore the
interference. The weights of different depths in this top-down atten-
tional control process define the attention filters for the target depth
plane. Using the method of Sun et al. (2016a,b), the sensitivity function
can be regressed by analyzing the contribution of each depth plane to
the centroid estimation (detailed in the Appendix ‘Estimation of Atten-
tion Filter Weight’).

2.1. Participants

Informed consent was obtained from all participants under proced-
ures approved by the IRB of Brigham and Women’s Hospital. All ob-
servers had normal or corrected-to-normal vision and were unaware of
the research goal of the experiments. Stereoacuity was measured using
the Titmus Stereo test (Stereo Optical Co., Chicago, IL). Since our
centroid task requires good stereopsis using brief stimulus presentations,
we performed a quite rigorous screening for temporal stereoscopic
ability (detailed in ‘Screening for Temporal Stereopsis’ section, below).
All participants were young adults (18-30 yrs old). Precise age details
were lost, unfortunately. Only five out of 17 participants passed the
screening test. These five proceeded with the formal experiment.
Because of this high exclusion rate, we would not want to conclude that
our results show that ’average’ participants have the stereoscopic
filtering abilities that we demonstrate here. Rather, these data should be
considered to be an existence proof that some observers, who come into
the experiment with good stereoscopic abilities, can perform this
filtering.

2.2. Apparatus and stimuli

Stimuli consisted of left eye images and right eye images that were
drawn and presented using MATLAB with the Psychophysics Toolbox
(Brainard, 1997) and presented on two 20” Planar PL2010M LCD
(Planar Systems Inc.) monitors respectively with a resolution of 1600 x
1200 pixels, and a 60 Hz refresh rate. Participants were seated
approximately 70 cm from the screen. The two monitors were mounted
one above the other with a polarized mirror set in between. Stereoscopic
perception was achieved when observers wore polarized glasses.

Fig. 2 shows an exemplar stimulus used in the centroid estimation
experiment. The experimental stimulus was displayed in the center of
the screen within a 512 x 512-pixel area (visual angle 10.8°). The ste-
reoscopic disparity of the depth planes ranged from — 56 arcmins to 56
arcmins, and the disparity difference between adjacent depth planes was
16 arcmins. The experimental stimuli were square dots, 12 pixels on a
side. The visual angle subtended was 0.25°. To avoid conditions where
the centroid of three target dots was close to the centroid of distractor
dots, the locations of all target dots and distractor dots were taken from
two bivariate Gaussian distributions with different mean but the same
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Fig. 2. Exemplar stimuli used in centroid estimation experiment (cross fusion), the red round dot is the centroid of three square dots that lie at the target depth.
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Fig. 3. Cartoon of the experimental procedure: (a) Fixation frame, 1 s. (b) Stimulus, 300 ms. (c) Response display shown until a response is made. (d) Feedback
display that shows the stimulus, the target centroid, the observer’s response, and the error.



B. Zou et al.

standard deviation (2.5°), and the two mean values are independently
drawn from a circular, bivariate Gaussian distribution with y = 0,
0=0.53°. The independent random selection of the two mean values
improves the statistical efficiency in the centroid estimation (Sun et al.,
2016a). To prevent any two dots from overlapping and to avoid false
matches during binocular fusion, as the stimulus was being generated,
each new dot was required to be no closer to any previously placed dot
than minAllowDist pixels, where minAllowDist is the sum of the
maximum parallax distance (45 pixels), and twice the dot-width (24
pixels).

2.3. Procedure and design

The experimental procedure is shown in Fig. 3. The task was to es-
timate the centroid of target dots among distractor dots by mouse-click
as accurately as possible. Before stimulus onset, observers were provided
with the target depth plane (rectangular frame). Next, all stimuli dots
appeared for a short time (Stimulus Onset Asynchrony, SOA = 300msec,
only the target dots are shown in the figure for illustration purposes),
and then all dots disappeared. The SOA of the test stimulus is considered
brief enough to largely preclude volitional eye movements (Sun et al.,
2016b). Observers estimated the centroid of the three dots within the
target depth plane. Target depth remained fixed throughout a block.
Feedback was provided after each trial. It included the stimulus, target
centroid, observer’s response, and estimation error. The error was
calculated as the Euclidean distance between the estimated centroid and
the actual target centroid in pixels.

Preliminary experiments found that some observers could not pro-
cess the stereo information in 300 msec (Richards, 1971). Obviously, the
study is not interesting if observers cannot perceive the stereo layout.
Although the temporal resolution of the stereoscopic vision is poor
compared with luminance (Caziot et al., 2015), similar to luminance
contrast perception, the human visual system can extract stereo infor-
mation from transient visual stimuli within about 50 ms (Breitmeyer
et al., 2006; White & Odom, 1985), vergence eye movements can be
generated within just 80 ms in response to a disparity step (Busettini
et al., 2001) and long-term training enabled some experts to distinguish
eight depth planes in parallel (Reeves & Lynch, 2017). However, there
are still many individuals who are not able to reliably experience ste-
reopsis in brief stimuli for various reasons (Richards, 1970) and static
tests like the Titmus stereoscopic test chart cannot measure the temporal
characteristics of stereopsis. Accordingly, we added a temporal
screening test.
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2.4. Screening for temporal stereopsis

An exemplar stimulus for our temporal stereopsis screening is shown
in Fig. 4. The only difference from the centroid estimation experiment is
that three target dots are red and the other dots are black. The other 21
black dots were presented across the other 7 depths with 3 lying at each
depth for the coplanar condition. In the non-coplanar case, one red dot
had a different disparity from the other two so that they would define a
plane, rotated out of the frontal plane. The experimental task was to
judge whether the three red dots were at the same depth. Observers
responded using cursor keys. Because color is a basic visual feature, we
assumed that the three red dots could be selected using minimal atten-
tional resources. Thus, the factor determining the time required to judge
whether they are coplanar can be used as an estimate of the observer’s
temporal stereoscopic sensitivity, at least, for our screening purposes.

In the experiment, the time threshold required for observers to
perceive stereoscopic depth was measured using a 1-up/3-down stair-
case method. The initial presentation time of the experiment was 1500
ms. If the observers answered correctly three times in a row, the stimulus
presentation time decreased by 50 ms (3-down). If they continued to
answer correctly, the time continued to decrease. When the observers
answered incorrectly, the presentation time increased by 50 ms (1-up),
otherwise, the stimulus presentation time remained unchanged. A total
of 64 trials were conducted, and the mean of the last 6 reversals in
presentation time was taken as the threshold. Such a staircase estimates
the 79.4% point on the accuracy x stimulus duration psychometric
function (Levitt, 1971). Fig. 5 shows examples of temporal screening for
two observers. The passing criterion was set at 500 ms. The yellow and
purple asterisks in the figure represent the last six reverses of the two
observers. In this example, the observer in red passed the test with a
threshold of 417 ms, but the observer in blue failed with a threshold of
1400 ms.

The observers who passed the temporal stereopsis screening pro-
ceeded to the main experiment. In the main experiment, there was a
training session, intended to reduce the noise in individuals’ perfor-
mance in the centroid judgment. Observers were trained to judge the
centroid of different numbers of dots in different depth planes with a
total of 8 (depth) x 5 (dots number: 1, 3, 6, 12, 24) x 20 trials = 160
training trials. For each training trial, the true centroid was provided as
feedback. Furthermore, 300 additional practice trials were performed to
ensure observers’ performance was relatively stable and was no longer
improving. During this practice session, only stimuli in which the target
depth was the nearest depth plane were displayed and the number of
dots was always 24.

The formal experiment was divided into 16 blocks with 60 trials in

Fig. 4. Screening test of temporal stereopsis: Judge whether three red dots are coplanar. You can cross fuse to see stereo. This is an example of a non-coplanar case.
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Fig. 5. Examples of temporal screening for two observers. Data from two 1-Up/3-Down staircase measurements of the threshold for detecting if three dots lie at the
same depth. The last six reversals are marked with yellow (failed) and purple (passed) asterisks and are averaged to obtain the threshold.

each block, and the target depth in each block remained unchanged. The
target depth between blocks gradually increased from the nearest plane
(1) in front of the screen to the farthest depth plane (8) behind the
screen, and then returned in reverse order to avoid an order effect. The
whole experiment included 64 (screen) + 160 (train) + 300 (practice) +
960 (test) = 1484 trials in total, which took about 2.5 h. Coordinates and
depth information of all dots in each trial and the estimated centroid
location (x;,y.) were recorded.

2.5. Results & discussions

A total of five observers passed the stereoscopic test and completed
all experiment sessions. Fig. 6 shows average values for “Data-driven-
ness” and “Efficiency” for each depth. These metrics were taken from

o

(o]
;
o

o
o
T
L

Data-drivenness
o
D
:
)

02F 3

-56 -40 -24 -8 8 24 40 56
Target Depth (Near to Far)

(a)

Sun et al. (2016b). Data-drivenness reflects the proportion of the results
determined by the stimulus as opposed to some default location to which
the observers’ response is assumed to tend. Efficiency estimates the
lower bound on the proportion of dots in the display that the observers
included in their centroid computation. Error bars show the standard
error of the mean (SEM). It can be seen that the Data-drivenness at
different depths is high (mean 0.7623), indicating that the centroid was
mainly determined by the displayed stimuli. The mean of Efficiency is
0.6652 which implies that, on average, an observer was including at
least two-thirds of all the dots in the stimulus display for the centroid
computation.

The estimated attention filters for depth are shown in Fig. 7, where
(a) - (e) are attention filter selectivity of 5 observers respectively, and (f)
is the mean filter selectivity. The details of the analysis method for
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Fig. 6. (a) Data-drivenness and (b) Efficiency from attention filter estimation (methods taken from Sun et al. (2016)). Error bars indicate + 1 SEM.
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Fig. 7. Estimated attention filters for depth. Lines with different colors represent filter weights of different target depths, as shown in the legend. (a-e) filter weights
estimation for observers 1-5, and (f) the average. Error bars indicate 95% confidence intervals.

driving these filters are given in the Appendix. Taking (a) as an example,
the light blue line on the left indicates the contribution of each depth
plane to the centroid estimation when the target depth plane was 1 (the
nearest depth plane to the observer). In (a), the weight of depth #1 was
very high (= 0.86), indicating that the dots in target depth 1 had a large
weight on the centroid estimation, while the weights of other dots were
small (all less than 0.05), which means that the distractor dots on non-
target depth have little impact. Observer 1’s attentional selectivity for
all depths was quite accurate. They could allocate visual attention
almost perfectly to the target depth and ignore interference from other
depths. Similarly, observer 2’s selectivity to different depths was also
relatively accurate with an average target depth weight of 0.72.
Observer 3 performed differently. When the target depth was 1, 5, and 8,
the selectivity was high, but for depths 2 and 7, the selectivity was poor.
Taking depth 2 as an example (red line in Fig. 7c), while the weight of

target depth 2 (0.41) was the largest, the weights of depths 1 and 3 on
the depth 2 centroid were not much smaller (0.30 and 0.12). This in-
dicates that observer 3 could not narrow their depth focus to just depth
#2. The estimation results of attention filters for other observers can also
be interpreted similarly.

The centroid estimation error in visual angle under different target
depths is shown in Fig. 8. Fig. 9 shows the correlation between filter
weight for the correct depth plane and error in the centroid task. The
strong negative correlation (p <.001, R? = 0.6205) can be taken as a
sanity check for the method. The higher the weight on the target depth,
the more accurate the centroid estimation.

These results showed that at least some human observers can selec-
tively attend to specific depth planes with high selectivity, and the se-
lectivities for depth are comparable for different stereoscopic depths.
The weights of the nearest target depth (1) and the furthest target depth
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Fig. 9. Regression analysis between filter weights and estimation errors.

(8) are higher than other depths because the depth planes in the middle
were subject to interference from depth from both sides, while the
nearest and furthest depth planes are only subject to interference from
one side. Although this tendency appeared visible in the mean attention
filter, it was not statistically reliable. One-way ANOVA showed no main
effect of target depth on filter weights (F(7, 32) = 1.55, p =.19), and post
hoc Tukey tests showed no significant differences among the weight of
each depth (all ps > 0.30).

3. Experiment 2 - Visual search in multi-depth with
probabilistic cue

Experiment 1 showed that observers who passed the screening test
could selectively pay attention to a certain depth and ignore interference
from other depths, and perform spatial segmentation according to the
depth information. Given that finding, Experiment 2 moved on to study
whether the visual system can use this selectivity in the service of
another task. Specifically, can observers search visual space from front
to back or from back to front? Visual search is a ubiquitous task in daily
life. An ability to guide attention in depth during search would seem to
be a useful skill. To assess this possibility, we designed a multi-depth
visual search task based on probabilistic cues that encouraged ob-
servers to search from front to back (or from back to front, depending on
the cue).

Previous visual search in depth experiments only involved three
depth planes at most (Dent et al., 2012; Finlayson et al., 2013), and most
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of the cues provided were only divided into effective and ineffective
cases. In experiment 2, we introduced a visual search in multi-depth task
based on probabilistic cues, which is a novel experimental paradigm for
visual search in depth space. Fig. 10a shows a schematic diagram of the
experiment. The stimuli were again composed of 8 depth planes. The
task was to search for the target number “2” among distracting items
number 5 s. Drawn in a 'digital’ font, the 2 and 5 are mirror images of
each other, and search for a 2 among 5 s is known to be inefficient (e.g
Wolfe, 2010).

3.1. Apparatus and stimuli

The experimental apparatus were the same as those in experiment 1.
Stimuli fell within a region subtending 20° x20° visual angle, the size of
each stimulus was 50 x 50 pixels (visual angle 1.06°), the stereoscopic
disparity range of the depth plane was from —21 arcmins to 21 arcmins
and the disparity difference between adjacent depth planes was 6 arc-
mins. All stimuli were distributed in a 6 x 6 grid array. To avoid over-
lapping with the fixation cross located in the center of the screen, the
middle four positions of the grid array were left blank. All stimuli
appeared randomly in the remaining 32 grid locations with random
jitter to avoid confounds that may be introduced by regular arrange-
ment. The number of items in the search array (=the set size) had three
levels (8, 16, 24). A previous study pointed out that previous failures to
observe depth guidance may have been attributable to insufficient time
for the resolution of depth (Marrara & Moore, 2000). To ensure that the
observers had enough time to resolve stereo vision, placeholders with
the shape of a digital 8 were presented at all potential locations for 1500
ms before the presentation of the experimental stimuli to help the ob-
servers form a stereo impression. After 1500 ms, some placeholders
changed to target number 2 or distractor item number 5 accordingly.
Other placeholders disappeared leaving only 8, 16, or 24 items on the
screen. Targets were present on 50% of trials. Observers were asked to
respond as quickly and accurately as possible with one key for target
present and another for target absent responses.

As noted, an unguided search for a 2 among 5 s would be inefficient.
It can be made more efficient by giving a hint as to where the 2 might be
located. In the depth version of Experiment 2 (Fig. 10a), we provided
depth cues. In a color control condition, shown in Fig. 10b, we provided
color cues in the place of depth cues. The range of the colors in RGB
coordinates varied from red (255 0 0) to yellow (255 255 0) in steps of
36 units on the green channel. In HSV coordinates, colors varied from
[0.0000, 1.0000, 1.0000 ] to [0.1667, 1.0000, 1.0000] in hue steps of
about 0.024. As shown in Fig. 11, there were four depth conditions.
Participants could be informed that the target would be most likely in
the near, middle, or far depth planes or that all planes were equally
probably. In color, only two conditions were used. Participants could be
informed that the target would be most likely in the redder hues or they
were informed that color was irrelevant.

Color as a control

+

8 color (red to yellow)

(a) (b)

Fig. 10. (a) Configuration in multi-depth experiment (b) Multi-color as
a control.
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Fig. 11. Probabilistic cues. (Multi-depth: 1 for near, 8 for far. Multi-color: 1 for
red, 8 for yellow.).

3.2. Simulation of probabilistic cues

The slope of the RT x set size function should be shallower if ob-
servers guided their attention on the basis of the depth cues. To quantify
the prediction, we simulated the visual search process based on the
probability distribution of targets. That is, if observers are cued to the
near distances, RTs should be shortest if the target is in the front, and so
forth. Results are shown in Fig. 12. When the location of the target was
uncued, observers would need to examine an average of (n + 1)/2 items,
if we model search as serial, sampling without replacement. If observers
could use the cue, the slope would drop to about 40% of the random
slope. The relative reduction is essentially the same if we assume sam-
pling with replacement (Horowitz & Wolfe, 1998; Horowitz, 2005).
Since we had cued and uncued conditions, the important point was that
effective use of the cues should markedly reduce the slope of the RT x
set size condition, relative to the No-Cue condition.

3.3. Participants

Fourteen observers (mean age = 28.9 years, SD = 7.1, eight females)
participated in this experiment. All had normal or corrected-to-normal
vision and were unaware of the research goal of the experiments. Ster-
eoacuity was measured using the Titmus Stereo test (Stereo Optical Co.,
Chicago, IL). We did not test for temporal abilities because observers
always had 1500 msec to establish stereoscopic depth on each trial.

3.4. Procedure

The multi-depth experiment was divided into four blocks according

15+ = Cue(Front, Back, Red)-0.2

o
1= = Cue(Middle)-0.2
- = TwoDepth(Color)-0.25
5 + NoCue-0.5
103 10+
@
0
(14
2
5 7
S
E
»n N=12

0 v v v

16 24
Set Size

Fig. 12. Simulation on effects of probabilistic cues. Simulated slopes of func-
tions are given next to condition names.
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to cue conditions: no cue, cue near, far, or middle, and the multi-color
was divided into two blocks: no cue and cue red. The cues were
changed between blocks of trials. Each block included 18 training and
144 testing trials. The set size and target presence were all randomly
assigned in each block, and the experimental order of each block was
balanced among observers. Color control conditions were mixed colors
with and without a cue to bias attention to red. The experimental order
of multi-depth experiment and multi-color control was also counter-
balanced.

3.5. Results & discussions

The data of participants whose average error rate was more than
20% were excluded from further analysis, leaving a total of twelve
participants. The average error rate was 3.85%, and all error trials were
eliminated in the subsequent analysis. In addition, trials with RTs less
than 200 ms or larger than 5000 ms were excluded as outliers (1.86%). A
two-way ANOVA on arcsine transformed error rates revealed no sig-
nificant difference between multi-depth and multi-color experiment (F
(1, 66) = 1.61, p =.21), no significant effect of cue type (F(3, 66) = 0.21,
p =.891), as well as no significant interaction between different exper-
iments and cue type (F(1, 66) = 0.075, p =.79).

RT x set size functions are shown in Fig. 13. The figure indicates that
RTs were somewhat shorter for cue front and cue back conditions.
However, while a two-way (cue type X set size) repeated-measures
ANOVA conducted on target-present RTs of multi-depth search
revealed main effect of set size (F(2, 22) = 44.55, p <.001), there was no
effect of cue type (F(2.10, 23.04) = 2.45, p =.11) and no interaction
between cue and set size (F(2.94, 32.38) = 0.80, p =.50). For violations
of sphericity in repeated-measures ANOVA, p-values were adjusted with
the Greenhouse-Geisser correction (Greenhouse & Geisser, 1959). The
results showed that RTs increased significantly with the increase of set
size, and RTs between cue types were not significantly different. The
insignificant interaction effect indicated that the search slopes between
cue types were not significantly different. Furthermore, the paired
sample t-test of search slopes showed that the front, back, and middle
cues did not significantly improve the search efficiency (all t(11) < 1.96,
all ps > .076). Similarly, the repeated-measures ANOVA of target-absent
RTs showed a main effect of set size (F(2, 22) = 52.85, p <.001), but no
effect of cue type (F(2.10, 23.12) = 2.97, p =.069) and no interaction
between cue and set size (F(3.25, 35.77) = 1.79, p =.16). The marginal
p-values for the effects of cues suggested that a weak, if significant effect
might be found by a more powerful experiment. However, any effect
looks much smaller than the predicted effect shown in Fig. 12.

Interestingly, the benefits of a color cue were also more modest than
might have been expected. For the color control condition, the repeated-
measures ANOVA of target-present RTs of the multi-color search
experiment revealed main effects of set size (F(2, 22) = 40.82, p <.001).
Here, the main effect of cue type was significant, if unimpressive (F(1,
11) = 5.15, p =.044), but the interaction effect between them was not
significant (F(1.65, 18.10) = 0.28, p =.72). The introduction of the color
cue reduced the RTs in the target-present trials but it did not reduce RT
x set size slopes. A paired t-test result of search slopes between color cue
and no cue was insignificant. The repeated-measures ANOVA of target-
absent RTs revealed main effect of set size (F(2, 22) = 63.22, p <.001),
but no effect of cue type (F(1, 11) = 1.12, p =.31) and no interaction
between cue and set size (F(1.67, 18.36) = 2.43, p =.12).

It can be seen from the above statistical analysis that the multi-depth
search task found no improvement of cues on search efficiency, which
was inconsistent with the simulation results. One possible reason was
that in experiment 1, only a few of the initially screened observers had
accurate selectivity for depth. Perhaps only those observers with accu-
rate depth selectivity can guide attention from front to back or vice
versa. Therefore, the five observers in experiment 1 were brought back
to participate in this multi-depth (color) experiment. All other aspects of
the experimental designs, apparatus, and procedures remained
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Fig. 13. Results of Experiment 2: RT x set size functions for multi-depth and multi-color conditions. Slopes of functions are given parenthetical next to condition

names. Error bars indicate + 1 SEM.

unchanged. After excluding error trials and abnormal RTs, these five
observers showed the same main effect for the color cue, but, like the
other observers, no other reliable cue effects were found (all t{(4) < 1.59,
all ps > .18).

If all 17 observers of Experiment 2 were pooled together for a further
analysis, the repeated-measures ANOVA on target-present RTs, of
course, revealed the main effect of set size (F(2,32) = 62.80, p <.001).
Now, there was a significant effect of cue type (F(2.21, 35.36) = 3.81, p
=.028). This suggested that near and far cues do produce reduced RTs,
though this analysis was post hoc. In any case, the effect was weak
(compare Fig. 12 with Fig. 1S in the supplementary material). There
were still no interaction effects, indicating that there was still no reliable
improvement in search efficiency.

Fig. 14 shows slopes for depth cued conditions plotted against
uncued conditions of multi-depth experiment. There are three points for
each observer representing three conditions of cue Front, Back, or
Middle. It can be seen that no observer was able to use probabilistic cues
perfectly with data lying on or below the 5:2 line predicted by the
simulation shown in Fig. 12. Some observers produced cued slopes that
fall below the 1:1 line, suggesting an improvement in efficiency. Other
observers produced slopes that lie above the 1:1 line. If the slopes were
simply randomly scattered around the 1:1 line, the data would not
cluster in this way. It may be that some observers could guide attention
with the help of depth cues while, for others, the cognitive demands of
using the depth cue actually made performance worse. This is specula-
tive and would require a larger study to confirm.

We can conclude that even if observers have the ability to direct
attention to quite specific levels in depth, Experiment 2 failed to show a
clear evidence that this ability could be used to guide search by ob-
servers in general. The color data raise a different possibility. It may be
that the probabilistic cues used here are not effective. In a search for a 2
among 5, we know that there would be very effective guidance by color

if half the items were red and we told the observers that the target would
be red. The slope might not drop to one-half of the uncued condition, but
it would drop (Egeth et al., 1984). Here, where the colors fall on a
continuum, from red to yellow, observers may not be willing or able to
use a cue that says that the target is merely most likely to be red, a bit
less likely to be orange, and so forth. However, Utochkin et al. (2020)
have shown that guidance is possible even if the display cannot be
readily segmented into groups of items with and without the target color
(for example). This suggests that the use of a continuum of colors or
depths is not, by itself, the problem in Experiment 2. Accordingly, in
Experiment 3, we simplified the design and were able to see that basic
guidance by depth information is possible with these stimuli.

4. Experiment 3 - Visual search in two depth planes

Since the effects of depth were equivocal in Experiment 2, we
decided to check that depth guidance was possible with these stimuli in
the simpler case of just two depth planes. The results showed that in-
formation about the target depth plane does allow observers to search
more efficiently in a two-depth condition compared to a one-depth
condition, replicating some earlier work. Previous work has not been
completely clear on this point (Dent et al., 2012; Finlayson et al., 2013;
Roberts et al., 2015). For the two-depth visual search task, Finlayson
et al. found that, even when observers were informed of the depth of the
target in advance, reaction time and search efficiency were not signifi-
cantly different from presenting all stimuli at a single depth (Finlayson
et al., 2013). However, Dent et al. found that depth information did
guide visual search (Dent et al., 2012). Finlayson et al’s experimental
design involved search for vertical T among Os and horizontally rotated
Ts. Dent et al. and Roberts et al’s tasks were to search for letters Z or N
among other letters. The experimental stimuli used in the above two
studies are similar, but the results are different (Roberts et al., 2015).
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Thus, some further data on this point seems useful.

4.1. Procedure

In Experiment 3, the experimental apparatus and tasks were essen-
tially identical to Experiment 2 except that stimuli were confined to two
depth planes. The task was the same search for a 2 among 5 s with items
presented at + 15 and —15 arcmin disparity. To ensure that each
observer had sufficient time to see the two depth planes, placeholders
were presented to provide a 1500 msec preview for the observers before
each trial. Before each trial, the observers were accurately informed
that, if a target was present, it would be in the front plane or the rear
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plane for the two depth conditions. Target depth remained constant for a
block of trials. A block consisted of 30 practice and 180 test trials
distributed evenly over three set sizes (6, 12, and 24) with targets pre-
sent on 50% of trials. 12 observers (mean age = 28.9 years, SD = 7.6,
eight females) participated in this experiment. All gave informed con-
sent and had normal visual acuity and stereopsis.

4.2. Results

Miss error rate averaged less than 10% in all three conditions. False
positive rates were less than 2.5%. All error trials were excluded in the
follow-up analysis. In addition, trials with RT greater than 3SD above
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Fig. 15. Results of Experiment 3: RT x set size functions of Two-depth vs. One-depth condition. Slopes of functions are given parenthetical next to condition names.

Error bars indicate + 1 SEM.

10



B. Zou et al.

the average were excluded as outliers (0.08%).

Fig. 15 shows RTs as a function of set size for the three experimental
conditions. It is clear that accurate information about depth improves
search performance. This impression is supported by statistical analysis.
A two-way repeated-measures ANOVA of target-present RTs revealed
main effects of set size (F(2, 22) = 63.72, p <.001) and target depth (F
(1.45, 16.00) = 10.39, p =.003), as well as an interaction effect between
target depth and set size (F(2.36, 26.0) = 4.99, p =.011). These results
showed significantly reduced RTs for two-depth conditions. The statis-
tical analysis results of target-absent trials were similar. To further
explore the interaction effect, paired t-tests on search slopes were con-
ducted and the results showed that knowing the target was in the back
plane produced search that was significantly more efficient than the
single depth condition (t(11) = 3.56, p =.004). The difference between
the target front and the single depth condition was marginally signifi-
cant (t(11) = 2.16, p =.054). The difference between cue front and cue
back conditions was not significant (t(11) = 1.01, p =.34). For the target-
absent trials, the search slope of the target front condition was signifi-
cantly lower than that of the single depth (t(11) = 2.64, p =.023), the
difference between target back and the single depth conditions was
marginally significant (t(11) = 1.99, p =.071), and the difference be-
tween target front and target back cues was not significant (¢(11) = 0.59,
p =.57).

Compared with presenting all stimuli on one depth plane, the reac-
tion time and search efficiency were improved, both for target present
and absent, after dividing the search display into two depths. If ob-
servers were able to restrict their search to only the relevant depth plane,
then the depth-cued conditions should produce slopes that are half the
single depth conditions. That is, for target present trials, observers only
need to search through half of set size items, and for target absent trials,
observers would be able to quit early since all items are evenly distrib-
uted on two depths. It can be seen from the average slopes in Fig. 15 that
this perfect guidance was not achieved. Fig. 16 shows slopes for depth
cued conditions plotted against uncued conditions for each observer.
Some observers approximated perfect guidance with data lying on the
2:1 line. A smaller number seemed to produce no guidance, with data
lying on the 1:1 line while the remainder fall in between. On average,
observers can use simple depth information to guide though there may
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be interesting individual differences that could be investigated.
5. Discussion & conclusion

This paper adds to our understanding of the interaction between
attention and the perception of depth from stereoscopic disparity. The
most novel contribution of this work is found in Experiment 1. Those
results show that, at least, some human observers can use disparity in-
formation to direct attention to a quite narrow slab of 3D space. The
experiment shows that the Sun et al. (2016a,b) centroid method works
in stereoscopic depth as it does in the color domain. The results did not
need to come out as they did. When the centroid method was tried in
orientation, performance was not good (Inverso et al., 2016). It might
have been possible to direct attention only more coarsely on the basis of
depth even if fine grain discrimination was possible for attended stimuli.
This is the case for other basic features. Continuing with orientation as
an example, attentional mechanisms seem limited to orientations on the
order of 15 deg in visual search while orientation acuity is less than 1
deg (depending on the stimuli) (Foster & Ward, 1991). Something like
this may be true for depth as a feature as well. It is extremely unlikely
that the ability to select a depth plane could be as fine as hyperacute
stereoacuity (Westheimer, 2013). Nevertheless, the results of Experi-
ment 1 show that, for the centroid task, attention in depth is not limited,
for example, to near and far depth.

Experiment 2 attempted to get observers to deploy this relatively
fine-grained set of attentional filters in the service of the guidance of
visual search. We asked our observers to use something like an atten-
tional gradient and to either start from the back of the space and work
forward or vice versa. The results provide some evidence for such
guidance but that evidence is weak. There are a number of possible
explanations of this result. First, the experiment may be underpowered
because the guidance effect, if it is real, proves to be weaker than ex-
pected. If the depth cues could have been used optimally, like ‘pure’
filter for depth in Experiment 1, then the slope in the cued conditions
should have been markedly shallower than the slopes in the uncued
condition. This was not found. The hypothesis that observers are not
able to direct their attention depth by depth, in general, is disproven by
Experiment 3. In Experiment 2, effective guidance was also not found for
the color control condition, even though there is no serious doubt that
color signals can guide attention. This raises the possibility that proba-
bilistic cues, like the ones we used, are not effective. Alternatively, it is
always possible that observers simply did not choose to make the effort
to use the cue. Unlike a simple cue (look for red 2 s), using these more
complex cues seems to require some effort. The potential benefit of that
effort is some hundreds of msec per trial. This fraction of a second may
be very salient to those who study such things, but it may not be worth
the effort for the observers. We are not suggesting that observers made a
deliberate calculation of the RT-effort tradeoff. It would be more likely
that a naive observer simply did not notice the benefit. It is also possible
to argue that guidance by depth plane is unnatural, in the sense that
there are not many situations where you would limit search on the basis
of depth. Searching for berries within convenient reaching distance
could be an example. More typically, observers might devote their
attention to a visible surface, which might or might not lie in the frontal
plane in depth (He & Nakayama, 1992).

As noted, our final experiment was a test of the hypothesis that no
guidance by depth was possible with these stimuli. As discussed earlier,
depth guidance has been the subject of some debate in the literature [e.
g. (Finlayson et al., 2013)]. Experiment 3 serves to show that depth
guidance is possible with the stimuli used in Experiment 2. If we limit
the cues to near and far, we can see clear evidence of guidance.

The overall conclusion from these studies is that attention can be
directed to planes in depth but that this ability does not translate easily
to guidance of visual search. In visual search, guidance by depth appears
to be like other forms of guidance, relatively coarse and categorical
(Wolfe et al., 1992). The strength of these conclusions is tempered by
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Appendix A. Estimation of attention filter weights

The accuracy of centroid estimation is affected by random errors and inherent error biased to the default position (xo,Yo) (the centroid estimated
by observers is biased to a fixed position). To obtain the accurate attention filter under different experimental conditions, the above errors need to be
modeled. When only the random response error is considered, the estimation of the centroid coordinates in trial j can be expressed by the following
formula:
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Where a(i) is the x coordinate of the estimated centroid in trial j, 7;(j) is the depth of dot i in trial j, f;(7;(j) ) is the filter weight of the corresponding
depth, x;(j) is the x coordinate of dot i in trial j, where the random response error Ny(j) and Ny (j) are two independent random variables with normal
distribution (mean = 0, SD = ¢2). Equations (1) and (2) are the formulas for the centroid estimation of 24 dots after considering random errors.

Inherent error represents the assumption that during centroid estimation, observers do not completely rely on the current experimental stimulus,
but tend to a default position. The influence of the current stimulus on centroid estimation is called Data-drivenness (D) (Sun et al., 2016b), and the
influence of the default position can be expressed as (1-D). If D = 1 indicates that the observer completely depends on the experimental stimulus to
judge the centroid, and the other extreme D = 0 indicates that the observer’s centroid estimation is the default position without considering stimuli at
all.

Then, the estimated centroid can be expressed as:
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The above two equations can be further rewritten as:
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Where, (x0,Y0) is the fixed default position that observers’ response is biased to, for t = 1,2, ---, 8 (there are 8 depth planes and 3 dots in each depth),
X (j) represents the sum of x coordinates of three dots on depth tin trial j. Y;(j) is the sum of y coordinates of three dots on the depth t. Fort = 9 or 10,
X5(j) =1, X10(j)) =0, Yo(j) =0, Y10(j) = 1.

() Sfor t=1,2,--.8,
sz (I—D)xoif t:9~, (7)
(1=D)y, ¥ 1=10

Where A is the sum of the weights of all dots.
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Equations (5) and (6) are linear equations and share the weight W,,t =1,2,..-.8. The above is the estimation of one trial. Considering that the whole
experiment has Ny trials, a Nyq; x 10 matrix X was used to save x coordinates in all trials, where the elements in row j column t are X, (j). Similarly, all
Y,(j) is saved with matrix Y. Matrix X and Y have the same dimension. L represents the superposition matrix of the two matrices, wherej = 1,2,---,
2Nyqr, t =1,2,--+,10,

Xt(]) ] S Ntriul
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Similarly, by concatenating f,‘;(j) and E‘;(j), forj = 1,2, 2Npyiq,
a(]) J < Nuiar
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Thus, equations (5) and (6) can be rewritten as:

C=LW+N 11

Where N represents random error with zero mean and o2 standard deviation.
Then, the estimation of the weight can be obtained by minimizing the following equation:

Residual = HLW—CHZ2 12)
The above formula is a non-negative restricted least square problem, which can be solved with Matlab function Isqnonneg (Lawson & Hanson,
1995).
To estimate f,(t), we take.

f¢(t) = t:1727"'78 (13)
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To ensure that f;, sums to 1. Finally, the following statistics are used to estimate.(xo,Yo)
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Appendix B. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.visres.2022.108061.
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