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Abstract

Humans constantly use depth information to support perceptual decisions about object size and location in space, as well as planning
and executing actions. It was recently reported that perceived depth modulates perceptual performance even when depth information is
not relevant to the task, with faster shape discrimination for objects perceived as being close to the observer. However, it is yet to be
determined if the observed “close advantage” reflects differences in psychophysical sensitivity or response bias. Moreover, it is unclear
whether this advantage is generalizable to other viewing situations and tasks. To address these outstanding issues, we evaluated whether
visual resolution is modulated by perceived depth defined by 2D pictorial cues. In a series of experiments, we used the method of
constant stimuli to measure the precision of perceptual judgements for stimuli positioned at close, far, and flat perceived distances. In
Experiment 1, we found that size discrimination was more precise when the object was perceived to be closer to the observers.
Experiments 2a and 2b extended this finding to a visual property orthogonal to depth information, by showing superior orientation
discrimination for “close’ objects. Finally, Experiment 3 demonstrated that the close advantage also occurs when performing high-level
perceptual tasks such as face perception. Taken together, our results provide novel evidence that the perceived depth of an object, as

defined by pictorial cues, modulates the precision of visual processing for close objects.
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The ability to see space in three dimensions (3D) is a fundamental
achievement of the human visual system. Even though each eye
receives a flat two-dimensional (2D) image, the human visual
system extracts information from a set of monocular and binoc-
ular depth cues to provide us with the 3D layout of the visual
environment (Howard, 2012). This information is critical for the
perception of relative depth and distance of objects, but also for
guidance of actions and interactions with our surroundings.

The importance of depth information to everyday life is
also demonstrated by results that show that viewing distance
modulates sensory processing. Based on these findings, it has
been suggested that 3D space can be subdivided relative to the
distance from the observer. Peripersonal space (PPS) is a re-
gion of space that immediately surrounds our body, while
extrapersonal space (EPS) is a region that falls beyond our
body’s reach (Previc, 1990, 1998; Rizzolatti et al., 1997).
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Notably, there is an accumulation of evidence pointing to a
privileged processing of objects within PPS (Kaas & Van
Mier, 2006; Ladavas, 2002). For example, participants were
found to be more accurate when performing a simple spatial
discrimination task for objects in PPS than in EPS (Dufour &
Touzalin, 2008). Along similar lines, participants showed en-
hanced change detection abilities when they positioned their
hands closer to a monitor on which the stimuli were displayed
(Tseng & Bridgeman, 2011).

Both the abovementioned studies (Tseng & Bridgeman,
2011; Dufour & Touzalin, 2008) suggest that perceptual and
attentional performances are affected by the location of the
hand in PPS. As such, this privileged processing may reflect
top-down processes, such as the relationship between
affordance and space. According to this view, the enhanced
processing is triggered by specific object features (e.g., han-
dles), particularly when they fall within the reachable space
(Costantini et al., 2010). This link between affordance and
PPS is corroborated by other behavioral studies showing that
participants recognize functional/manipulation verbs more rapid-
ly when objects are placed in PPS (Costantini et al., 2011), as
well as neurophysiological studies showing the existence of bi-
modal neurons (that respond to both visual and tactile stimuli)
responsible for coding visual PPS (Ladavas, 2002).
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While the preceding studies attributed the privileged process-
ing within PPS to action related mechanisms, a recent study by
Blini et al. (2018) suggests that even shape perception is en-
hanced when objects are perceived as close to the observer and
that this effect holds even when depth is defined by pictorial cues.
In their study, response times in a two-alternative forced-choice
(2-AFC) object classification task decreased as the perceived
distance of the target decreased. However, since the effect is
evident only in the reaction time measure and the task was a
binary one (rather than a continuous transformation), it is not
clear whether the close advantage effect reflects changes in re-
sponse bias or an enhancement of perceptual resolution.
Importantly, it was recently reported that humans are less able
to inhibit motor actions directed to rewarding cues that are within
reach, further demonstrating the potential role of response bias in
the close advantage effect (O’Connor et al., 2021). Thus, it is
important that we determine if this phenomenon is apparent in
measures of psychophysical sensitivity (i.e., just noticeable dif-
ference; JND) and not only in terms of reaction time.

To address these gaps, the current study explores whether
visual resolution is modulated by perceived depth across a
range of tasks and visual attributes, using the method of con-
stant stimuli (Urban, 1910) that allows detailed characteriza-
tion of perceptual sensitivity. We used 2D pictorial cues of the
Ponzo illusion (Fig. 1A) to induce changes in perceived depth.
A large number of studies have established that the Ponzo
illusion reliably induces significant depth percepts across ages
(Freud et al., 2021; Gandhi et al., 2015) and species (Timney
& Keil, 1996; Gunderson et al., 1993).

In Experiment 1, we examined the effects of this manipu-
lation on size discrimination. However, given the inherent
relationship between size and depth perception, in
Experiment 2a, we explored whether sensitivity to orientation,
a task orthogonal to depth processing, is similarly affected by
perceived depth. In a follow up Experiment 2b, we replicated
the orientation task while addressing a potential confound due
to the relative sizes of the background surfaces. Finally, in
Experiment 3, we examined whether higher-level visual prop-
erties were also impacted by perceived depth using a face
identification task. Collectively these experiments provide
compelling evidence that the visual system prioritizes process-
ing of objects perceived as close to us.

Experiment 1: Size
Methods
Data availability

The data sets generated for all experiments are available in the
OSF repository (https://osf.io/974dv/).
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Participants

Data were obtained from 18 healthy adults (age: M = 23.8
years, SD = 9.26 years, two males), none of whom participat-
ed in any of the other experiments reported here. The sample
size used for this experiment was consistent with the average
sample size used in similar studies (Blini et al., 2018; Ganel
et al., 2008). The data from two participants were excluded
because of near chance level performance for all conditions
(indicative of guessing). All participants were recruited from
York University’s undergraduate research participant pool
(URPP) and received course credit for their participation.
Participants were screened to be right-handed with normal to
corrected vision and were enrolled in the study after obtaining
their informed written consent form. All experiments were
approved by the York University Human Participants
Review Committee (HPRC) prior to data collection.

Materials and apparatus

Experiment 1 was conducted in a laboratory setting using a PC
desktop computer with Windows 10 operating system. The stim-
uli were displayed on a 24-inch monitor with a viewing distance
of 50 cm, the resolution of the monitor was 1,900 x 1,200 pixels.
Experimental stimuli were drawn and displayed using
PsychoPy3 (Peirce, 2007). All lines subtended a visual angle of
2.48° x 2.98°. The main experiment consisted of 12 levels, a step
size of 0.07 cm (0.05° change in visual angle), with the condi-
tions centred on the reference height of 2.00 cm (see Fig. 1b for
sample length continua).

On each trial, two lines' of different heights were overlaid
on a version of the Ponzo illusion or nonillusory (Ponzo flat)
background (see Fig. 1a). Both versions of the Ponzo back-
ground were adopted from previous experiments (Freud et al.,
2021; Ganel et al., 2008). Stimuli placed on the larger rectan-
gle of the Ponzo illusion appeared “close” to the observer,
while stimuli placed on the smaller rectangle appeared “far”
from the observer. The Ponzo “flat” condition was used as a
control and did not contain any depth cues. The size of both
background was 23.85 cm x 11.36 cm (resulting in a visual
angle of 28.94° x 14.02°), which were counterbalanced be-
tween left and right for the two perceived depths (close and
far) and no depth (flat) conditions. All stimuli were presented
at the same height relative to a fixation cross to rule out po-
tential confounds due to relative height in the field.
Randomized interleaved conditions were used to show all
stimuli across the three depth conditions.

! The stimuli in Experiment 1 are better characterized as elongated rectangles
than “lines.” However, we refer to these stimuli as lines in order to avoid
confusion when referring to the rectangles that form the Ponzo background.
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Fig. 1 a Experimental backgrounds. Ponzo illusion (left) and control
“flat” background (right) were used as the background across the different
experiments. The Ponzo illusion is based on 2D perspective cues which
make stimuli appear “close” or “far” from participant. The Ponzo
flat (right) has all perspective lines removed to provide a nonillusory
control background. Sample white lines are used to show how stimuli
would be presented on top of the background (example is presented on
“far” right side and “flat” right side. b Experimental stimuli for

Procedure

Each trial consisted of a fixation phase (800 ms) followed by
the presentation of a pair of lines randomly chosen to be in the
close, flat, or far portion of the Ponzo backgrounds using a
method of constant stimuli. On each trial, participants were
asked to determine which of the two lines was longer. They
indicated their responses by pressing the F (for left) and K (for
right) keys on the keyboard. Stimuli were presented for up to a
maximum of 3,000 ms and were replaced by the next stimuli
once participants had made a response. If participants failed to
respond within the given time, then the stimuli were replaced
by a black screen until a response was made. Participants were
asked to respond as quickly and accurately as possible. A total

Perceived Depth

flat far close flat far
Perceived Depth

Experiment 1. The length of the target lines were manipulated with a step
size of 0.07 cm, while the length of the reference line was set at 2.00 cm.
¢ Results of Experiment 1. Changes in perceptual resolution as a function
of perceived depth. Left panel shows the psychometric fit for one repre-
sentative participant, middle panel shows the average JNDs and right
panel shows average RTs. Error bars across all figures are 95% confi-
dence intervals (Jarmasz & Hollands, 2009)

of 72 trials (12 sizes x 3 depths x 2 sides [left and right]) were
repeated 12 times resulting in a total of 864 trials; therefore,
each size level was presented a total of 24 times (12 sizes x 2
counterbalanced sides) in a randomized order. The experiment
duration was approximately 30 minutes with a break at the
midpoint.

Data analysis

Statistical analyses were conducted using JASP (JASP team,
2018), R (R Core Team, 2020), and MATLAB (R2018b, The
MathWorks, Natick, MA). The proportion of “longer” re-
sponses, and reaction times (RT), reported as milliseconds,
were recorded for each participant. Just noticeable difference
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(JND) values were calculated for each observer by averaging
the proportion “longer” responses for each condition and
fitting a cumulative normal psychometric function using the
maximum likelihood method. The JND represents the change
in sensitivity to one increment change in stimulus magnitude,
thus a smaller JND indicates greater precision, and a shorter
RT represents more rapid classification.

Results

To examine whether perceptual resolution is modulated by the
perceived location in depth of the objects, participants dis-
criminated between two lines presented on close versus far
perceived depth planes. The results of Experiment 1 (Fig.
lc) revealed that both JNDs and RTs were lower for objects
that were perceived as closer to the observer.

This observation was supported by a repeated-measures
analysis of variance (ANOVA) on JND scores with perceived
depth as the independent variable. The ANOVA revealed a
main effect of perceived depth on size IND, F(2, 30) = 7.451,
p < .005, np2 = 0.33. Planned comparisons showed that this
effect reflected smaller JNDs for the close condition compared
with the far condition, #15) = 3.36, p = .004; mean difference
= 0.100, CI [0.036, 0.164]; as well as for the flat condition
compared with the far condition, #(15) = 2.54, p = .02, mean
difference = 0.062, CI1[0.010, 0.113]. The close and flat JND
scores were not significantly different from each other, #(15) <
1; mean difference = 0.039, CI [0.09, —0.012].

The RT results were also consistent with our hypothesis.
That is, a main effect of perceived depth was found for size
RT, F(2,30)=5.84, p < .01, npz = 0.28. Results of planned
comparisons showed faster RTs for the close condition com-
pared with the far condition, #(15) = 3.80, p = .001; mean
difference = 99, CI [43, 154], as well as for the flat condition
compared with the far condition, #(15) = 2.54, p = .02, mean
difference = 102, CI [16.7, 187]. Similar to the JND scores,
RTs were similar between the close and flat conditions, #(15) <
1, mean difference = 3, CI [-70, 76.4].

Together, the results of Experiment 1 revealed a clear effect
of perceived depth; both perceptual resolution and speed of
judgment improved when objects were positioned on the per-
ceptually closer surface, even though their retinal size
remained constant across depth conditions.

Experiment 2a: Orientation

The results of Experiment 1 demonstrated improved size dis-
crimination with more precision and faster processing time for
closer objects compared with those that were perceived as far.
However, it is important to note that the even though the
retinal sizes of the stimuli were equal across the depth condi-
tions, the perceived sizes of the stimuli could have been
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modulated by their perceived depth, such that “closer” objects
were perceived as smaller. Importantly, in accordance with
Weber’s law (Baird & Noma, 1978), better perceptual resolu-
tion is predicted for smaller objects within the limits of visual
acuity. Thus, it could be argued that the results of Experiment
1 simply reflected an adherence to Weber’s law based on the
perceived object size. To address this concern, in Experiment
2a, we evaluated whether a similar “close advantage” is ob-
served in a task involving orientation classification, a visual
feature that should not be modulated by perceived depth and
should not be affected by Weber’s law.

Method
Participants

Data were obtained from 18 adults (age: M = 23.4 years, SD =
4.03 years, four males), none of whom participated in any of
the other experiments. The data from three participants were
excluded because of near chance level performance in all con-
ditions. All other aspects of the recruiting process followed the
same guidelines as Experiment 1.

Material and apparatus

The apparatus and stimuli were same as Experiment 1, with
the exception of the following changes. Both lines were 2 cm
in length and 0.2 cm in width, separated by a distance of 2 cm.
The main experiment consisted of 11 levels, step size varying
from 0.5° to 2.5° rotated clockwise from a vertical position,
with the conditions centred on the reference orientation of 15°
(see Fig. 1a for background and Fig. 2a for sample orientation
continua).

Procedure

The procedure was the same as that described in Experiment
1, except that observers were asked to judge line orientations.
Participants performed an orientation task involving two lines
of different orientations, and determine which line is more
rotated clockwise. Each participant underwent a brief pretest
consisting of 24 trials repeated four times (total 96 trials). The
pretest was used to calculate the step size for each individual
and was not included in the final analysis. For the main ex-
periment, a total of 66 trials (11 orientations x 3 depths x 2
counterbalanced sides) were repeated 12 times (total 792 tri-
als); therefore, each level was presented 22 times (11 orienta-
tions x 2 counterbalanced sides) in a randomized order.

Results

In Experiment 2a, participants judged line orientation while
their perceived depth was manipulated. As presented in Fig.
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Fig. 2 Experiment 2a stimuli and results. a Experimental stimuli. The
orientation of the target line was manipulated with step sizes varying from
0.5°to 2.5°, rotated clockwise from a vertical position. The orientation of
the reference line was set at 15°. During the experiment, the color of the

2b, in agreement with Experiment 1, more precise orientation
classification was found for objects positioned on the surface
that appeared to be closer to the observer.

Results of a repeated-measures ANOVA on the JND data
revealed a main effect of perceived depth, F(2, 28)=3.95,p <
.05, np2 = 0.22. Planned comparisons showed significantly
smaller JND scores for the close condition compared with
the far condition, #14) = 2.19, p = .004; mean difference =
0.180, CI [0.004, 0.355], and significantly smaller JNDs for
the close condition compared with the flat condition, #(14) =
2.36, p = .02, mean difference = 0.205, CI[0.018, 0.390]. No
significant differences were found between far and flat condi-
tion JND values, #14) < 1, mean difference = —0.025, CI
[-0.171, 0.121].

Similarly, a main effect of perceived depth on RT was
found, F(2, 28) = 5.65, p < .01, np2 = .28. Planned pairwise
comparisons supported the pattern of results seen in the JND
scores such that participants performed significantly faster for
objects on the close surface compared with both the far, #(14)
=2.92, p=.01, mean difference = 69, CI[18, 118], and the flat
condition, #(14) = 2.69, p = .01, mean difference = 49, CI [10,
88]. No difference was found between far and flat RTs, #(14) <
1, mean difference = —19, CI [-25, 64].

Taken together, the results of Experiment 2a support the
conclusion of Experiment 1 and provide additional evidence
for superior perceptual resolution for objects that appeared to
be closer to the observer even for a task which is considered to
be independent of depth processing.

Perceived Depth

flat close flat far

Perceived Depth

two lines were identical. b Results. Changes in perceptual resolution as a
function of perceived depth. Left panel shows the psychometric fit for one
representative participant, middle panel shows the average JNDs, and the
right panel shows average RTs

Experiment 2b: Orientation—Controlling
for changes in surface size

The results of Experiment 2a showed that the “close
advantage” holds for a visual task unrelated to depth
processing. However, an alternative explanation for the
observed results relates to the size of the stimuli relative
to the sizes of the close and far surfaces. Particularly,
the far surface is smaller than the close surface (see Fig.
la). Since the physical sizes of the target stimuli were
constant, the target lines were always closer to the
edges of the surface in the far condition compared with
the close condition. While unlikely, the proximity of the
stimuli to the surface edges may have made it more
difficult for the observer to judge the relative orientation
of the two test stimuli. Since the surfaces’ size manip-
ulation was integral to the 2D depth manipulation, we
cannot remove this aspect of the stimuli. However, to
evaluate whether the proximity to the surface edges had
any impact on performance in this study, we systemat-
ically manipulated the surface size in the flat condition.
That is, we created two flat conditions: one with large
surfaces and the other with small surfaces (see Fig. 3a)
and examined whether orientation sensitivity differed as
a function of surface size (and therefore proximity of
the test lines to the surface edges). We also used this
experiment as an opportunity to replicate and generalize
the results of Experiment 2a.
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conditions. The left image (flat-small) is matched with the smaller rect-
angle (far condition) and the right image (flat-big) is matched with the
bigger rectangle (close condition) of the Ponzo illusion. b Experimental

Method
Participants

Due to restrictions on in-person data collection, this experi-
ment was conducted using an online platform. This testing
approach also allowed us to access a very broad sample of
the population. Notably, we implemented several changes to
adapt to this online testing environment. Based on previous
studies on efficient online study designs (Mason & Suri, 2012;
Reips, 2000), a larger sample size and shorter experiment time
was used. In particular, we generated three shorter versions of
Experiment 2a and recruited a total of 77 participants across
all versions. Sixteen participants were excluded from the re-
sults because they failed to follow experimental instructions
properly (i.e., guessing) and one participant was excluded be-
cause his JND scores deviated from the mean JNDs by more
than four standard deviations. Thus, the final analysis was
based on a total of 60 participants (20 for each version; age:
M =27.8 years, SD = 6.03 years, 21 males).
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stimuli. Lines of different orientations with target line changing with a
step size of 3°, reference line at a constant orientation of 15°. ¢ Results.
Left graph shows the psychometric fit for one participant, middle graph
shows the average JNDs, and right graph shows average RTs

Material and apparatus

Participants were recruited from https://www.prolific.co/
participant pool (Palan & Schitter, 2018) and received mone-
tary compensation for their participation. Participants were
screened to be right-handed with normal to corrected vision
and were enrolled in the study after obtaining their informed
written consent form through the Qualtrics survey platform
(https://www.qualtrics.com/). The orientation task was
hosted on the Pavlovia server (https://pavlovia.org/), which
offers an online implementation of PsychoPy (Peirce et al.,
2019).

Experimental stimuli and settings were the same as
Experiment 2a with the following exceptions. The Ponzo flat
background (Fig. 1a) was replaced with two relative size
matched flat conditions (small-flat and big-flat; see Fig. 3a).
Therefore, participants were presented with four conditions
(far, close, flat-small, flat-big) where all stimuli presentations
were counterbalanced for presentation side (left vs. right).
Participants performed one of three shorter versions of the
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experiment, each composed of nine levels, step size of 3°,
centred on the reference orientation of 15° (see Fig. 3b for
sample orientation continua). Version 1 of the experiment
contained orientations ranging from 2° to 26°, Version 2
ranged from 3° to 27°, and Version 3 from 4° to 28°.
Recruitment for each version was independent; participants
completing one version did not take part in any other versions
of the experiment. Together, the three experiments covered
the full experimental range used in Experiment 2a.

Procedure

Participants began the experiment by performing a set of prac-
tice trials with feedback. The practice trials consisted of eight
trials, ranging from orientations 5° to 25° with a step size of
2.5°. Six consecutive correct answers were required to move
on to the main experiment. Once participants successfully
passed the practice trials, the main experiment consisted of
72 trials (9 orientations x 4 conditions x 2 counterbalanced
sides) repeated 5 times (total 360), so each level was presented
a total of 18 times (9 orientations % 2 counterbalanced sides).
The experiment duration was approximately 10 minutes with-
out any breaks.

Results

To rule out relative size as a potential confound, we replicated
the orientation task of Experiment 2a with two additional rel-
ative size matched flat conditions (see Fig. 3a). Results were
consistent with our previous findings with smaller JND scores
for apparent closer objects compared with all other depth con-
ditions. Furthermore, no significant difference was found be-
tween the two flat conditions, allowing us to rule out surface
edge proximity due to relative size differences as an alterna-
tive explanation (see Fig. 3c).

The repeated-measures ANOVA on the JND scores re-
vealed a main effect of perceived depth, F(3, 177) = 3.227,
p<.05, np2 =0.052. Notably, planned comparisons replicated
previous results indicating smaller JND score for the close
conditions (in accordance with the “close advantage” effect)
compared with the far, #(59) = 2.133, p < .05, mean difference
= 0.176, CI1[0.010, 0.341], the flat-small, #59) = 2.029, p <
.05, mean difference = 0.192, CI [0.002, 0.381], and the flat-
big condition, #59) = —3.368, p < .05, mean difference =
0.240, CI[0.097, 0.382]. There was no significant difference
between the far condition and the two flat conditions: far and
flat-small, #59) < 1, mean difference = —0.016, CI [-0.195,
0.163], and far and flat-big, #(59) < 1, mean difference =
—0.064, CI [-0.202, 0.075].

To examine whether edge proximity modulated JNDs, we
employed a Bayesian paired-samplest test on the two flat con-
ditions. In contrast to the null hypothesis significance testing,
a Bayesian ¢ test can also provide evidence in favor of the null

hypothesis (that is, no difference between the two flat
conditions; Van den Bergh et al., 2019; Wagenmakers et al.,
2018). The Bayesian ¢ test supported the null hypothesis (i.e.,
no difference between the two flat conditions) [BF o = 0.164]
such that the null hypothesis was 6.25 more likely than the H1
hypothesis. This result suggested that the surface edge prox-
imity did not mediate the close advantage effect found in our
previous studies.

The analysis of the RT did not produce significant results,
F(3, 177) < 1. The lack of RT effect is consistent with previ-
ous literature that suggests that online behavioural studies may
add noise to reaction times due to differences in hardware (de
Leeuw & Motz, 2015; Reimers & Stewart, 2015). To con-
clude, the results of Experiment 2b complemented those
found in Experiment 2a (see Fig. 2b), and further confirmed
that the close advantage cannot be accounted for by the rela-
tive sizes of the surfaces.

Experiment 3: Face identification

The experiments described above examined the effects of per-
ceived depth on the processing of low-level visual features.
An outstanding question is whether the observed close advan-
tage extends to higher level visual tasks, such as object recog-
nition (Blini et al., 2018) and target identification (Li et al.,
2011). Here, we focus on face perception, a high-level ability
of the human visual system. A previous study already showed
that participant’s PPS was altered by the emotional status of a
face; participants stopped angry avatars earlier (farther away
from them) compared with happy avatars (Ruggiero et al.,
2017). The goal of Experiment 3 was to examine whether such
subjective judgments also translate to psychophysical sensi-
tivity. To this end, we examined whether face perception abil-
ities are modulated by their perceived position in depth rela-
tive to an observer.

Methods
Participant

Data was collected from 32 participants (age: M =20.93 years,
SD = 5.48 years, five males). Sample size was based on that
used in previous face perception studies (e.g., Hadad et al.,
2019). A priori we decided to recruit more participants com-
pared with previous experiments given the known variability
in face perception abilities (Bobak et al., 2016; Freud et al.,
2020). One participant was excluded as their JNDs deviated
from the average of the sample by more than four standard
deviations. All other aspects of the recruiting process were the
same as that described in Experiments 1 and 2a.
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Materials and apparatus

The size of the backgrounds (Ponzo illusion and Ponzo flat;
see Fig. 1a) were doubled to subtend a visual angle of 54.61° x
27.63° in order to accommodate the larger stimuli size. The
stimulus set for Experiment 3 was obtained from a previous
study (Hadad et al., 2019). The stimuli consisted of two base
faces (unmorphed) that were morphed to form a continuum of
faces (see Fig. 4a for sample). Faces were always presented at
a visual angle of 6.81° x 8.05°. Face stimuli were controlled
for luminance and contrast using the SHINE Toolbox in
MATLAB (Willenbockel et al., 2010).

Procedure

Participants were given an opportunity at the beginning of the
experiment to study the two unmorphed faces, labelled “Kyle”
or “Fred.” Then participants underwent eight supervised prac-
tice trials where they viewed morphed faces, presented one at
a time, in the close, flat, or far portion of the Ponzo illusion.
They were asked to identify which face they saw by pressing
the keys K (for Kyle) or F (for Fred). After ensuring partici-
pants understood the task correctly, they performed a brief
pretest consisting of 24 trials repeated 4 times (total 96 trials),
which was used to determine appropriate step size for the main
experiment (but was not used in the final analysis). In the main
experiment, they completed 11 levels, with step sizes ranging
from 3% to 9% level of morphing, centered on the midpoint
(50% morphing). The main experiment consisted of a total of
66 trials (11 faces x 3 depths x 2 counterbalanced sides),
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Perceived Depth

flat far

close flat far
Perceived Depth

Results. Left panel shows the psychometric fit curve for one participant,
middle graph shows average JNDs, and the right graph shows average
RTs

repeated 12 times (total 792 trials), hence, each level was
presented 22 times (11 faces x 2 counterbalanced sides) in a
randomized order.

Results

In this study, participants performed a face identification task
to determine whether the “close advantage” is generalizable to
higher-level visual tasks. Consistent with Experiments 1-2,
faces placed on the close surface yielded smaller JNDs (more
accurate classification) relative to the other conditions (see
Fig. 4b depicts the mean JND scores and RT values).

A repeated-measures ANOVA of the JND scores found a
main effect of perceived depth, F(2, 60) =3.683, p < .05, np2 =
.109. Planned comparisons revealed a significantly lower JIND
score for faces perceived as closer in comparisons to the far
condition: #30) = 2.485, p = .01, mean difference = 0.349, CI
[0.062, 0.635], as well as the close and flat condition: #30) =
2.060, p = .048, mean difference = 0.326, CI [0.002, 0.648].
The far and flat condition did not show significant differences,
#30) = 0.174, p = .86, mean difference = 0.023, CI [-0.245,
0.291]. Together, the JND results supported the “close advan-
tage” account and provided evidence of better perceptual res-
olution for faces that were perceived as closer.

Statistical analysis of the RT data did not reveal a signifi-
cant main effect of perceived depth, F(2, 60) = 2.632, p =
0.109 npz = .081.2 Importantly, however, there was no

2 Analysis was corrected for sphericity using the Greenhouse—Geisser method
(to account for violation of the sphericity assumption)
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evidence for speed—accuracytrade-off as the trend observed
for RT was consistent with that observed for the JND results.

Discussion

The goal of the current study was to determine whether per-
ceptual resolution is modulated by perceived depth. We
assessed this across a variety of tasks and visual attributes
by presenting stimuli on the “close,” “flat,” and, “far” versions
of the Ponzo illusion backgrounds. Our results reveal a con-
sistent effect of depth, where more precise (lower JND) and
faster processing was observed for objects positioned on the
surface that appeared closer. This was evident for lower-level
visual attributes such as size and orientation (Experiment 1,
2a, 2b) as well as a high-level visual task, such as face per-
ception (Experiment 3).

While we do not always find an effect of perceived distance
on reaction times in our experiments, our findings are aligned
with that of Blini et al. (2018), as both studies found a consis-
tent advantage for objects that are perceived to be closer to the
observer. Importantly, the current study extended those previ-
ous results along two critical dimensions. First, we general-
ized the close advantage effect from low-level to high-level
visual tasks. Second, we demonstrated that the “close advan-
tage” can be attributed to an enhancement in psychophysical
sensitivity. While we cannot rule out that response bias con-
tributes to the differences between the far and close condition,
it is still the case that JND scores are more likely to reflect
perceptual resolution rather than response bias.

Notably, previous research suggests that the close advan-
tage effect is not evident across all tasks and conditions. In
particular, a study by Li et al. (2011) reported a consistent
advantage for detection of targets that were presented on a
closer surface. However, in contrast to the current findings
and to Blini et al.’s (2018) results, this early study did not find
any advantage for identification of these close targets. The
apparent inconsistencies between these studies might be ex-
plained by the nature of the task employed by Li et al. (2011),
where participants were required to complete a dual task for
two targets presented in the center and the periphery of the
visual field. Additional research may be needed to character-
ize how the close advantage phenomenon is modulated by
location across the visual field and by task demands.

What are the mechanisms that mediate the close advantage?

It is well established that depth perception modulates visual
perception. This is best illustrated by Emmert’s law (Emmert,
1881); Emmert showed that an afterimage, which has a fixed
retinal size, changes apparent size depending on the distance
of a surface on which it is seen. If the observer looks at the
afterimage on a near surface it appears smaller than if it is seen
on a far surface. This relationship between perceived size and

perceived distance was found to influence the activity of early
visual cortex, such that objects that are perceived as bigger
result in more neural activation in the early visual cortex
(EVC; Murray et al., 2006). Interestingly, these findings were
used to predict a reverse pattern to that observed here.
Specifically, according to this view, if objects on the far sur-
face recruit more EVC processing, they should be seen with
higher resolution than those perceived to be closer (and small-
er). However, there is limited psychophysical support for this
idea (Lages et al., 2017; Schindel & Arnold, 2010); instead,
there is more consistent evidence in favor of enhanced pro-
cessing of close objects. Thus, the question regarding the neu-
ral mechanisms underlying the close advantage remains an
open one.

One account attributes the close advantage to differential
processing between the PPS and EPS (di Pellegrino &
Ladavas, 2015). For example, di Pellegrino and Frassinetti
(2000) provided evidence for privileged visual processing in
the PPS compared with the EPS in patients with lesions to the
parietal cortex. In particular, the authors found that visual
extinction, a pathological bias of favouring recognition of ob-
jects presented to the ipsilesional visual field, was less evident
for stimuli presented in the PPS. This finding is
complemented by behavioural studies that show a faster rate
of image processing (Reed et al., 2006), increased attentional
prioritization, and slower attentional disengagement from
tasks (Abrams et al., 2008), when objects were presented clos-
er to the hand than farther away.

Importantly, in contrast to previous findings, our results
show that the close advantage is evident even for perceived,
rather than real, depth, and even when hand location was not
manipulated. Hence, these results suggest that the close ad-
vantage occurs even when depth is solely defined by pictorial
cues and therefore cannot be fully explained by the classic
PPS/EPS account. Instead, the close advantage phenomenon
might be better accounted for by affordance, the mere poten-
tial for action offered by objects (Bamford et al., 2020). For
instance, a recent study by O’Connor et al., 2021, shows that
spatial proximity to reward increases impulsive behaviour
since objects of greater value (such as a food reward) can
afford a more valuable outcome in closer proximity.
Notably, and consistent with the current findings, previous
studies have also demonstrated that affordance could influ-
ence behavior even when pictures, and not real objects, are
used as experimental stimuli (e.g., Creem & Proffitt, 2001).

As such, objects that are strongly associated with actions
(i.e., affordance), such as man-made tools that are
behaviourally relevant may elicit a greater close advantage.
Indeed, previous work has shown that even perceiving objects
that potentiates action can alter behaviour. For instance, par-
ticipants viewing pictures of objects with handles oriented
towards their ipsilateral hand (i.e., easier to grasp) were faster
to respond than when handles were orientated to the
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contralateral hand (Tucker & Ellis, 1998, 2001, 2004). A re-
cent study by Pilacinski et al. (2021) has shown that even eye
saccades are primed for tool heads (the functional part of the
tool), over tool handles. As such, an enhanced resolution of
the feature-rich tool heads may help facilitate recognition of
the tool’s unique identity and functionality.

Moreover, affordance was not only modulated by object
features that evoked actions, but also whether the object was
within reachable space to act on. In one notable study by Witts
et al. (2005), participants were asked to estimate distances to
the target while holding or not holding a tool, with the inten-
tion of reaching the target or not. Although targets were al-
ways presented at the same distance away, participants per-
ceived target to be closer when holding a tool, with the inten-
tion of using them. Linkenauger et al. (2009) corroborated
these findings by showing that tools that are more difficult
to pick up were perceived as farther than those easier to pick
up.

Finally, another possible contributing factor to the close
advantage phenomena could be attentional biases. Although
we did not explicitly test this in our current study, it is well
established that spatial attention is not uniformly distributed
along the dimension of depth (de Gonzaga Gawryszewski
et al., 1987; Shelton et al., 1990; see Goodhew et al., 2015,
for a review). Therefore, it is possible that closer object may
receive a more dedicated attentional processing (Makin et al.
2009), which in turn facilitated the processing of these objects.
This is in line with Li et al.’s (2011) findings that show dif-
ferential processing at near and far distances as a result of
attentional load, as well as other previous studies that support
an attentional enhancement in the near space (Reed et al.,
2006; Reed et al., 2013). Future studies should disentangle
between perceptual and attentional processes that might con-
tribute to the observed close advantage effect.

“Close advantage” or “far disadvantage”?

An outstanding question is whether the difference observed
between the close and far conditions in our study reflected
facilitation of the close space processing (“close advantage™),
interference in the processing of the far space (“far disadvan-
tage”), or a combination of those two processes. To disentan-
gle these options, we included the flat condition, for compar-
ison, across the four experiments. We expected that perfor-
mance in the flat condition would consistently fall midway
between the close and far conditions, however this was not
the case. Instead, in 3 of our 4 experiments (Experiments 2a,
2b, and 3) we found that performance in the flat condition was
equivalent to that seen in the far condition with JNDs signif-
icantly larger than those obtained in the close condition. This
supports the interpretation that the observed results are not due
to a reduction in sensitivity as a function of distance, but
instead reflect a sensitivity enhancement for the close surface.

@ Springer

The results of Experiment 1 differ from the other experiments
in that JNDs for the flat condition are statistically smaller than
those found in the far condition. As outlined previously, it is
possible that the relative performance across conditions in
Experiment 1 was influenced by the interrelationship between
size and perceived distance.

Conclusion

To conclude, the present series of experiments provide sup-
portive evidence of higher perceptual resolution for objects
that are perceived as closer to the observer. This benefit is
seen consistently, across visual properties such as length and
orientation, and even higher-level properties such as face iden-
tification. Together, our results point towards the existence of
a dedicated processing mechanisms for closer things.
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