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Statistical encoding compresses redundant information from multiple items into a single summary metric (e.g.,
mean). Such statistical representation has been suggested to be automatic, but at which stage it is extracted is
unknown. Here, we examined the involvement of the subcortex in the processing of summary statistics. We
presented an array of circles dichoptically or monocularly while matching the number of perceived circles after
binocular fusion. Experiments 1 and 2 showed that interocularly suppressed, invisible circles were automatically

involved in the summary statistical representation, but only when they were presented to the same eye as the
visible circles. This same-eye effect was further observed for consciously processed circles in Experiment 3, in
which the estimated mean size of the circles was biased toward the information transmitted by monocular
channels. Together, we provide converging evidence that the processing of summary statistics, an assumed high-
level cognitive process, is mediated by subcortical structures.

1. Introduction

The visual system rapidly compresses sets of similar items into a
summary statistical representation (Ariely, 2001; Chong & Treisman,
2003; de Gardelle & Summerfield, 2011). By capturing the global and
holistic properties of the visual input (Han, 2021; Hochstein, Pavlov-
skaya, Bonneh, & Soroker, 2015), the summary statistical representation
offers a coarse but efficient representation of the visual world (Alvarez &
Oliva, 2009) that could overcome the severe limitations on attentional
processing and facilitate rapid decisions and actions. Summary statistics
extraction is well developed in young children (Sweeny, Wurnitsch,
Gopnik, & Whitney, 2015) and even infants (Fiser & Aslin, 2002; Xu &
Garcia, 2008). And it appears to be a general mechanism operating
along many feature dimensions, including low-level visual features such
as size (Ariely, 2001; Chong & Treisman, 2003) and orientation (Parkes,
Lund, Angelucci, Solomon, & Morgan, 2001), and high-level visual
characteristics such as emotion, gender (Haberman & Whitney, 2007),
face identities (Neumann, Schweinberger, & Burton, 2013), and bio-
logical motion (Sweeny, Haroz, & Whitney, 2013). Despite the extensive

evidence implying an obligatory, automatic nature of statistical repre-
sentation, our understanding of the nature and limits of these summary
representations is rudimentary. Thus far, very few studies have explored
the stage at which the summary statistics are processed in the brain
(Cant & Xu, 2012; Im et al., 2017; Tark, Kang, Chong, & Shim, 2021).
A specialized statistical summarization mechanism that evaluates
the entire stimulus set in parallel with the individual items has been
proposed (Ariely, 2001; Chong, Joo, Emmmanouil, & Treisman, 2008;
Jia, Wang, Chen, Ding, & Fang, 2022). This hypothesis is supported by
the finding that ensemble perception is completed at a fast latency of
within 50 ms, a duration that is not adequate to evaluate every indi-
vidual item in the stimulus set (Chong & Treisman, 2003). While sum-
mary statistical processing is influenced by attention (Baek & Chong,
2020; Choi & Chong, 2020; de Fockert & Marchant, 2008), these studies
of rapid processing imply that summary statistical representations are,
to some extent, pre-attentive and automatic. For instance, statistical
representations are computed despite that direct attention is paid to a
subset of items (Chong & Treisman, 2005b) or a concurrent task is
performed (Chong & Treisman, 2005a; Joo, Shin, Chong, & Blake,
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2009). Likewise, presenting items in a rapid serial visual presentation
sequence (Joo et al., 2009; McNair, Goodbourn, Shone, & Harris, 2017)
or in the periphery (Morgan, Chubb, & Solomon, 2008) such that
conscious perception of the items is significantly weakened has little
impact on the statistical averaging performance. As such, the specialized
mechanism for summary statistical processing may be distinct from the
well-established processing hierarchy for individual object identifica-
tion and recognition (DiCarlo, Zoccolan, & Rust, 2012).

In summary statistical representation, the visual system derives the
summary statistical representation of the stimulus set without retaining
representations of the individual items within the set (Ariely, 2001).
This may provide a foundation for gist perception (Alvarez, 2011; Cha &
Chong, 2018; Maule, Witzel, & Franklin, 2014), in which the global
configurations of hierarchically structured visual patterns are perceived
before the local elements. Intriguingly, many visual features showing
such global processing characteristics, such as global shape (Solo-
veichick, Kimchi, & Gabay, 2021) and numerosity (Collins, Park, &
Behrmann, 2017), have been suggested to be encoded in the subcortex.
For instance, when the visual cortex is lesioned, subcortical relays can
extract attributes from the visual stimuli for crude pattern discrimina-
tion (Perenin & Jeannerod, 1979; Weiskrantz, Warrington, Sanders, &
Marshall, 1974). By analogy, the summary statistical representation
may recruit subcortical structures to convey the summary and crude
information about the stimulus set as well (Williams, Morris, McGlone,
Abbott, & Mattingley, 2004). It is thus reasonable to hypothesize that
subcortical structures are involved in summary statistical processing,
supporting automatic and even unconscious extraction of global
information.

To investigate the processing stage of summary statistical represen-
tation and the possible contribution of subcortical structures to the
statistical representation, we utilized two psychophysical methods to
differentiate between cortical and subcortical processing. Taking
advantage of interocular suppression, which suppresses information
processing in various stages of visual hierarchy (Fang & He, 2005; Jiang
& He, 2006; Wunderlich, Schneider, & Kastner, 2005; Yuval-Greenberg
& Heeger, 2013) while retaining information transmitted by subcortical
pathways (Fang & He, 2005; Pasley, Mayes, & Schultz, 2004; Williams
et al., 2004), Experiments 1 and 2 first investigated the summary sta-
tistical representation of interocularly suppressed, and thus invisible,
size information. If the subcortex is involved in the summary statistical
representation, the interocularly suppressed circles should be repre-
sented in the brain and affect the explicit mean size perception.

In a similar paradigm, Joo et al. (2009) did not find any effect of
interocularly suppressed stimuli on the mean size judgment. This may be
because the stimuli were presented dichotically to different eyes.
Notably, binocular visual signals are separated in pre-striate regions and
merged mostly in the layer IV of the primary visual cortex (Baker, Grigg,
& von Noorden, 1974; Burkhalter & Van Essen, 1986; Horton, 1990;
Menon, Ogawa, Strupp, & Ugurbil, 1997). To confirm the involvement
of the subcortex, Experiment 2 used an adapted eye-of-origin paradigm
(Gabay, Nestor, Dundas, & Behrmann, 2014), which manipulated the
eye of origin of the suppressed and unsuppressed stimuli by presenting
circles of different sizes either to the same eye or to different eyes.
Experiment 3 then extended the eye-of-origin manipulation to stimuli at
the conscious level. These experiments revealed summary statistical
representations of interocularly suppressed information and a same-eye
effect in summary statistical representation at the unconscious and
conscious levels. These results suggest that the subcortex is automati-
cally recruited in the summary statistical representation.

2. Experiment 1

When two incompatible images are presented simultaneously to the
corresponding locations in two eyes, they will compete for perceptual
dominance. When one image is perceptually dominant, such as with
high contrast, transient motion, and high complexity (Blake, 2001), the
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other image becomes unperceived. This phenomenon, known as inter-
ocular suppression, allows us to measure the automatic processing of
invisible stimuli in summary statistical representation. Here we took
advantage of interocular suppression to render low-contrast circles in
the nondominant eye invisible by presenting high-contrast, dynamic
masks at the corresponding locations in the dominant eye (Fang & He,
2005).

Experiment 1 used a 2 (presentation types: dichoptic or monocular)
x 2 (mask types: mask-big or mask-small) within-subject design (Fig. 1).
In the dichoptic condition, an array of eight circles was presented to the
nondominant eye while three high-contrast, dynamic masks (Yang &
Blake, 2012) were presented to the dominant eye. Masks were applied to
either the three largest circles (i.e., mask-big) or the three smallest cir-
cles (i.e., mask-small) in the stimulus array. As a control, in the
monocular condition, the three largest or smallest circles were directly
replaced by three masks such that five circles and three masks were
presented monocularly to the nondominant eye. Despite the differences
in the stimulus presentation, all conditions commonly contained five
visible circles. To measure the mean size perception, the participants
were required to estimate the mean size of the visible circles by adjusting
the radius of a probe circle.

A. Presentation Conditions

Dichoptic presentation
Non-dominant
Eye

Monocular presentation
Non-dominant
Time Eye

Circle array
200 ms

Percept  Dominant Eye

Percept Dominant Eye

Probe
Until response

v

B. Stimuli Types

Non-dominant

poekt Percept

Dominant eye

Monocular
presentation

Dichoptic
Mask-big

Dichoptic
Mask-small

Fig. 1. Experimental conditions and stimuli in Experiment 1. A. The presen-
tation conditions and the sequence of events for each trial. In the dichoptic
presentation (left), the circle array and the masks were separately presented to
the nondominant and dominant eyes. In the monocular presentation (right), the
circle array and the masks were both presented to the nondominant eye.
Conscious perception of the circles was obtained from the input to the
nondominant eye in both conditions. Participants adjusted the probe size to
match the mean size of the perceived circle array. B. Stimuli used in the
experiment. In the dichoptic condition, the three masks were applied to either
the three biggest or the three smallest circles in the circle array.
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2.1. Materials and methods

2.1.1. Participants

Considering that no previous studies compared different manipula-
tions over interocularly suppressed stimuli in summary statistical pro-
cessing, we used a relatively large sample size of thirty-four participants
(mean age 20.97 years, range 18-25 years; 20 females) in Experiment 1.
All participants had normal or corrected-to-normal vision. They were
naive to the purpose of the experiments and received monetary
compensation for participation. This study was approved by the
Departmental Ethical Committee of Hangzhou Normal University.

2.1.2. Apparatus

We used MATLAB (The MathWorks) and Psychotoolbox-3 toolbox
(Brainard, 1997; Pelli, 1997) to generate and display visual stimuli and
to record behavioral responses. The stimuli were presented on a 21-in.
CRT with a refresh rate of 75 Hz and a resolution of 1024 x 768
pixels. The experiment was conducted in a dimly lit room, where par-
ticipants viewed the screen with both eyes through a stereoscope so that
the left and right halves of the screen were projected to the left and right
eyes, respectively. Participants adjusted the stereoscope to fuse the two
visual fields before starting the experiment. A chin rest was used to
constrain the viewing distance to 70 cm.

2.1.3. Stimuli

A pilot study was conducted to compare the effectiveness of inter-
ocular suppression using four types of masks: the high-contrast and
dynamic checkerboard, the textured noise (Fang & He, 2005), the
Mondrian patterns (Tsuchiya & Koch, 2005), and the bull’s eye. Possibly
because the stimuli and the mask shared similar spatial patterns (Hong &
Blake, 2009; Yang & Blake, 2012), the bull’s eye was found to be the
most effective. We thus used the bull’s eye (radius: 2.73° in visual angle)
that was composed of black and white rings (black: 0.88 cd/mz; white:
71.45 cd/m?; width: 0.13°) alternating in luminance at a frequency of
10 Hz as the mask in the present experiments.

Each eye was presented with a white rectangular frame (8.56° x
8.56°) with a white fixation dot (71.45 cd/mz; 0.17°) in the center of the
visual field (13.79 cd/m?) throughout all trials. The rectangular frame
for each eye was subdivided into an imaginary 3 x 3 matrix (Fig. 1A). In
the dichoptic presentation condition, eight circles (32.18 cd/m?) with
varied sizes were presented to the nondominant eye (see Fig. 1B). Three
bull’s eye masks were presented to the dominant eye, at the corre-
sponding locations of the three largest (mask-big condition) or smallest
(mask-small condition) circles. In the monocular presentation condition,
three masks and five visible circles were presented to the nondominant
eye, while no circles were presented in the masked locations. A hole-in-
the-card test was used to determine the dominant eye of each
participant.

In both the dichoptic and monocular presentations, the mean radius
of the visible circles was randomly chosen from four constant sizes of
1.05°, 1.2°, 1.35°, and 1.5°. The radii of the five visible circles were
chosen between 0.6 and 1.4 times their average radius randomly. The
dichoptic presentation further contained three invisible circles: in the
mask-small condition, the radii of the three invisible circles were chosen
between 0.8 and 1 times the smallest value of the visible circles
randomly; in the mask-big condition, the radii of the three invisible
circles were chosen between 1 and 1.2 times the biggest value of the
visible circles randomly. This process rendered the average radius of the
eight circles 20% smaller and larger than the average radius of the five
visible circles in the mask-small and mask-big conditions, respectively.
The initial radius of the probe circle was set to be 1.26° in visual angle.

2.1.4. Procedure

At the beginning of the experiment, a white fixation dot centered at a
white rectangular frame was presented to each eye for 500 ms. Each trial
began with presenting a stimulus array containing eight or five circles
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and three masks dichotically or monocularly for 200 ms. Participants
were asked to estimate the mean size of the perceived circles. After a
1000-ms blank display, a probe circle was presented to the nondominant
eye, the same eye as the visible circles (Fig. 1A). Participants adjusted
the size of the probe circle to match their perceived mean size of the
circles in the stimulus array. The “up” and “down” arrow keys in the
keyboard were used for adjustments in small steps (0.03°), and the “left”
and “right” arrow keys were used for adjustments in large steps (0.1°).
Participants pressed the “enter” key to confirm their response and to
move on to the subsequent trial. No time limit was set for the adjust-
ment. After completing 20 practice trials, each participant performed
640 experimental trials, which took about 1 h. A forced break was
inserted after every 64 trials.

2.1.5. Data analysis

First, we estimated the distribution of the size differences between
the adjusted size and the actual mean size of the visible circles across
trials. Trials whose size differences exceeded 3 standard deviations were
treated as outliers and excluded (Gilster & Kuhtz-Buschbeck, 2011;
Manning, Morgan, Allen, & Pellicano, 2017). A relative mean size dif-
ference (RMSD) score was then calculated for the mask-big and mask-
small conditions (Li & Yeh, 2017). The RMSD was defined as the dif-
ference of the adjusted sizes between the dichoptic and monocular
presentation conditions divided by the actual mean size of the visible
circles: RMSD = Estimated mean size (dichoptic — monocular)/Mean of
visible sizes. The RMSD represents the percentage of size changes due to
the influence of the invisible circles. The 95% confidence intervals
(Mean + 2 x SEM) were used for all error bars in the data presentation
(Belia, Fidler, Williams, & Cumming, 2005; Krzywinski & Altman,
2014).

2.2. Results and discussion

2.2.1. Involvement of interocularly suppressed circles in the summary
statistical representation

Subjective reporting validated that the bull’'s eyes masks were
effective in inducing interocular suppression. No participants reported
seeing circles overlay on or alternate with the masks during or after the
experiment. We also confirmed that the mean size judgment did not
differ between the two baseline conditions, i.e., the mask-big and mask-
small monocular presentations, that did not contain invisible circles (t
(33) = 0.16, p = 0.876, Cohen’s d = 0.03). To examine if the invisible,
thus unconsciously processed, circles were involved in the summary
statistical representation, we estimated the adjusted mean size in the
mask-big and mask-small conditions. The relative mean size difference
(RMSD), defined as the adjusted size differences between the dichoptic
and monocular presentations divided by the mean size of the visible
circles, was calculated (Li & Yeh, 2017). As shown in Fig. 2, the RMSD in
the mask-big condition was larger than zero (t(33) = 2.03, p = 0.050,
Cohen’s d = 0.35), indicating that the circle array containing large
invisible circles was perceived to be larger than the perceived mean size
of its visible circles alone. In contrast, the RMSD in the mask-small
condition was significantly smaller than zero (t(33) = —3.65, p <
0.001, Cohen’s d = —0.63), indicating that the estimated mean size was
influenced by the existence of small invisible circles. Furthermore, the
RMSD was significantly larger in the mask-big condition than in the
mask-small condition (t(33) = 3.30, p = 0.002, Cohen’s d = 0.57). To
rule out the possible influence of the outlier exclusion procedure, we
conducted the same analysis on the original data without trial exclusion.
The difference between the mask-big and mask-small conditions
remained significant (t(33) = 3.42, p = 0.002, Cohen’s d = 0.59). These
results revealed that unconsciously processed size information was
involved in the summary statistical representation.

The automatic processing of invisible sizes in ensemble size estima-
tion suggests that statistical summarization occurs at an early stage of
visual processing. However, it is unclear whether the summarization
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Fig. 2. Results of Experiment 1. The estimated mean size was larger (RMSD
>0) in the mask-big condition and smaller (RMSD <0) in the mask-small
condition under interocular suppression when compared with the monocular
condition that contained no invisible circles. The estimated mean size was
larger in the mask-big condition than in the mask-small condition. Error bars
represent the 95% confidence interval. * p < 0.05, ** p < 0.01, *** p < 0.001.

could occur at the subcortex. One could argue that some information in
the suppressed eye might have escaped interocular suppression and was
transmitted to V1 and even high-level visual areas to merge with the
information of visible circles for summary statistical processing. To
further explore the potential contribution of subcortical regions to sta-
tistical representation, we employed an adapted eye-of-origin paradigm
to restrict the statistical processing to be before binocular fusion in
Experiment 2.

3. Experiment 2

In Experiment 2, the invisible circles were presented either to the
same eye or to different eyes as the visible circles (Fig. 3). In the same-
eye condition, three invisible circles and five visible circles were pre-
sented simultaneously to the nondominant eye (Fig. 3, top left), just as in

Dichoptic presentation
Non-dominant

eye Percept

Dominant eye

Non-dominant
eye

Non-dominant

eye Percept

Dominant eye

Different
eye

Monocular presentation

Non-dominant
eye
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the dichoptic condition in Experiment 1. In the different-eye condition,
the three invisible circles were presented to the different eye than the
five visible circles (Fig. 3, bottom left). As in Experiment 1, the masks
were always presented to the dominant eye, and the three masked circles
were presented to the nondominant eye. Two monocular control con-
ditions were introduced, which matched the presentation of the visible
circles and the masks of their corresponding dichoptic conditions. We
predicted that if the subcortex represents the summary statistics, biased
summary representation should occur in the same-eye condition but
disappear in the different-eye condition.

3.1. Materials and methods

3.1.1. Participants

The sample size was estimated based on the effect size obtained from
the difference between the two dichoptic conditions in Experiment 1,
using G*Power software (Faul, Erdfelder, Buchner, & Lang, 2009). Our
calculation showed that 30 participants were required to obtain a power
of 0.85 and a significance level of 0.05 (two-tailed). Therefore, Experi-
ment 2 recruited 30 participants (mean age 20.9 years, range 18-25
years, 22 females).

3.1.2. Apparatus and stimuli

The same apparatus and stimuli were used as in Experiment 1. The
same-eye condition, including the dichoptic presentation and its
monocular control, was a direct replicate of Experiment 1 (Fig. 3). The
different-eye condition also contained a dichoptic presentation and a
monocular control. In the different-eye dichoptic condition, three masks
were presented to the dominant eye along with five visible circles, while
the three masked circles were presented to the nondominant eye. In the
monocular control for the different-eye dichoptic condition, three masks
and five circles were presented to the dominant eye, while no circles
were presented to the nondominant eye.

3.1.3. Procedure

Experiment 2 used a 2 (presentation types: dichoptic or monocular)
x 2 (mask types: mask-big or mask-small) x 2 (eye sources: same-eye or
different-eye) within-subject design. The procedure was the same as in
Experiment 1. The probe circle was always presented to the eye of the
visible circles. Trials from different conditions were randomized in the
experiment. Participants completed 960 trials, which took about 1.5h. A
forced break was inserted after every 96 trials.

3.1.4. Data analysis

The outlier-excluding procedure was the same as in Experiment 1.
The RMSDs were computed separately for each mask type (i.e., mask big
or mask small) with each eye source (i.e., same eye or different eye).

Fig. 3. Presentation conditions in Experiment 2. The
setting of the dichoptic and monocular presentations
was the same as in Experiment 1. In the same-eye
dichoptic condition, both the visible and invisible
circles were presented to the nondominant eye. In the
different-eye dichoptic condition, the invisible circles
were presented to the nondominant eye, while the
visible circles were presented to the dominant eye.
The three masks were always presented to the domi-
nant eye in the dichoptic presentation. The two
monocular conditions matched the percept of the
corresponding dichoptic conditions but did not
contain masked circles.

Dominant eye

Dominant eye
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3.2. Results and discussion

3.2.1. Summary statistical representation in the monocular channels

We separately calculated the RMSD for the mask-big and mask-small
conditions in the same-eye and different-eye conditions. As shown in
Fig. 4, in the same-eye condition, the RMSD was not significantly larger
than zero in the mask-big condition (t(29) = 0.09, p = 0.929, Cohen’s d
= 0.02) but was significantly smaller than zero in the mask-small con-
dition (t(29) = 2.03, p < 0.001, Cohen’s d = —0.88). In the different-eye
condition, the RMSD was not significantly different from zero in either
the mask-big (t(29) = 1.23, p = 0.229, Cohen’s d = 0.22) or the mask-
small (t(29) = —-0.37, p = 0.715, Cohen’s d = —0.07) condition.
Therefore, the perceived mean size was smaller for the dichoptic pre-
sentation, which contained small invisible circles, than for the monoc-
ular presentation, only in the single-eye presentation.

A 2 (eye sources: same-eye or different-eye) x 2 (mask types: mask-
big or mask-small) repeated-measures ANOVA showed a significant
main effect of the eye source (F(1,29) = 4.29, p = 0.047, partial 1% =
0.13), with the RMSD being generally larger in the different-eye con-
dition than in the same-eye condition. The main effect of the mask type
was also significant (F(1,29) = 8.05, p = 0.008, partial nz = 0.22), with
the involvement of the big invisible circles significantly increasing the
RMSD. Critically, the interaction between the two factors was significant
(F(1,29) = 5.29, p = 0.029, partial nz = 0.15). Follow-up analyses

0.02 —
o *%
001 — ' ' |
- C
a
S 0.00 —
= | )
o
20.01 — )
0.02 — |
*k*%k

O N O N
S S
Q(b ’bél‘ ®® @’g}‘
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Same-eye Different-eye

Fig. 4. Results of Experiment 2. The RMSD was larger in the mask-big condi-
tion than in the mask-small condition, but only when the visible and invisible
circles were presented to the same eye. Error bars represent the 95% confidence
interval. ** p < 0.01, *** p < 0.001.
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showed that the RMSD in the mask-big condition was larger than that in
the mask-small condition (t(29) = 3.65, p = 0.001, Cohen’s d = 0.67)
when the visible and invisible circles were presented to the same eye. In
contrast, when the visible and invisible circles were presented to
different eyes, the RMSD was not reliably influenced by the invisible
circles, as indicated by the lack of a significant difference between the
mask-big and mask-small conditions (t(29) = 1.35, p = 0.188, Cohen’s d
= 0.25). Interestingly, the effect size of the mask-small condition was
larger than that of the mask-big condition in the same-eye presentation.
This result replicates that in Experiment 1, indicating that the masked
small circles have a larger effect on the mean size estimation than the
masked big circles.

The results above not only validated the automatic processing of
interocularly suppressed information in summary statistical processing
but also suggested a subcortical involvement of statistical representation
indexed by the same-eye effect. Notably, the same- vs. different-eye
comparison also avoided the influence of incomplete interocular sup-
pression on the masked circles. The findings so far have revealed un-
conscious statistical processing in the monocular channel. Next, we
asked whether the monocular processing of summary statistics can occur
during conscious visual processing.

4. Experiment 3

Experiment 3 explored whether there remained the same-eye effect
in the summary statistical processing when all circles were visible. No
masks were applied to make any circles invisible any more. An adapted
eye-of-origin paradigm was used (Gabay, Burlingham, & Behrmann,
2014; Karni & Sagi, 1991; Soloveichick et al., 2021). Specifically, among
the eight circles in the circle array, the four largest circles were pre-
sented to one eye, and the four smallest circles were presented to the
other eye. To isolate the same-eye effect, the probe circle was presented
either to the same eye as the large circles or to the same eye as the small
circles (Fig. 5). We hypothesized that if the summary statistical repre-
sentation is processed in the monocular channels, the adjusted size of the
probe circle should be biased toward the mean size of the circles pre-
sented to the same eye as the probe circle. Because the stimuli in the
ensemble array were the same in the two conditions and the observers
were not explicitly aware of the eye of origin of the stimuli (Blake &
Cormack, 1979), this paradigm was free from contaminations by factors
related to physical differences or task difficulties in the two conditions.

4.1. Materials and methods

4.1.1. Participants

Experiment 3 recruited 30 participants (mean age 20.9 years, range
18-24 years, 26 females). The sample size was determined based on the
same criterion as in Experiment 2.

4.1.2. Apparatus and stimuli

The same apparatus and stimuli were used as in Experiments 1 and 2
except as noted below. The screen was a 19-in. CRT running at a refresh
rate of 100 Hz. The viewing distance was 67 cm to match the visual
angle of the visual field in Experiments 1 and 2. The stimuli were pre-
sented on a gray background (43.86 c¢d/m?) throughout the experiment
(Fig. 5). Eight circles of varied sizes, all visible, constituted the circle
array. The average radius of the eight circles had four sizes: 1.09°, 1.25°,
1.41° or 1.56°. The radius of each circle was randomly chosen to be
between 0.4 and 1.6 times the mean radius. The four largest and four
smallest circles were presented to different eyes. The probe circle with
an initial radius of 1.26° was presented either to the eye of the large
circles (big-eye condition) or to the eye of the small circles (small-eye
condition). The edge of each circle was composed of an outer white line
(luminance: 82.90 cd/m?) and an inner black line (luminance: 0 cd/mz),
making the average luminance of the edge lines roughly equal to the
background luminance.
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Fig. 5. Presentation conditions in Experiment 3. Four big circles were presented to one eye, and four small circles were presented to the other eye (the right eye in
this illustration). In the big-eye condition, the probe was presented to the eye where the big circles were presented (left). In the small-eye condition, the probe was

presented to the eye where the small circles were presented (right).

4.1.3. Procedure

The experiment was a one-factor (probe location: big-eye or small-
eye) within-subject design. Each trial began with the presentation of a
fixation dot in a rectangular frame to both eyes for 200 ms, followed by a
200-ms presentation of the circle array. After a 1000-ms blank display, a
probe circle was presented until response. Two types of trials were
randomly intermixed during the experiment. In the big-eye trials, the
probe circle was presented to the eye to which the larger circles were
presented. In the small-eye trials, the probe circle was presented to the
eye to which the small circles were presented. Participants adjusted the
size of the probe circle to match the perceived mean size of the circle
array and pressed the “enter” key to confirm their response. The eye
sources for the big and small circles were matched within participants.
After completing 20 practice trials, each participant performed 640
experimental trials. The whole experiment took about 1 h. A forced
break was inserted after every 64 trials.

4.1.4. Data analysis

The outlier-excluding procedure was the same as above. RMSD was
defined as the difference between the estimated mean size and the actual
mean size divided by the actual mean size: RMSD = (Estimated mean size
— Actual mean size)/ Actual mean size. The RMSD was calculated in the
big-eye and small-eye conditions separately.

4.2. Results and discussion

4.2.1. Same-eye effect of summary statistical processing in conscious
processing

We defined the RMSD as the difference between the estimated mean
size and the actual mean size divided by the actual mean size. We
calculated the RMSD scores in the big-eye and small-eye conditions. The
RMSDs in the two conditions were both significantly higher than zero
(big-eye: t(29) = 4.77, p < 0.001, Cohen’s d = 0.87; small-eye: t(29) =
4.54, p < 0.001, Cohen’s d = 0.83). These results are consistent with
previous findings that the mean size perception is positively biased as
the number of items in the stimulus set increases (Kanaya, Hayashi, &
Whitney, 2018; Marchant, Simons, & de Fockert, 2013) and that
increased variability between items leads to an overestimation of the
mean size (Semizer & Boduroglu, 2021). Critically, we found that the
RMSD in the big-eye condition was significantly larger than that in the
small-eye condition (Fig. 6; t(29) = 3,49, p = 0.002, Cohen’s d = 0.64),
revealing a same-eye effect in mean size perception in the conscious
processing. The same-eye effect implies that the summary statistical
representation occurs early in visual processing, which may rely on
subcortical structures.
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Fig. 6. Results of Experiment 3. The perceived size was larger when the probe
was presented to the eye where big circles were presented than to the eye where
small circles were presented. Error bars represent the 95% confidence interval.
** p < 0.01, *** p < 0.001.

5. General discussion

The present study investigated the processing stage of summary
statistics in the human brain. Taking advantage of interocular suppres-
sion, Experiment 1 revealed that the mean size estimation automatically
counted in the invisible, thus unconsciously processed, size information.
Using an adapted eye-of-origin paradigm, Experiment 2 further con-
strained this unconscious processing to information accessed through
the monocular channels, providing evidence that the subcortical brain
structures may be involved in the summary statistical representation.
Finally, Experiment 3 demonstrated that the size information presented
to the monocular channels also affected the conscious estimation of the
mean size. Together, these findings convergently suggest that summary
statistical representation occurs at an early stage of visual processing.
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The same-eye effect in statistical processing further hints that the
subcortical structures may be recruited for summary statistical
representation.

The unconscious statistical processing revealed by Experiments 1
and 2 suggests that summary statistical representation occurs at an early
stage of visual processing. This result explains the findings that the
summary statistical representation is completed as fast as and even
faster than the processing of single items (Epstein & Emmanouil, 2021)
and advocates a specialized mechanism in the brain for statistical rep-
resentation. Unconscious processing has often been used to implicate
subcortical processing. This is based on the finding that interocular
suppression reduces the neural response in cortical regions, including V1
(Yuval-Greenberg & Heeger, 2013) and higher-level visual areas (Fang
& He, 2005; Jiang & He, 2006), but preserves the neural response in
subcortical structures (Pasley et al., 2004). In such cases, interocular
suppression appears well suited to evaluate the subcortical processing of
summary statistical information independent of cortical processing.

Beyond unconscious summary statistical processing, the present
study showed a same-eye effect of the summary statistical representa-
tion. Specifically, Experiment 2 found that the invisible stimuli affected
the mean size judgment only when presented to the same eye as the
visible stimuli. The finding that the invisible stimuli presenting to a
different eye were not counted in the statistical representation suggested
that the process was completed before the binocular fusion. However, it
is possible that subcortical processing is recruited adaptively during the
processing of unconscious information, which relies much less on the
cortical brain areas than conscious information processing (Fang & He,
2005; Jiang & He, 2006). On the other hand, the cortical areas may be
recruited to process the statistical information during conscious
perception (Cant & Xu, 2012; Tark et al., 2021). To exclude this possi-
bility, Experiment 3 applied a modified eye-of-origin paradigm on
conscious statistical processing (Collins et al., 2017; Gabay, Nestor,
etal., 2014). Our finding of a same-eye effect in the conscious processing
of statistical information suggests that monocular channels are involved
in the statistical processing regardless of whether the information is
accessible to conscious processing or not. Previous studies have also
revealed less interocular suppression for the Magnocellular pathway
than Parvocellular pathway (He, Carlson, & Chen, 2005; Zadbood, Lee,
& Blake, 2011), but this incomplete suppression was excluded by the
different effects of invisible circles in the same- than different-eye con-
ditions in Experiment 2.

In a similar study, Joo et al. (2009) also utilized interocular sup-
pression to render a subset of circles invisible. However, they did not
observe the influence of invisible sizes on size averaging. Because their
items were presented across two eyes, their comparisons corresponded
to the different-eye condition in the present study. As such, these results
and our findings convergently suggest that the mean size processing is
not preferentially processed in binocular visual channels. Notably, while
Joo et al. (2009) used the two-alternative forced choice (2AFC) method,
the present study used the adjustment method to measure the differ-
ences between the reference and probe sizes. The adjustment method
might be more sensitive than the 2AFC method because it not only
measures which size is larger but also provides a magnitude of the size
difference. Taking advantage of the adjustment method, we further
showed that the influence of the invisible circles on the mean size
perception was partial. Specifically, while the mean difference between
the invisible and visible sizes was 20%, the perceived differences were
below 4%. This finding provides important information that future
studies exploring mean size perception using subliminal stimuli should
enlarge the mean differences between the stimuli sets.

It might be suspected that the suppressors (i.e., the bull’s eyes) used
in the experiments contributed to the size averaging. This explanation
can hardly be true because the suppressors should have had a general
influence on size averaging while the effects we observed were condition
sensitive. For example, Experiment 2 showed that the interocularly
suppressed circles were involved in the mean size computation only
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when presented to the same eye as the visual circles. In a similar vein,
the mask-big and mask-small conditions produced different effects on
the mean size judgments, although they were masked by the same
suppressors. These results could not be attributed to the general effect of
the bull’s eyes.

Considering that the monocular segregation of visual input is
retained up to the striate cortex, the same-eye effect in the present re-
sults might lie in the cortex (i.e., V1) (Horton, 1990; Menon et al., 1997)
instead of the subcortex. Specifically, while there are relatively few
monocular neurons beyond area V1 (Bi et al., 2011), layer IV of V1 still
contains eye-specific, monocular neurons. An alternative explanation
for the same-eye effect is that it emerged from V1 rather than pre-striate
subcortical regions. However, this is unlikely the case for the summary
statistical processing in our study. First, the neurons in V1 have small
receptive fields that are impossible to integrate visual inputs from a large
visual field, let alone integrate circles from two visual hemifields as in
our experimental display. Second, several recent fMRI studies have
demonstrated that while the summary statistical presentation can be
decoded from neural representations in higher visual areas (V3 and
higher) for orientation (Tark et al., 2021), emotion (Im et al., 2017), and
visual object (Cant & Xu, 2012), they cannot be decoded in V1. For these
reasons, our results advocate the subcortical processing of summary
statistical information.

The subcortical statistical processing does not contradict the
contribution of the cortical regions (Cant & Xu, 2012; Tark et al., 2021)
to statistical processing. It is possible that the subcortical and cortical
regions play distinct roles at different stages in the statistical summari-
zation of the visual information. In fact, the small effect size in Experi-
ment 3 may be a consequence of the involvement of both subcortical and
cortical processing. Since all the stimuli used in Experiment 3 are
accessible to conscious processing, the effect of the subcortical pro-
cessing may be overshadowed by the cortical processing. Nonetheless,
the significant difference between the big-eye and small-eye conditions
still reflects an effect of subcortical processing. Notably, the results in
Experiment 3 are also consistent with the monocular cueing effect (Kim
& Chong, 2022; Solomon & Morgan, 2018) that two eyes representing
different mean sizes biased the adjusted size of the probe circle pre-
sented to the same eye.

Our finding that the subcortex is capable of statistical processing
raises a further question of how the subcortical and cortical structures
interact to determine the statistical representation. Several possibilities
exist. The same-eye effect and its subcortical neural correlates might act
independently of the cortical modulations. For instance, the subcortical
structures could form a fast, coarse, and global statistical representation
of the visual scene. At the same time, the cortical areas may play roles in
scrutinizing the visual display across the canonical visual hierarchy,
which is slower in speed but with more detailed representations. On the
other hand, at least in human adults, summary statistical information
processed subcortically is transmitted to the cortex to interact with
attention.

The subcortical structures are known for their roles in conveying
crude but rapid signals, such as threat detection (Jiang & He, 2006;
Pasley et al., 2004), reaching and grasping (Fang & He, 2005), before
reaching conscious awareness to facilitate fast decision and action. So
far, whether the monocular bias is specific to summary statistical pro-
cessing or is general to size perception has not been answered directly.
Based on the recent finding that the monocular bias is specific to the
perception of the global configuration but not the local shape (Solo-
veichick et al., 2021), it is likely that the monocular bias may be specific
to the integration process. This question can be answered in the future
by investigating the interocular transfer of the size adaptation effect. By
revealing the involvement of subcortical structures in summary statis-
tical representation, the present study advances our understanding of
the functions of subcortical processing. However, while the present
study indicates a subcortical origin for statistical processing, we cannot
determine which specific subcortical structure(s) is involved in the
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summary statistical processing. The superior colliculus (Basso & May,
2017) and pulvinar (Rikhye, Wimmer, & Halassa, 2018) are key areas of
possible subcortical processing. Future studies could further explore the
role of these structures, as well as their interactions with the cortex, in
summary statistical processing.

In conclusion, the three independent experiments in the present
study convergently suggest that the adult human subcortex is involved
in summary statistical processing. Further research based on these
findings would establish a broader understanding of the interplay be-
tween the cortical and subcortical structures in summary statistical
processing.
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