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A B S T R A C T

Visual-field (VF) anisotropy has been investigated in terms of spatial resolution of attention, spatial frequency,
and semantic processing. Brightness perception has also been reported to vary between VFs. However, the
influence of VF anisotropy on brightness perception using pupillometry has not been investigated. The present
study measured participants' pupil size during glare illusion, in which converging luminance gradients evoke
brightness enhancement and a glowing impression on the central white area of the stimulus, and halo stimuli, in
which the same physical brightness of the glare illusion is used with a diverging luminance pattern. The results
revealed greater stimulus-evoked pupillary dilation and glare-related dilated pupil reduction in the upper VF
(UVF) compared with other VFs and halo-related pupillary changes, respectively. The stimulus-evoked pupillary
dilation was affected by poor contrast sensitivity. However, owing to the superior cognitive bias formed by
statistical regularity in natural scene processing of the glare illusion in the UVF, we found reduced pupillary
dilation compared with the response to halo stimuli and the response from other VFs. These findings offer
valuable insight into a method to reduce the potential glare effect of any VF anisotropy induced by the glare
effect experienced in daily vision. An important practical implication of our study may be in informing the
design of applications aimed at improving nighttime driving behavior. We also believe that our study makes a
significant contribution to the literature because it offers valuable insights on VF anisotropy using evidence from
pupillometry and the glare illusion.
1. Introduction

The difference of observers’ perception scale (slightly or significantly)
in different visual fields (VFs) associated with the stimulus orientation is
termed as VF anisotropy. Multiple studies have demonstrated VF
anisotropy in visual perception [1, 2, 3, 4]. For example, the spatial
resolution of attention and spatial frequency sensitivity are known to
have an advantage in human vision, attributed to a downward bias in the
lower VF (LVF) compared with the upper VF (UVF) [5]. In contrast, an
advantage in the UVF is also reported in motor-related tasks, visual
search tasks, and semantic understanding [6, 7, 8]. In the context of
bioecology, an object presented in the lower and upper hemifield is
perceived as being placed closer and farther in space, respectively. This
vertical VF segmentation may be enhanced by the function that enables
individuals to experience a critical event more easily close-up for them to
survive in the natural environment, whereas objects farther away need to
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be predicted accurately from a distance [9, 10]. These specific functions
of vertical VFs have also been discussed from physiological perspectives.
Specifically, previous studies that adapted pupillometry have suggested a
higher pupil sensitivity to light changes in the UVF during an attention
task [11, 12, 13, 14, 15, 16, 17].

Apparent brightness perception is reported to vary between VFs
[18]. Brightness perception in the visual system is determined by a
confluence of the physical intensity of light and several
context-dependent factors. Thus, brightness perception does not always
match the quantity of physical light from the source. McCourt et al.
(2013) conducted an illumination intensity matching task and reported
that an illuminated object from the LVF is perceived as more illumi-
nated compared with an illuminated object from the UVF owing to light
adaptation that takes more time [19]. This mismatch between subjec-
tive brightness and physical luminance intensity has also been seen in
the phenomenon of a larger pupillary constriction evoked by a bright
ne 2022
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illusion [20], the sun's image [19], or a painting depicting the sun [21]
that appears perceptually brighter.

Pupillometry, the measurement of pupil size, is a physiological index
that reflects multiple cognitive states across species. Parts of the auto-
nomic nervous system and the parasympathetic and sympathetic nervous
systems regulate the iris sphincter and dilator muscles, respectively [22,
23, 24, 25, 26, 27]. Apart from functioning as a reflex to light, the pupil
also reacts to subjective brightness perception. Laeng and Endestad
(2012) initially reported that an optical illusion in which an object ap-
pears brighter than its physical luminance evokes larger pupil constric-
tion [20]. This optical illusion is called the “glare illusion” and provokes
robust brightness enhancement by a luminance gradient that converges
toward the center of the pattern [28, 29]. Zavagno et al. found that the
illusory perception emerged from the luminance gradient that caused not
fully segregate the background and target area conducting the rating task
experiment between the areas using luminance contours, illusory con-
tours, no contours, and ambiguous contours [30]. The results were highly
influenced by the process of segregation between the target area and the
background combined with the luminance gradient attendance.
Furthermore, previous research also used a glare illusion with “blue”
converging gradients, which was subjectively evaluated as the brightest
condition in a psychophysical adjustment task and elicited the most
significant changes in large pupil constriction compared with other
colors [28]. Part of the brightness enhancement may be attributed to the
cognitive bias formed by statistical regularity in natural scene processing:
the cognitive bias created by the visual property difference that ensues in
natural scenes where “the sun shining in the blue sky”may be associated
with the blue glare illusion and induce prominent pupil constriction [28].

The extent to which brightness perception is induced by VF anisot-
ropy remains unclear. Specifically, it is unclear how the predominant
understanding of ecologically explained cognitive bias, formed by sta-
tistical regularity in natural scenes in the VF (e.g., the light-from-above
bias), affects brightness perception. Therefore, this study aimed to
elucidate if visual processing conveying a dazzling effect in the glare
illusion also has an ecological advantage in the VF.

We compared pupil size changes as stimuli (glare illusion and halo
stimuli) were presented for a few seconds in five VF locations (upper,
lower, left, right, and center). The changes in pupil size were regarded
as an index of subjective brightness perception. From both ecological
and anatomical points of view, pupillary response to the glare illusion
was expected to vary across different VFs. We hypothesized that the
differences in pupil changes between the glare illusion and halo stimuli
in the UVF would be larger than those in the other positions owing to
ecological factors, such as the representation of the sun and assump-
tions that the light source is in the UVF [29, 31]. Additionally, con-
stricted pupils may occur in response to stimuli in the LVF owing to the
advantage of spatial resolution and visual accuracy in the LVF [11, 32].
Thus, this research integrated pupillometry as an index of subjectively
perceived brightness in anisotropic fields, especially focusing on the
effect of the vertical hemifield.

2. Methods

2.1. Participants

Twenty-two undergraduate and graduate students (9 men and 13
women), aged between 23 and 33 years (mean ¼ 26.86, SD ¼ 3.90
years), participated in the experiment. All participants had normal or
corrected-to-normal vision. Two participants were excluded from the
analysis for recording 50% more eye blinks in all trials or invalid trials,
the data of which could not be interpolated at the pre-processing stage.
All experimental procedures were conducted according to the ethical
principles outlined in the Declaration of Helsinki and approved by the
Committee for Human Research at the Toyohashi University of Tech-
nology. The experiment was conducted with complete adherence to the
approved guidelines of the committee. Informed written consent was
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obtained from the participants after procedural details had been
explained to them. The raw data and analysis codes are available at
https://github.com/suzuki970/GlarePupilAnisotropy.

2.2. Stimuli and apparatus

We used the achromatic glare illusion, which had eight circles of
luminance gradation converging from the periphery to the center white
region of the stimulus (which is a similar design to “phantom illumination”
figure [33]). We also used a pattern with a diverging luminance pattern
by rotating 180� the same gradient luminance of glare illusion as a
control referred to as the halo stimuli (Figure 1A) [28,34]. This particular
type of glare/halo stimuli has many advantages compared to the Asahi
glare illusion and the ring-shaped glare illusion. The areas of the foveal
and peripheral regions in the inverted Asahi glare illusion are not iden-
tical. Therefore, adjusting the global luminance of the Asahi glare illusion
and its inverted form to the same values would be difficult. In compari-
son, the ring-shaped glare illusion and its inverted form would result in
the same issue as the Asahi glare illusion.

The achromatic points of the stimuli's luminance gradation were
0.2959 and 0.3249 in the CIE1931 color space, while the luminance of
Y changed linearly from 0.4218 cd/m2 to 93.45 cd/m2. The luminance
of the background and center white region of the stimuli were 53.30
cd/m2 and 93.45 cd/m2, respectively. The spectral power distribution
of the glare illusion's area and background (Figure 1B) was measured by
a spectroradiometer (SR–3AR, TOPCON, Tokyo, Japan). The stimulus
size and configuration were identical to those used by Suzuki et al.
(2019). The center condition (i.e., the stimulus was presented in the
center of the VF) contained eight circles with luminance gradation, with
each circle located 4.62� from the center of the screen (Figure 1C). The
diameter of each gradation circle was the visual angle of 3.62�. In the
periphery condition (i.e., the stimulus was presented in the upper,
lower, left, or right VF), the glare illusion and halo stimuli were located
8.35� from the screen's center, keeping the exact configuration of the
stimulus luminance and size as in the center condition. We included a
fixation point of 0.1� positioned at the center of the screen in both the
center and periphery conditions. Thus, participants looked at the
stimuli with their peripheral vision in the periphery condition. The
experiment was conducted using MATLAB R2019b (MathWorks,
Natick, MA) and Psychtoolbox [35]. All stimuli were presented on a
liquid-crystal display (LCD) monitor (Displayþþ, Cambridge Research
Systems Ltd., Kent, UK) with a resolution of 1920 � 1080 pixels and a
refresh rate of 120 Hz.

2.3. Procedure

Participants rested their chin at a fixed viewing distance of 60 cm
from the eye tracker and 80 cm from the stimulus display in a dark room.
The experimental setup is described in Figure 2A. The eye tracker was in
front of and at the center of the LCD display. In addition, the chin rest was
placed in front of the eye tracker and was set at the center viewpoint of
the stimulus display. We calibrated the eye tracker using a standard five-
point calibration before starting each session. Each trial began with a
fixation cross presented on the monitor's center for 1 s. Afterward, the
stimuli were randomly presented for 4 s in the upper, lower, left, right, or
center area of the screen (Figure 2B). Participants were asked to fixate
upon the central fixation cross while a stimulus was presented in the
screen's periphery. Participants were instructed to refrain from blinking
their eyes during the fixation and stimulus presentation periods. A blank
screen with no fixation cross or stimulus (interval stage) was presented
for 2 s between each trial to neutralize the participants' pupil diameter.
The stimulus was repeatedly presented 15 times per condition. Thus, the
experiment consisted of 150 trials: 5 VF locations (center, upper, lower,
left, and right) � 2 stimulus patterns (glare and halo stimuli) � 15 trials,
divided into two sessions. Participants were provided with a break of
about 5 min between sessions.

https://github.com/suzuki970/GlarePupilAnisotropy


Figure 1. Experimental stimuli. (A) Glare illusion: an optical illusion using a luminance gradient that converges toward the central pattern and enhances perceptual
brightness (left). Halo stimuli emit the luminance gradient toward the periphery of the stimuli and omit the glare effect (right). (B) The spectral power distribution of
the central area of the stimuli and the background. (C) Stimulus size and configuration: The stimulus has eight circles with luminance gradation, which each circle
located 4.62� from the display's center. The diameter of each gradation circle is at 3.62� of the visual angle. In the periphery conditions (upper, lower, left, or right
visual field), the glare illusion and halo stimuli are located 8.35� from the stimulus's center to the screen's center.

Figure 2. Experimental setup and procedure. (A) The chin rest, the fixed viewing position of participants in this study, was placed at 60 cm from the eye tracker and
80 cm from the stimulus display in a dark room. (B) The phase sequence of the experiment. Each trial started with the appearance of a fixation cross in the monitor's
center for 1 s (fixation phase). Next, a stimulus (glare/halo stimuli) was presented covertly in one of four positions randomly (top, bottom, left, or right) for 4 s
(stimulus presentation phase). At the end of a trial, a gray background as an interval between trials appeared for 2 s to neutralize and allow the pupillary response to
return to baseline (interval phase). During the stimuli onset, observers fixated on the fixation cross and refrained from blinking their eyes.
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2.4. Pupil recording and analyses

We measured pupil size and eye gaze movements using an eye-
tracking system (EyeLink 1000; SR Research, Ontario, Canada) at a
sampling rate of 500 Hz. The tracking was based on “pupil diameter”
using the centroid mode in the device setting. The device generated pupil
data in arbitrary units (pixels) and converted them to z-scores (z) during
the entire experiment (two sessions) for each participant. We used cubic
Hermite interpolation for the pupil data during eye blinks, which were
obtained as values of zero. The analysis excluded data from trials with
additional artifacts, in which the velocity change in pupil size was more
than 20 z/s or the average gaze position during the presentation excee-
ded the radius of 2.81� (i.e., the white area of the stimulus in the center
condition). Additionally, we conducted a principal component analysis at
each timepoint for pupil size. We rejected trials with a Euclidian distance
(calculated using the first and second principal components) exceeding
�3 σ of all trials. The average rejected trials comprised 4.6% of all trials
per participant.

For the baseline correction of pupillary response, the first 0.2 s served
as a baseline after the stimulus onset (the baseline period is shown as the
dotted line in Figure 4), and we subtracted this baseline from any samples
recorded after stimulus presentation. Then, the time course of pupillary
responses for each VF location and stimulus pattern was averaged across
all repeated trials. Next, we calculated early and late components [36,
37] to assess pupillary light reflex (PLR) responses and their “recovery”
after the PLR. First, we averaged the pupil responses across all locations
data with time series for each participant. Second, we computed the pupil
slope using second-order accurate central differences to obtain the
3

maximum pupil constriction latency (MPCL). The MPCL was defined as
an initial local maximum negative value of the slope separated by � 0.25
s (Figure 3). The early component was defined by the average pupil data
within the window of MPCL�0.25 (Figure 5A, red shaded area). The late
component, defined as the area under the curve (AUC), was computed as
follows:

AUC¼
X4

i¼MPCL

xi � xMPCL (1)

where x represents pupil size at i seconds after stimulus onset. The AUC
represents a total pupil diameter increase from the PLR toward baseline
pupil size (i.e., a pupil size “recovery” back to baseline).

2.5. Statistical analyses

We conducted separate statistical analyses for the center and pe-
riphery conditions. A paired-sample t-test was performed on the pupil-
lary response in the center condition. In the periphery conditions, we
conducted two-way repeated-measures analysis of variance (ANOVA)
with the effect of 4 VF locations (upper, lower, left, and right) � 2
stimulus patterns (halo and glare illusion) on the pupillary response as
within-subject factors. We performed Greenhouse–Geisser corrections
when the results of Mauchly's sphericity test were significant. Pairwise
comparisons of the main effects for multiple comparisons in the pe-
riphery conditions were tested by paired-sample t-tests. In the multiple
comparisons, p-values were corrected by the Bonferroni–Holm method.
The significance level (α) was set to p < 0.05 for all analyses. Effect sizes



Figure 3. An initial local maximum negative value of the slope pupillary response. The maximum pupil constriction latency (MPCL) in each participant during
stimulus onset for 4 s. The pupil slope was measured by second-order accurate central differences to obtain the MPCL.
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were given as partial η2 (η2p ) for ANOVA and Cohen's dz for the paired t-
test analysis. We also reported the Bayes factors for estimating the rela-
tive weight of the evidence in favor of H1 over H0 as BF10 for post-hoc
pairwise comparisons and t-tests [38]. All statistical analyses were per-
formed using Jamovi 1.1.9.0 [39], SPSS Statistics for Windows (v26.0;
IBM, Armonk, NY) [40], and the BayesFactor package (v0.9.12–4.2) [41]
for R (v3.6.3; The R Foundation, Vienna, Austria) [42].

3. Results

We observed pupillary responses during the glare illusion or halo
stimuli presentation at one out of five VF locations (i.e., upper, lower, left,
right, and center), as shown in Figure 4. As reported previously [20, 28,
43], we confirmed that themean pupil size from 0 s to 4 s was significantly
constricted by the glare illusion in the center condition (t (18)¼ -3.07, p¼
0.007, Cohen's dz ¼ 0. 704, BF10 ¼ 7.36). Two-way repeated measures
ANOVA on the pupillary changes in the periphery conditions revealed a
significant main effect of stimulus patterns (F (1, 18) ¼ 5.281, p ¼ 0.034,
η2p ¼ 0.227, BF10 ¼ 1.658) and VF locations (F (2.37, 42.654)¼ 7.438, p¼
0.001, η2p ¼ 0.292; BF10 ¼ 49.048). However, there was no significant
interaction between VF locations and stimulus patterns (F (2.597, 46.749)
¼ 0.121, p ¼ 0.929, η2p ¼ 0.007, BF10 ¼ 0.084).
Figure 4. Pupillary changes in five locations (center, upper, lower, left, and right). T
position and stimuli (glare and halo stimuli). The shaded areas indicate the standard
response (0.2 s).
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We first determined the MPCL (0.731� 0.361 s) to calculate the early
and late components of pupillary response (seeMethod and Figure 3). For
the center condition, there were significant differences of early (t (18) ¼
�2.425, p ¼ 0.026, Cohen's dz ¼ 0.556, BF10 ¼ 2.372) and late compo-
nents (t (18) ¼ �2.344, p ¼ 0.031, Cohen's dz ¼ 0.538, BF10 ¼ 2.076) of
pupil response between glare and halo stimuli (Figure 5A).

In the early component for the periphery conditions (Figure 5B,
Table 1), two-way repeated measures ANOVA revealed a significant main
effect of stimulus patterns ((1, 18)¼ 8.134, p¼ 0.011, η2p ¼ 0.311; BF10 ¼
5.976) and VF locations (F (2.89, 52.023)¼ 4.356, p¼ 0.009, η2p ¼ 0.195,
BF10 ¼ 2.918). However, the post-hoc multiple comparisons for VF lo-
cations showed that no pairs of VF locations reached statistical signifi-
cance (p> 0.05, Table 2). In addition, there was no significant interaction
between VF locations and stimulus patterns (able 3; F (2.663, 47.936) ¼
1.066, p ¼ 0.367, η2p ¼ 0.056, BF10 ¼ 0.232).

In the late component (the AUC) for the periphery conditions, two-way
repeated measures ANOVA revealed significant main effects of VF loca-
tions (F (2.128, 38.303) ¼ 6.436, p ¼ 0.003, η2p ¼ 0.263, BF10 ¼ 70.782)
and VF locations � stimulus patterns interaction (Figure 5C and Table 4)
(Fð2:983; 53:691Þ ¼ 2:883; p ¼ 0:044; η2p ¼ 0:138;BF10 ¼ 1:367). Most
importantly, the post-hocmultiple comparisons for the interaction showed
that the AUC for the glare illusion was significantly smaller than that
he average pupil diameter change (z-score) during stimuli onset for 4 s in each
error of the mean. The dotted lines show the period for the baseline pupillary



Figure 5. Early and late components of pupillary changes. (A) Computation of the early and late components of pupillary response to the glare and halo stimuli (top).
The red shaded area shows the early component, which was calculated between 0 and 1 s. The late component was computed as the area under the curve (AUC) (blue
shaded area). The bottom panel shows the early and late components of pupil response when the stimulus is presented at the center. (B) The early and (C) late
components of pupil response in the center, upper, lower, left, and right positions. Error bars indicate standard errors of the mean.
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in halo stimuli in the UVF (t(18) ¼ 6.847, p ¼ 0.017, η2p ¼ 0.276,

BF10 ¼ 3.283) but not in the LVF (t(18) ¼ 0.13, p ¼ 0.723, η2p ¼ 0.007,

BF10 ¼ 0.252), left (t(18)¼ 0.466, p¼ 0.503, η2p ¼ 0.025 BF10 ¼ 0.292) or

right VF (t(18) ¼ 0.798, p ¼ 0.384, η2p ¼ 0.042, BF10 ¼ 0.338) (Table 5).
Since the AUCwas defined as an integral value (see Method) from the PLR
to stimulus offset, a smaller AUC indicates slow recovery of pupil dilation
toward the baseline pupil size. The following multiple comparisons for VF
locations showed that the UVF produces a larger AUC than the LVF (t(18)
¼ 2.806, p ¼ 0.035, Cohen's dz ¼ 0.644), left (t(18) ¼ 4.091, p ¼ 0.004,
Cohen's dz ¼ 0.938) and right VF (t(18) ¼ 2.382, p ¼ 0.085, Cohen's dz ¼
0.547) (Table 6), in line with previous studies [12, 14, 16, 17]. We also
found a significant effect of VF locations on the AUC for the halo stimulus
(F(2.533, 45.596) ¼ 7.736, p ¼ 0.001, η2p ¼ 0.301). The post-hoc multiple
comparisons for VF locations for the halo stimulus showed that the UVF
produces a larger AUC than the left VF (t(18)¼ 4.07, p¼ 0.004, Cohen's dz
¼ 0.934), right (t(18) ¼ 3.697, p ¼ 0.005, Cohen's dz ¼ 0.848) and LVF
(t(18) ¼ 3.388, p ¼ 0.01, Cohen's dz ¼ 0.777).

4. Discussion

This study reported pupil size during the glare illusion and halo
stimuli presented in five VF locations (upper, lower, left, right, and
center). We confirmed that the glare illusion induces enhanced pupil-
lary constriction compared with halo stimuli in the center condition as
reported previously [20, 28]. To assess whether there is a lower-,
higher-, or combined- (lower- and higher-) level visual processing
implication on pupil response to the glare illusion across VF locations,
we separated the pupillary data into early and late components. The
early and late components of pupillary data allowed us to assess visual
processing from the temporal aspects of pupillary change. First, we
found that glare-related pupil constrictions were seen in all VFs to the
same degree in the center condition in the early stage. Second, VF
anisotropy in the pupillary response (i.e., large pupil dilation in
response to the stimuli in the UVF) was present in the late component,
but not in the early component.

The early stage of the pupillary response reflects the changes in
physical light intensity via lower-level visual processing [24, 44]. In
addition, some studies discovered that PLR is influenced by subjective
brightness perception [20, 28, 45] and visual attention on higher-level
visual processing [46]. Along this line, our data seems consistent with
the idea that the early component of the pupillary response involves both
lower- and higher-level visual processing that creates the increased
brightness perception in the glare illusion.
5

Previous studies have revealed that there are a smaller number of
photoreceptors, acuity, and less spatial resolution with decreasing retinal
eccentricity in the UVF than in the LVF [47]. Portengen et al. conducted
an experiment using pupillometry and flickering stimuli in the vertical
hemifield, and they found a pupillary anisotropy effect in which the UVF
has greater and more sensitive pupil amplitude changes in the flickering
frequency domain than the LVF [11]. In addition, paintings, images, or
cartoons depicting the sun induced greater pupil constriction [20, 21,
45], most likely in response to avoid strong light from the sun. We hy-
pothesized that the effect of pupil changes in response to the stimuli
would vary across different maps due to the lower-characteristic asym-
metry as well as assumptions that the light source is in the UVF [29, 31].
The current results support the idea that the interaction of lower- and
higher-level visual-processing of illusory glare perception could appear
as the temporal aspects of pupillary response; at the late component,
glare-related pupil constrictions were larger in the UVF than in the other
VFs. That is, the late component of pupillary responses might be affected
by visual acuity, spatial resolution as well as brightness perception.

The visual system processes different contexts of scenes in nature to
help humans understand the visual world [48]. Anatomically, sensory
input from a varied VF map is processed by different areas of the primary
cortex; the signal from the UVF is more dominantly processed in the
ventral stream of the visual pathway [49, 50, 51]. Because of these stream
differences, superior cognitive processing in the UVF and LVF depends on
the type of cortical processing required for the task [49, 50]. Thus, our
results imply that the cortical processing from the ventral portion may
involve VF anisotropy in the pupillary response to the glare illusion. This is
consistent with the increases in blood-oxygen-level-dependent (BOLD)
signals in the occipitotemporal and/or collateral sulcus in response to the
glare illusion [52].

The reduced pupil dilation in response to the glare illusion compared
with the halo stimuli that only occurred in the UVF may be explained by
the dominance of cognitive bias formed by statistical regularity in the
processing of natural scenes that can represent a visual image of the UVF.
The reduced pupil dilation (i.e., greater pupillary constrictions) may be
observed when light sources appear in the VF other than in the UVF since
these cases would be somewhat unexpected with an assumption of the
light-from-above in the visual system. In the context of cognitive bias
formed by statistical regularity in natural scene processing, human vision
can often be exposed to light coming from the UVF [19, 29, 31, 53, 54,
55, 56]. Thus, our finding that vastly reduced pupil dilation occurs in
response to the glare illusion in the UVF may be interpreted as the result
of superior cognitive bias formed by statistical regularity in the pro-
cessing of natural scenes in the UVF. This process may be related to the
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variable response of pupil size to the probable dazzling effect geared
toward preventing incapacitated vision [57].

Our study revealed that stimulus-evoked pupillary dilation and glare-
related pupil constriction both point to VF anisotropy. VF anisotropy in
pupil responses has been reported in the present study and elsewhere
[11, 12, 14, 16, 17]. Apart from the effect of the light-from-above on the
reduced pupil dilation discussed in the previous paragraph, the pupillary
changes might be controlled by the nature of VF anisotropy, such as vi-
sual acuity or spatial frequency sensitivity; we cannot oppose the effect of
anisotropy in VFs on pupillary response to the stimuli in each position in
the present study. However, we note that our argument was under the
assumption that the mechanisms that involve the brightness enhance-
ment in the glare illusion via low- and high-order visual processing re-
lates to the pupillary response since post-hoc multiple comparisons for
the interaction exhibited a significant difference between the glare and
halo stimuli only in the UVF. We have two limitations of the present
study. First, we analyzed the pupillary data in the peripheral condition
separately from the center condition, although our experiment designed
those conditions within the same block. Thus, the higher luminance of
the central white area in the center condition might affect the pupil size
in the following trial. Second, another concern is that the pupillary
response to the halo stimuli in the UVF might generate pupillary dilation
rather than pupil constriction induced by the glare illusion. This phe-
nomenon may be due to the better contrast sensitivity in the lower, left,
and right VFs than the UVF [58]. Thus, this effect should affect the pu-
pillary response in both the halo and glare illusion. Therefore, we believe
that the differences in pupillary changes between the halo and glare
illusion should still be informative. Furthermore, future studies
comparing behavioral brightness data and pupillary responses could
support the phenomena of higher pupillary sensitivity in UVF.

5. Conclusion

This study shows that stimulus-evoked pupillary dilation at the early
component and glare-related pupil constriction in the late component
occurred only in the UVF. These results indicate that the pupillary
response in the glare illusion located at the UVF might relate to low- and
higher-level visual processing compared with other VFs. As previously
noted, the UVF's superior specific cognitive processing occurs via a
different dominant visual processing stream. This may be clarified by the
superior cognitive bias formed by statistical regularity in natural scene
processing due to ecological factors, such as the adaptive response to the
glare illusion that represents the sun as a dangerous light source.
Furthermore, the present finding offers valuable insights on VF anisot-
ropy to reduce the potential glare effect of peripheral VFs experienced in
daily vision. These might be applicable in informing architectural, light,
and application design of a glare source.
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