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The perceived intensity of light coming from a given portion of an object (brightness) and the perceptual experiences 

of a black, grey, or white-colored surface and self-luminosity (lightness) are some of the basic aspects of visual 

processing. Glare illusion, which is an optical illusion, enhances the perceived brightness of a central white area 

surrounded by a luminance gradient without any actual change in light intensity. Our experiences of perceptual 

misunderstanding are sometimes caused by optical illusions that create visual images that may carry deceptive 

interpretations. Although it seems that optical illusions trick our brains into believing things that may or may not be 

real, they demonstrate how the brain makes the most probable prediction about an ambiguous visual input. This is not a 

retina-level process, but a serial processing occurring in the brain, which is valuable for understanding how the brain 

interprets visual stimuli from the external world. 

The pupillary response is mainly a function of retinal illuminance owing to the amount of light energy or 

quanta entering the eye from the ambient environment. Although one of the main functions of pupil constriction 

would seem to be the protection of our eyes from being dazzled by intense physical light, previous studies using 

pupillometry have revealed that the pupil is also constricted by the perceived intensity of light in the absence of 

any change in light intensity via glare illusion. Because the visual system processes luminance information from 

a graphical image as if it were a natural scene, colors could play an important role in the perception of brightness. 

In this study, we first examined whether pupil constrictions to glare illusion are stronger for blue compared to 

other colors. Our results indicate that blue was subjectively evaluated by participants as the brightest condition, 

despite all colored stimuli being equiluminant. Moreover, glare-related pupil constrictions for each participant 

were correlated to each individual's subjective brightness adjustments. Together, these findings show that 

pupillometry constitutes an easy tool to assess individual differences in color brightness perception. 

Second, we tested the hypothesis that the ecological background, where getting dazzled by light is common 

when one directly looks at sunlight through some occluders, can explain the larger pupil constriction to blue. 

Interestingly, we found the effect of blue on pupillary constriction occurs only for people with black/brown iris 

colors. Because the iris color relates to the macular pigment density as a marker for the adaptation to the 

homogeneous environment, we assumed that the pupillary constriction represents the adaptation response to a 

probable dazzling sunlight imitated by glare illusion, and the pupil constriction might be similar to the function of 

macular pigments to filter the blue light projecting to the retina. 

Next, we examined two probable factors to modulate the pupil size in glare illusion by using the Kanizsa 



 
triangle with a radial pattern of luminance gradation and a control pattern. We assumed that the pupil constriction 

to glare illusion represents: (a) the role of ‘anticipation’ or ‘preparation’ to probable glare situation from the Sun 

or scattering light, and (b) the localized stimulus pattern because the averaged luminance of the glare illusion 

within a small visual field is higher than its control condition, where the rotated luminance gradient pattern. Our 

results show a larger pupil constriction effect on the Kanizsa triangle with the radial pattern; therefore, we 

conclude that the pupil constriction to glare illusion is prompted by self-luminosity perception. The effect of the 

brightness judgment on pupil response shown in previous works is considered additionally to the effect of 

‘self-luminosity’ to the brightness perception but via difference pathway from surface color perception. 

We subsequently investigated the correlation between pupil constriction and electroencephalography (EEG) 

response of the amplitude of the steady-state visual evoked potential (SSVEP) on the illusory brightness 

enhancement with glare illusion. We found that the SSVEP amplitude was lower in glare illusion than in the 

control condition (no glare condition), especially under high luminance contrast conditions. The probable 

correlation of the inhibited SSVEP amplitude to the high luminance contrast of glare illusion accompanied by the 

greater pupil constriction may be because of the decreased amount of light entering the pupil. Therefore, the 

brightness enhancement in the glare illusion is already represented at the primary stage of visual processing 

linked to the larger pupil constriction. 

As a conclusion, we have put together the evidence of the larger pupil constriction effect on glare illusion 

that can be elegantly explained by the ecology of vision that the large pupil constriction on the illusory glare 

perception may be a prediction of the probable strong light, especially for blue, sky-like, glare illusion makes 

more powerful effect in causing constrictions. 
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Chapter 1

Introduction

1.1 Brightness perception

The perceived intensity of light coming from a given portion of an object (brightness) and the perceptual

experiences of a black, grey, or white-colored (lightness) surface are some of the basic aspects of visual

processing. For instance, gray objects appear darker in front of a white background compared to a

black background, as shown in Figure 1.1(A). This phenomenon, called simultaneous contrast, is simply

explained by low-level visual processing via photoreceptors with lateral inhibition (Kingdom, 1997; Lotto

et al., 1999; McCourt, 1982). In addition to simultaneous contrast, the assimilation effect is important in

processing the perceived brightness of objects. In Figure 1.1(B), the gray region surrounding the black

circle on the left panel appears darker than the outer gray circle on the right panel, even though both

circles have the same physical luminance level. The brain interpret the rings in the figures as group

objects, so-called ‘assimilation’, which leads to perceiving a lower overall luminance in the left figure.

This indicates that the simultaneous contrast is processed by low-level visual mechanisms, such as a post-

retinal mechanism, while the brightness assimilation needs to process objects for grouping in the cortex

level rather than in the photoreceptors level (Wook Hong and Shevell, 2004). Figure 1.1(C) shows an

optical illusion produced by lateral inhibition. The gradation consists of no-gradation white and black

on both sides of the figure and luminance gradation between them. The edge between gradation and

white/black appears brighter/darker than the actual luminance. This is because the lateral inhibition

on the edge from the white/black to the gradation is weak (e.g., Lotto et al., 1999). Although there are

many and varied examples of optical illusion explained by lateral inhibition, the mechanisms of several

bright illusions remain unknown. For instance, we perceive the flickers at the grid intersections in Figure

1.1(D). This was explained by the retinal ganglion cell responses of on-center, off-surround neurons on

the retina (Hermann, 1870; Ishigughi, 1987). However, it has been argued that the lateral inhibition can

1



1.1. BRIGHTNESS PERCEPTION

completely explain the illusion because the distortion version of the grid in the right figure eliminates the

illusion. If lateral inhibition creates the illusion, the flicking effect should still be in the distortion grid.

In addition to the Hermann grid illusion, the illusory brightness perception in Figure 1.1(E) affects the

overall object. Therefore, the bright illusion cannot be explained by lateral inhibition alone. Purves et

al. (1999) explained that the Craik-O’Brien-Cornsweet effect occurs because we predict the light reflex

illuminated on a target object from surrounding context based on our experience. Similarly, the visual

system estimates that the left figure is poorly reflective and strongly illuminated, while the right figure

is highly reflective and weakly illuminated (Cornsweet, 1970; Kingdom and Moulden, 1988; Purves et al.,

2001, 1999). Figure 1.1(F) also involves cortex processing. The brightness in portion B appears brighter

than in portion A owing to the effect of shadow falling on the checkerboard (Adelson, 1995). These optical

illusions imply that our experiences of perceptual misunderstanding sometimes occur because of optical

illusions that create visual images carrying deceptive interpretations. Although it seems that optical

illusions trick our brains into believing things that may or may not be real, they demonstrate how the

brain makes the most probably prediction about an ambiguous visual input. This is not a retina-level

process but a serial processing occurring in the brain which is valuable for understanding how the brain

interprets things from the external world.

2
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Figure 1.1 Examples of brightness illusion.

(A) Simultaneous contrast and gradation induction (Kingdom, 1997; Lotto et al., 1999; McCourt, 1982), (B) Hong-Shevell’s

rings (Wook Hong and Shevell, 2004), (C) Machband (Lotto et al., 1999), (D) Hermann grid illusion (Hermann, 1870;

Ishigughi, 1987), (E) Craik-O’Brien-Cornsweet effect (Cornsweet, 1970; Kingdom and Moulden, 1988; Purves et al., 1999),

(F) Checker-shadow illusion (Adelson, 1995)

3



1.2. PUPILLOMETRY

1.2 Pupillometry

1.2.1 Pupillary light reflex and its circuit

������������ ���������

Figure 1.2 Pupil constriction and dilation.

In the human eye structure, pupils play a role in ad-

justing light coming into the retina. The pupil size

is controlled by two incompatible muscles, the sphinc-

ter and dilator muscles; the pupil is constricted in

bright situations by the sphincter muscles and is di-

lated in dark situations by the dilator muscles (Beatty

and Lucero-Wagoner, 2000; Granholm and Steinhauer,

2004; Samuels and Szabadi, 2008). The light entering

into the retina is translated to an electric signal and

projected to the pretectal olivary nucleus (PON), visual

cortex, and superior colliculus (SC); then, the pupillary

light reflex is evoked (Gamlin, 2006). Although there is a pathway from the lateral geniculate nucleus

(LGN) and visual cortex to induce the pupillary light reflex, a direct neural pathway that does not

go through cortical processing exists to control the pupillary light reflex (PLR), as demonstrated by

the pupil responses to flux-equated gratings in patients in the absence of V1 (Weiskrantz et al., 1998).

Dilator muscles are controlled by PLR-related neural pathways and sympathetic nerve systems such as

locus coeruleus (LC) (Loewenfeld, 1993; Samuels and Szabadi, 2008), while pupil constriction through

the sphincter muscles is controlled by the inhibition neural circuit via the Edinger-Westphal (EW) nu-

cleus and parasympathetic nerve systems (Lüdtke et al., 1999). Owing to the different neural systems,

the velocity of change for pupil constriction is three times faster than that for pupil dilation (Bergamin

et al., 1998; Ellis, 1981). In general, the pupil size changes from approximately 9 mm under dark il-

lumination (MacLachlan and Howland, 2002) to 3 mm under bright illumination (Wyatt, 1995). Pupil

size varies with human aging because of increasing sympathetic (Hotta and Uchida, 2010) and decreasing

parasympathetic nervous system activities (Arnold et al., 2012). Furthermore, recent studies have re-

ported that the average pupil size is different between genders and iris colors (e.g., Bergamin et al., 1998;

Bradley et al., 2010; Dain et al., 2004).

The pupillary light reflex model is defined by Moon and Spencer (1944) as shown in Equation

1.1 and illustrated in Figure 1.3. It has been noted that there are, in general, substantial individual

differences in the pupil size, latency, velocity of pupil constriction, and re-dilation toward the baseline

pupil size, even to identical light intensity (Spencer and Moon, 1944; Winn et al., 1994). As mentioned

above, because pupil size depends on age, Watson et al. (2012) proposed a model including the effect of

4



1.2. PUPILLOMETRY

age as an independent variable (Watson and Yellott, 2012). Pamplona et al. (2009) expanded on the PLR

model by including the light sensitivity based on individual differences. The model predicted the time

course of pupil changes to light, as shown Equation 1.2 (Pamplona et al., 2009). These pupillary models

can be applied to vision science and used to imitate the natural pupil changes on computer graphics.

2

4

6

8
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Figure 1.3 Pupil light reflex model defined by Moon and Spencer (1944).

D = 4.9− 3tanh(0.4(log10(Lb)− 0.5)) (1.1)

dM

dD

dD

dt
+ 2.3026atanh

(
D − 4.9

3

)
= 5.2− 0.45 ln

[
ϕ(t− τ)

ϕ̂

]
(1.2)

1.2.2 LC and noradrenergic activity

The pupils also reflect the activity of the cortical mechanisms of the noradrenergic system from the

LC (Aston-Jones and Cohen, 2005; Sara, 2009). Norepinephrine is a neurotransmitter from the LC re-

lated to many functions through its widespread projections, such as the cerebral cortex, cerebellum, and

hippocampus to control the autonomic nerve system (ANS), the so-called locus coeruleus norepinephrine

system (LC-NE system). The pupillary change is involved by the ANS according to our thoughts, emo-

tions, and attention (Goldwater, 1972; Loewenfeld, 1993). For example, the pupil is dilated by high-arousal

images, such as of spiders or snakes (Bradley et al., 2008; Sterpenich et al., 2006)), and by carrying out
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1.2. PUPILLOMETRY

difficult tasks demanding high work load because of the sympathetic nerve system, e.g., working memory

tasks (Kahneman and Beatty, 1966; Klingner et al., 2011). Remarkably, pupil responses can reflect the

perceived brightness on the bright illusion as well as an image of the sun (Binda et al., 2013b; Laeng and

Endestad, 2012; Suzuki et al., 2019a). The pupillary response, “window as an unconsciousness and pre-

consciousness processing marker”, can be an easy tool to access our implicit processing or attention (e.g.,

Beatty, 1982; Granholm and Steinhauer, 2004; Sirois and Brisson, 2014; Suzuki et al., 2018). Although the

pupil change is affected by the LC-NE system related to the perception/cognition, the changes are merely

additional or side effects to control the entire brain processing, including the spinal cord, brain stem,

cerebellum and hypothalamus (Beatty and Lucero-Wagoner, 2000; Samuels and Szabadi, 2008), and the

extent of pupil change related to cognitive factors is a maximum of 0.5 mm (Beatty and Lucero-Wagoner,

2000).

1.2.3 A window as marker of a pre-consciousness processing

“Which is bigger, a baseball or a soccer ball?” We can easily answer this question by visualizing the

objects in our mind, even if there is not an actual object in front of us. Philosophers, scientists, and

especially neuroscientists have been interested in how visual images are created by involving our thinking,

understanding, memory, creativity, emotion, etc. In the 17th century, Descartes (1596 - 1650), the “Father

of Modern Philosophy”, claimed dualism, which explained the relationship between our mind and body.

Dualism proposes a strict distinction between our mind and matter (e.g., body or brain). However,

common knowledge has since changed with the advances in cognitive neuroscience. The rapid progress

of technology used to observe brain activities have revealed that our consciousness is created by the

numerous neuron activities in the cerebral cortex. Additionally, the relationship between the mind, what

we think or want, and the brain activities has been explored. Benjamin Libet (1916 - 2007), a doctor

at the University of California, provided an impressive bulk of evidence that the firing neurons of the

brain are preceded by our decision of voluntary motor act, the so-called “readiness potential” (Libet

et al., 1983). That is, the unconscious readiness neuron activity is prior to the conscious decision making

to act ourselves. This phenomenon refutes the previous theory that our free will decides what we do.

Spinoza (1632 - 1677) claimed that one consequence is caused by another consequence and influences

another result, an idea that is indeed consistent with the current theory. These outcomes are provided

by neurophysiological methods, such as single neuron measurements, electroencephalograms and fMRI,

which have made a breakthrough to understanding brain functions. Furthermore, pupillometry is a

technique that can monitor our preconscious mind using the pupil size as a marker of preconscious level

processing (Laeng et al., 2012). Recent studies demonstrated that subliminal reward of higher benefit

cues prompted large pupil dilation similarly to supraliminal cues on decision-making tasks (Bijleveld
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1.2. PUPILLOMETRY

et al., 2009). Another study with blindsight patients reported that unseen emotional expressions evoked

pupil dilation (Tamietto et al., 2009). It is thought that unconscious processing accounts for more than

90% of the entire brain processing. Therefore, these techniques can be valuable for understanding brain

processing related to our perception.

1.2.4 Pupil measurement method

The history of eye-tracking measurement started when Johannes Peter Müller (1801–1858) directly ob-

served a capillary on an iris to track the eye movement. In 1897, Huey implemented the technique for

measuring the eye movement during reading using a plaster eye contact lens attached to a lever (Huey,

1898). The advancements in optical techniques in the 20th century have enabled the application of cam-

eras for tracking the eye movement (Yarbus, 1967). Over the past several decades, advancements in

eye-tracking techniques have been efficiently and broadly used in research on cognitive processes. Nowa-

days, the most commonly used non-intrusive eye-tracking technique is pupil center corneal reflection. As

shown in Figure 1.4, a near-infrared light projected to the eyes produces a reflection point on the corneal

(Purkinje images), and the camera recognizes the pupil and gaze direction by the Purkinje images and

pupil of the captured eye image.

Near infrared light

Camera

Purkinje images

Pupil

Figure 1.4 Eye-tracking system (Eyelink 1000).
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1.3. APPROACH

1.3 Approach

Although several previous studies showed that colors per se can affect the pupil diameter (Gamlin et al.,

1998; Kimura and Young, 1995; Tsujimura et al., 2001), pupillary constrictions in relation to the illu-

sory brightness enhancement with varied stimulus properties, such as color, visual angle, and subjective

brightness judgment, have been less explored. Furthermore, the relationship between the pupil constric-

tion effect on glare illusion and brain activities remains unknown. To approach this problem, we are

monitoring the pupil size with an infrared eye-tracker during the colored glare illusion, which evokes the

impression of actual natural scenes presented on the screen (Chapter 2). If the pupillary response reflects

the subjective brightness perception, it relates to the extent of the brightness modulated by the colors.

Additionally, we measured the varied brightness and neurophysiological responses of electroencephalogra-

phy (EEG) and pupil size with several luminance contrast patterns of glare illusion to address the question

of whether the illusory brightness changes owing to the glare illusion process in the early visual cortex.

1.4 Overview

This thesis consists of five chapters (Figure 1.5). The first chapter presents the history of brightness

perception in neuroscience and consciousness and pupillometry and gives an overview of this study. In

the second chapter, we examine the causal relationship on an illusory glare perception between the pupil

and brain signal by using steady-state visual evoked potentials (SSVEPs), which are one of the EEG

components at early visual cortex. In the third chapter, we focus on the pupillary response to the

luminosity perception, which is one of the modes of color appearance to elucidate the factor that prompts

pupil constriction. In the fourth chapter, we investigate the perceived luminance (brightness) to colored

glare illusion and the relationship between brightness and pupil constriction. In the fifth chapter, since

we hypothesized that pupil constrictions to ‘blue’ reflect an ecologically-based expectation of the visual

system from the experience of sky light and color, we test the pupillometry of colored glare illusion to

the varied iris color participants. As a conclusion, we summarize the highlights of our study in the final

chapter.
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Figure 1.5 Thesis overview.
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Chapter 2

Pupillary Changes in Colorful Glare

Illusion

We hypothesized that pupil constrictions to the glare illusion, where converging luminance gradients

subjectively enhance the perception of brightness, would be stronger for ‘blue’ than for other colors. Such

an expectation was based on reflections about the ecology of vision, where the experience of dazzling light

is common when one happens to look directly at sunlight through some occluders. Thus, we hypothesized

that pupil constrictions to ‘blue’ reflect an ecologically-based expectation of the visual system from the

experience of sky’s light and color, which also leads to interpret the blue gradients of illusory glare to act as

effective cues to impending probable intense light. We therefore manipulated the gradients color of glare

illusions and measured changes in subjective brightness of identical shape stimuli. We confirmed that the

blue resulted in what was subjectively evaluated as the brightest condition, despite all colored stimuli

were equiluminant. This enhanced brightness effect was observed both in a psychophysical adjustment

task and in changes in pupil size, where the maximum pupil constriction peak was observed with the

‘blue’ converging gradients over and above to the pupil response to blue in other conditions (i.e., diverging

gradients and homogeneous patches). Moreover, glare-related pupil constrictions for each participant were

correlated to each individual’s subjective brightness adjustments. Homogenous blue hues also constricted

the pupil more than other hues, which represents a pupillometric analog of the Helmholtz-Kohlrausch

effect on brightness perception. Together, these findings show that pupillometry constitutes an easy tool

to assess individual differences in color brightness perception.
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2.1. INTRODUCTION

2.1 Introduction

The pupillary response is mainly a function of retinal illuminance due to the amount of light energy or

quanta entering the eye from the ambient environment. For example, in a bright room, the pupil constricts

whereas it dilates in the darkroom via a simple subcortical reflex (Ellis, 1981; Woodhouse and Campbell,

1975). In addition to this role of physiological reflex, the pupil response can reflect several cognitive and

affective factors such as mental or cognitive effort, overt and covert attentional shifts, visual awareness,

emotional arousal and mental imagery (Beatty, 1982; Fahle et al., 2011; Laeng et al., 2012; Mathôt et al.,

2013; Wang and Munoz, 2015). Although one of the main functions of pupil constriction would seem that

of protecting our eyes from being dazzled by intense physical light, previous studies using pupillometry

have revealed that the pupil is also constricted by perceived intensity of light in the absence of any change

of light intensity, as in the so-called “glare illusion” (Laeng and Endestad, 2012; Laeng et al., 2018; Suzuki

et al., 2018, 2019b; Zavagno et al., 2017) as well as when viewing photo images of the sun (e.g., Binda

et al., 2013b; Naber and Nakayama, 2013).

The glare illusion is a “shining” example of brightness illusion evoked by luminance gradients

converging onto a central white area (Agostini and Galmonte, 2002; Zavagno, 1999, see also http://www.

ritsumei.ac.jp/∼akitaoka/light-e.html). The typical pattern is perceived as having a luminous central

region emitting light, in this case through the central hole of the pattern (see Figure 2.2). According

to psychophysics studies, the perceived brightness can be enhanced up to 20–40% by the glare illusion

compared to a control stimulus with homogeneous luminance (e.g., Yoshida et al., 2008). A commonly

encountered example is the “glowing” effect of the sun in a computer graphics’ image or in an art painting

(e.g., “the Sun” by Edvard Munch, 1911).

In general, as observers, we estimate from the context what would be the luminance reflected

from the depicted object, even if the object actually has neither the physical characteristics of a light

source nor of a reflecting surface. The term brightness refers often in psychology and neuroscience to the

perceived intensity of light coming from a given portion of an object, whereas ‘lightness’ to the perceived

surface reflectance of an object in the scene (e.g., Purves et al., 2004). The effect of luminance on

brightness and surface color perception can vary widely with the situation, context, and our own visual

memories (Gilchrist, 2006; Zavagno et al., 2011). An optical illusion is a good example of how perceptions

can be differently constructed from a same visual input. Importantly, perceptual illusions reveal the

assumptions that the mind relies upon when ‘inferring’ perceptual information or the “priors” that the

brain uses to recognize states and statistical regularities of the world (Brown and Friston, 2012; Purves

et al., 2014). In the ecology of vision, looking up towards the sky and sunlight is likely to provoke a

“dazzling” effect on the eyes, which can incapacitate vision temporarily (Bargary et al., 2014; Patterson
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et al., 2015). Given that the color most associated with the sky is blue and partial occluder will typically

appear as gradients of luminance converging towards sunlight, we surmise that the blue color may engender

a stronger sense of brightness than any other color. In other words, we hypothesize that the visual system

will tend to interpret the blue gradients of the ‘glare’ brightness illusion as particularly effective cues

to probable intense light. In turn, a blue-related strong pupil constriction would seem to constitute

an adaptive response to this ecologically-grounded expectation. In other words, past experiences in

the natural environment shape the brightness and color perceptions of humans. Corney and colleagues

suggested an ecological account for color perception using evidence from artificial neural networks (ANNs).

Specifically, they developed models of the empirical process of learning and development from stimuli,

with feedback from the environment. They were able to show that ANNs trained by various nature-like

images (so-called ‘dead-leaves’ in a synthetic environment with similar statistical properties as natural

images) result in similar brightness illusions as perceived by humans.

Importantly, in a significant number of stimuli, a layer with gaps was superimposed of the stimulus

layer (under independent illumination), so as to simulate viewing background objects beyond illuminated

foreground objects, like when “looking through the branches of a tree” (Corney and Lotto, 2007, p.

1791). The networks’ task was to predict the source reflectance of the stimulus at the center of each scene

and, with learning, these networks exhibited the same illusions of lightness that humans would report

in the same situation. This finding suggests that the history of visual experience, with scenes highly

similar to those resulting in enhanced perceived brightness in humans, is sufficient to generate the same

illusory effect in the networks. Remarkably, pupil responses can reflect the subjective experiences better

than objective properties of the stimuli (Binda et al., 2013a; Fahle et al., 2011; Naber et al., 2011, 2013).

In their original study, Laeng and Endestad (2012) had observers view the glare illusion called “Asahi”

figure (Kitaoka, 2005) while monitoring their pupil with an eye-tracker, which resulted in dramatic and

rather long-lasting constrictions of the pupils compared to its control condition, where the same gradient

elements of the Asahi pattern were rotated 180 degrees so as to destroy the central, subjective brightness

enhancement while leaving unchanged the photometric levels of luminance of the whole pattern (see also

Laeng et al., 2018, for a replication of the pupillary constriction with the same illusion). However, in

actual natural scenes, the same objects can often take varied chromatic hues. Thus, if the visual system

processes luminance information from a graphical image as if it were a natural scene (Zavagno et al.,

2017), colors could play an important role in the perception of brightness.

Another situation in which brightness perception appears unrelated to the stimulus’ luminance is

the Helmholtz-Kohlrausch (HK) effect, where the brightness of a colored patch changes with relative

saturation (i.e., its spectral purity), so that strongly colored stimuli appear brighter than the less colored

ones and this also depends on the spectral distribution. That is, a hue’s chroma and saturation can affect
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perceived brightness of homogenous patches of color (e.g., ‘greens’ and ‘yellows’ appear less bright than

‘reds’ and ‘blues’), despite these can all have the same luminance (Wood, 2012). Colors with greater

saturation have a larger peak reflectance in the visible spectrum than equiluminant less saturated colors,

which makes the saturated colors appear brighter. Interestingly, a neuroimaging study by Corney, Haynes,

Rees, and Lotto (2009) showed that activation in V1 is more consistent with brightness perception than the

actual luminance of a stimulus. In fact, the activation of the early visual processing to matched brightness

of two different luminance colors, by using the HK effect, is nearly identical whereas matched luminance

colors provide different activations in V1 (Corney et al., 2009). Finally, consistent with an ecology of vision

approach, the predicted brightness of neural network learning natural images can statistically explain the

HK effect (Long et al., 2006).

Although several previous studies showed that colors per se can affect the pupil diameter (Gamlin

et al., 1998; Kimura and Young, 1995; Tsujimura et al., 2001), pupillary constrictions in relation to

the illusory brightness enhancement with different colors have been less explored (e.g., Hanada, 2015).

We therefore examined how individual differences in brightness perception, related to colors and glare

illusions, are reflected in the individuals’ pupillary responses. Specifically, we hypothesized that color

can also affect the subjective brightness of the glare illusion and in a manner consistent with the ecology

of vision. If such an ecological account plays any role, we are led to think that color should matter for

the pupillary response and, in particular, those colors dominating in natural experiences where the eyes

are likely to be dazzled by sunlight (e.g., the ‘blue’ of the sky and perhaps the ‘green’ of vegetation).

Specifically, we hypothesize that pupillary responses will differentially reflect the subjective changes of

brightness as experienced from the differently colored glare illusion patterns. Specifically, at the individual

level, we expect that the extent of pupil constriction (e.g., the average and/or maximum constriction,

its velocity, etc.) should reflect each individual’s increased/decreased subjective sense of brightness of

the differently colored stimuli. Nevertheless, several color features matter for the psychophysical and

physiological responses and one can expect systematic effects of either the saturation or chromatic contrast

between elements of the patterns (Barbur et al., 1992, 2004; Gamlin et al., 1998), which can have in turn

systematic effects on the pupil responses. Thus, in the final experiment, we also tested the pupil responses

in relation to the HK effect, using patterns similar to those of the glare stimuli, but with no gradients or

homogeneous color patches.

Hence, in Experiment 1, we monitored pupil size with an infrared eye-tracker while participants

viewed the same pattern consisting of gradients converging onto a central ‘glare’ region but that could

be different colored in black, blue, cyan, green, magenta, red, and yellow. By rotating 180 degrees the

same gradients, so that the gradients would be diverging from the patterns’ centers, we also created a

control ‘halo’ condition, where the illusory glare effect was greatly reduced and confined to a peripheral
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halo (see Figure 2.2, second row). In Experiment 2, we sought to confirm that the subjective brightness

changed with the colors of the glare illusion by using the psychophysical method of adjustment. Finally,

in Experiment 3, we assessed whether hues of different saturations could differentially affect the size of

the pupils, i.e., a pupillary HK effect, by showing similar patterns to those of the previous experiments

are but with the same colors entirely or homogenously filling the elements (i.e., in the absence of gradients

causing illusory glare). Because these separate experiments involved the same participants, we were able

to relate these responses to one another and therefore make some conclusions about the effects of color

hue and saturation on the illusory experience of glare and pupillary responses.

2.2 Experiment 1

In the initial experiment, we presented the illusory brightness stimuli individually on a computer screen.

Each of these differently colored glare stimuli, displayed in Figure 2.2a, was presented repeatedly to each

participant, each time for a few seconds and with no other instruction than simply to look at the pattern.

An infrared eye-tracker registered simultaneously the spontaneous adjustment of the pupil to each pattern.

Given our hypothesis, as well as previous studies’ evidence that equiluminant but differently colored

surfaces or objects can appear to have different brightness, we expected the pupil to adjust differentially

to the seven stimuli shown in Figure 2.2a.

2.2.1 Methods

Participants

Twenty-three volunteers (18 men; 5 women; age range 20–26) took part in experiment 1. Two participants

were excluded from pupil analyses due to eye blinks on > 50% of trials. All participants were under-

graduate and graduate students who had a normal or correctedto-normal vision. In addition, they had

a normal color vision as established by use of the Ishihara pseudo-isochromatic plates (Ishihara, 1996).

All experimental procedures were in accordance with the ethical principles outlined in the Declaration of

Helsinki and approved by the Committee for Human Research at the Toyohashi University of Technol-

ogy. The experiment was conducted in accordance with the approved guidelines of the committee and all

participants provided written informed consent. Participant data and experimental scripts are available

from https://github.com/suzuki970/Experimental_data/tree/master/P03.
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2.2. EXPERIMENT 1

Stimulus and apparatus

We used as glare stimulus a circular pattern with luminance gradations converging onto a central white

area. In addition to the glare stimuli, we also presented a ‘halo’ stimulus, with luminance gradations

diverging away from the center, as a control to each of the glare stimuli (see Figure 2.2). The xy coordinates

of the colors in the CIE1931 color space were as follows: Black (0.3127, 0.3290), Blue (0.3107,0.0921), Cyan

(0.2330, 0.3260), Green (0.3074, 0.5827), Yellow (0.4168, 0.4963), Red (0.6132, 0.3413), Magenta (0.3159,

0.1759). The averaged color distributions of each stimulus (i.e., the central region of the gradation) are

shown in Figure 2.1. The color gradation in the pattern gradients of each stimulus changed progressively

from the xy values mentioned above to achromatic color (0.3127, 0.3290). The luminance of the pattern

gradients also changed from 0.4116 cd/m2 to 80.91 cd/m2, accompanied with changing xy value in each

color. For instance, in the ‘blue’ condition, the darkest and brightest region of CIE1931 xy coordinates

were xy (0.1653, 0.0921) and xy (0.3127, 0.3290) respectively. In this case, the color gradation of CIE xy

values changed linearly from 0.1653 to 0.3127 of x and 0.0921 to 0.3290 of y as well as luminance changed.

Background and central region of stimulus luminance remained constant at 40.52 cd/m2 and 80.91 cd/m2

respectively in the achromatic color (x = 0.3127, y = 0.329). The luminance of the stimuli was calibrated

using a Spectro-radiometer (SR–3AR, TOPCON, Tokyo, Japan).
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Figure 2.1 Spectral distribution of each color stimulus.
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All stimuli were presented on a liquid-crystal display (LCD) monitor (Display++, Cambridge Re-

search Systems Ltd., Kent, UK) with a resolution of 1920 × 1080 and refresh rate of 120 Hz. The radius

of each circle gradient was 1.81 degrees of visual angle. Each pattern was generated by arranging 8 circle

gradients in a circular shape, with each circle’s center located 4.62 degrees from the center of the screen.

The halo stimuli were generated from the identical elements of the glare stimuli by rotating each element

of 180 degrees so that the gradients were more luminant peripherally. During each trial, there was a tiny

fixation point of 0.23 degrees positioned in the center of each pattern (not shown in Figure 2.2). The

experiment was conducted in a darkroom under the control of MATLAB2016a (The MathWorks, Natick,

MA, USA) using Psychtoolbox (Brainard, 1997).

Blue CyanBlack Yellow RedGreen Magenta

Glare

Halo

Homogenous 

(a)

(b)

Figure 2.2 Experimental stimuli.

(a) Both the central glare illusion (above) and the peripheral halo stimuli (below) consisted of luminance gradient circles

that either converged towards the pattern’s center or turned towards its periphery. As a result, the central region of each

glare pattern (top row) typically appears brighter than the corresponding central region of the halo stimulus (bottom row)

despite both having the same photometric light intensity. Indeed, simply inspecting this figure should demonstrate that the

perceived intensity of each pattern varies with the color of the inducers. (b) The homogeneous colors averaged the inducers

of gradient pattern were used in Experiment 3.

Procedure

The eye tracker was calibrated prior to each session using a standard five-point calibration, following

which a session was conducted for approximately 8 min. Each trial began with a fixation point presented
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for 1000 ms prior to the presentation of the stimulus and, consequently, each glare and halo stimulus

was presented for 4000 ms (see Figure 2.3, panel (a) for an illustration). Each trial was separated by

an inter-stimulus interval (ISI) of 2000 ms. The experiment consisted of 280 trials, divided into four

sessions. Each of the 14 stimuli (7 types of color × 2 gradient patterns) was presented randomly (N =

20). Participants rested their chin at a fixed viewing distance of 70cm. Participants rested for at least 5

min between successive sessions.

Interval

Stimulus presentation

Fixation point

1,000 ms

Stimulus presentation

4,000 ms

Interval

2,000 ms

Time

(a) (b)

Time

Reference stimulus

(always black halo)

Glare pattern Halo pattern

Target stimulus

Figure 2.3 Experimental design of Experiments 1 and 2.

(a) Experiment 1: Each trial consisted in the presentation of the central fixation point for 1000 ms, followed by a stimulus

presentation for 4000 ms. Each trial was separated by an inter-stimulus interval (ISI) of 2000 ms. (b) Experiment 2:

Participants clicked the mouse in the initial blank screen to continue to the stimulus presentation; subsequently the

participant adjusted the luminance of the canter region of the reference stimulus using a ”trackball”. Panel (b) illustrates

the target stimuli in the blue Glare or Halo conditions. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Recording and analysis of pupil size

Pupil size and eye movements were measured by a SensoMotoric Instruments RED500 (SMI, Berlin,

Germany) eye-tracking system at a sampling rate of 250 Hz. This equipment can measure an eye movement

at a resolution of about 0.01 degrees. The pupil data during eye blinks were interpolated using cubic-spline

interpolation (Mathôt, 2013). Trials in which the pupils could not be detected during the beginning/

ending of the trial were excluded from the analysis. Trials with additional artifacts, revealed by using peak

changes on the velocity of the pupil response, were excluded from the analysis (the average rejected trials

were 4.49 ± 3.17 trials out of 280 per participant). The device outputs pupil size in mm. Baseline pupil

size was computed as an average of data collected during the fixation period prior to stimulus onset from

–200 ms to 0 ms (i.e., presentation onset). In the time course analysis, the pupil data in each trial was
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normalized by subtracting the pupil size at stimulus onset from the baseline pupil size, following which

smoothing of each data point with ± 30 ms. Across conditions, the pupillary response was averaged from

the presentation period of stimulus onset until 4000 ms and evaluated by a repeated-measures analysis of

variance (ANOVA).

Statistical analysis

Two-way ANOVAs were performed using pupil change (either as an average during the whole epoch or as

maximum constrictions) as the dependent variable and Pattern (glare, halo) and Color (black, blue, cyan,

green, yellow, red, and magenta) as within-subject factors. The level of statistical significance was set to

p < 0.05 for all analyses. Pairwise comparisons for main effects were corrected for multiple comparisons

using the modified Bonferroni (Shaffer) method. Effect sizes (partial η2; η2p ) were determined for the

ANOVA. Greenhouse-Geisser corrections were performed when the results of Mauchly’s sphericity test

were significant.

2.2.2 Results

A two-way repeated-measures ANOVA on average pupil changes revealed a significant main effect of both

Pattern and Color conditions on the pupil diameter (F(1, 20) = 33.62, p < 0.001, η2p = 0.627, F (2.763,

55.267) = 9.275, p < 0.001, η2p = 0.317, respectively). Figure 2.4a illustrates the grand-averaged time

course of pupil changes among participants during the whole presentation time and for each Pattern

(glare, halo) and Color conditions. We observed the occurrence of the pupillary light reflex (PLR) around

1 s from stimulus onset and then a slow dilation returning towards baseline levels. Figure 2.4b shows the

averaged pupil constrictions from 0 ms to 4000 ms for each Pattern and Color condition. Most importantly,

following multiple comparison for color conditions, the larger pupil constriction was observed by the ‘blue’

compared to the yellow, cyan, black and green (t(20) = 3.5676, p = 0.0289, t(20) = 3.9098, p = 0.0130,

t(20) = 3.7763, p = 0.0178, t (20) = 3.4061, p = 0.0420, respectively). However, in this analysis, the

interaction of Pattern with Color was not significant, F(3.891, 77.823) = 0.1972, p = 0.936, η2p = 0.009.

Crucially, the maximum or “peak” pupil constriction was calculated across the conditions as shown

in Figure 2.4c. A two-way repeated-measures ANOVA revealed a significant main effects of Pattern (F(1,

20) = 30.55, p < 0.001, η2p = 0.617) and Color (F(2.043, 40.867) = 13.57, p < 0.001, η2p = 0.417). Their

interaction was also marginally significant (Rosnow & Rosenthal, 1989), since F(4.032, 80.644) = 2.074,

p = 0.0617, η2p = 0.0984. Importantly, the results of multiple comparisons for the Glare color conditions

showed that the peak pupil constriction to Blue was larger than to all the other colors (p < 0.05), whereas

comparisons of the Halo conditions revealed that the constriction to Blue was only significantly larger
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Figure 2.4 Pupillary responses in Experiment 1.

Pupillary responses in Experiment 1. The horizontal axis indicates the time (in second), while the vertical axis indicates

the grand-averaged change in pupil dilation from baseline (the gray shaded area, from -200 ms to 0 ms, shows the time

range of the baseline). (a) Each line color shows the result of averaged pupil diameter to the halo stimuli and colored glare.

(b) The average pupil changes in 4 s of viewing (c) the peak pupil constriction for each Pattern and Color condition. The

asterisks (*) indicate a statistical significance of p < 0.05. Error bars indicate the standard error of the mean.
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than to Black and Magenta but did not differ from the other colors (e.g., green, red, etc.). In order to

assess the evidence in more detail, we carried out Bayesian t-tests, which allow estimating the relative

weight of the evidence in favor of H1 (difference) but also for H0 (i.e., no difference) using the statistical

software JASP (https://jasp-stats.org/; JASP Team, 2018). A Bayesian analysis reveals whether the

evidence is more in favor of H1 whenever the obtained Bayesian Factor (BF10) is > 3, inconclusive or

“anecdotal” evidence if BF is comprised within 0.33 and 3, and evidence for the null hypothesis when the

BF is between zero and 0.33 (Dienes, 2014; cf. Jeffreys, 1961). These analyses revealed that blue glare

patterns resulted in strong evidence for pupil constrictions to blue relatively to all other colored glares

(BF10 ranged from 9.7 to 325) but not with the halo patterns (where the BF10 was below 3 for the Blue

versus Red comparisons and around 3 versus Magenta) as shown in Figure 2.5.

We also analyzed the averaged velocity of the peak pupil constriction in each Pattern and Color

conditions (Figure 2.6a). A two-way repeated-measures ANOVA revealed that the main effect of Pattern

and Color were significant F(1, 20) = 19.64, p < 0.001, η2p = 0.495, F(3.694, 73.872) = 8.148, p < 0.001,

η2p = 0.289). Multiple comparison for color conditions showed that the constriction velocity to Blue was

faster than for other colors (p < 0.05) and that peak pupil constrictions to Red were faster than to Black

and Cyan.

However, the interaction was not significant (F(4.031, 80.619) = 1.537, p = 0.199, η2p = 0.0714).

The time latency of the peak pupil constriction was also calculated across the conditions (Figure 2.6b) and

a two-way repeated-measures ANOVA revealed no main effects of Pattern and Color (F(1, 20) = 0.3624,

p = 0.554, η2p = 0.0178, F(1.982, 39.639) = 0.7615, p = 0.473, η2p = 0.036) or an interaction (F(2.509,

50.186) = 0.9462, p = 0.412, η2p = 0.045).

2.2.3 Discussion

The present results replicate the pupil constriction effect due to illusory glare as reported in previous

studies (e.g., Bombeke et al., 2016; Laeng and Endestad, 2012; Laeng et al., 2018; Zavagno et al., 2017).

That is, pupils initially constricted when a display was presented but the level of constriction was greater

and sustained for all of the glare stimuli compared to their halo controls. In addition, as expected, the

blue patterns resulted in a greater average and maximum peak constrictions than any of the other colors.

We also note that the ‘halo’ stimuli yielded constrictions in the same direction of the ‘glare’ stimuli.

However, even these ‘halo’ stimuli belong to the same category of ‘glare’ stimuli, since they do contain

the same gradients but diverging outward and consequently inducing a visible weaker effect of illusory

brightness and only peripherally (as also explored in Experiment 2).

The current results support the idea that the pupil response tracks the perceived brightness across
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Figure 2.5 The results of Bayesian analysis.
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Figure 2.6 The velocity and time latency of pupil dilation in Experiment 1.

(a) The results of the velocity of pupil dilation after initial light reflex. (b) the time latency of the minimum pupil

constriction after stimulus onset. The asterisks (*) indicate a statistical significance of p < 0.05. Error bars indicate the

standard error of the mean.

colors; larger pupil constrictions to longand short-wavelength light (i.e., red and blue) were observed than

to middle-wavelength light and in accordance to the brightness changes typical of the HK effect. That

is, the more saturated colors appear brighter than less saturated colors, and longand short-wavelength

light (i.e., blue and red) appear brighter than middle-wavelength light (i.e., yellow and green), even when

stimuli have identical luminance (Fairchild, 2013).

The pupillary responses are also consistent with our hypothesis that an ecological account based

on the statistics of natural images (Corney et al., 2009) since we found interactive effects on peak pupil

constriction between pattern types and colors. The transient effect of such a pupillary light reflex (PLR) to

‘blue glare’ illusion would also seem consistent with our original ecological account, given the larger PLR

in ‘blue glare’ than in ‘blue halo’ as well as compared to the other color patterns. In addition, the Bayesian

analysis confirmed the presence of stronger evidence for the difference of the peak pupil constriction to

the Glare condition than to the Halo condition between blue and other colors. That is, ‘blue glare’

might appear to be a more effective color for yielding the illusory glare effect because dazzling sunlight

typically is experienced within the blue field of the sky. In turn, this effect may be also consistent with

the idea that the brightness perception is generated according to the empirical frequency of the possible

sources of visual stimuli. Specifically, as pointed out by Lotto & Purves (1999, p. 1012), “the empirical
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information provided by color changes the relative probability of the possible sources underlying the

stimuli, thus changing the perception of brightness.” In general terms, perceptual illusions help to reveal

the assumptions that the mind relies upon when unconsciously ‘inferring’ perceptual information (Brown

and Friston, 2012; Clark, 2015; Hohwy, 2013).

That the pupillary response appears to be influenced by subjective brightness is also consistent with

several previous studies which have reported that pupil responses better reflect subjective experiences

rather than the stimulus properties (Einhäuser et al., 2010; Fahle et al., 2011; Gamlin, 2006; Naber et al.,

2013). Thus, the pupil response appears to be an easy tool for assessing the individual differences in

brightness perception and, generally, for increasing the range of pupil response amplitudes, and their

sensitivity to the color effects.

Because we obtained a larger pupil constriction of ‘blue’, we may consider the possibility of a

melanopsin-driven role in blue-related pupil constrictions (Brown et al., 2012; Park and McAnany, 2015).

Recent findings showed the effect of interactions among melanopsincontaining retinal ganglion cells and

photoreceptors on pupil constriction (Miyamoto and Murakami, 2015; Spitschan et al., 2014). Woeldersa

et al. reported that increment of MS-cone activities provide an inhibitory effect on pupillary response

whereas increment of L-cone and intrinsically photosensitive retinal ganglion cell (ipRGC) activities play

an excitatory role (Woelders et al., 2018). The current results of the present study show less pupil con-

striction for the middle-wavelength light (cyan, yellow and green) than long-wavelength (Red, Magenta)

and short-wavelength light (blue). The previous studies also showed that the time latency of peak pupil

constriction in PLR to ipRGC-driven pupil constriction from stimulus onset is slower than the photore-

ceptors mediated PLR (Kardon et al., 2009; Lucas et al., 2001; Tsujimura and Tokuda, 2011). In addition,

Experiment 1 revealed a difference in the velocity of pupil changes after initial PLR to blue condition,

which was “faster” than to the other colors, but no statistically difference of the time latency across col-

ors. Thus, it would seem that the observed ‘blue’ effect cannot be fully explained by a melanopsin-driven

pupil constriction, but interactive effects among melanopsin-containing retinal ganglion cells and the cone

photoreceptors remain possible.

We cannot exclude that other factors may also lead to a blue-specific stronger pupil constriction.

The s-cones on which the perception of blue is dependent have previously been suggested to have access

to the visual luminance pathway (Lee and Stromeyer, 1989). Thus, in Experiment 2 and 3 we assessed

whether properties of color per se may affect both pupil constrictions and the subjective brightness of the

colored glare illusions.
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2.3 Experiment 2

In this experiment, we used the psychophysical method of adjustment to verify that observers have the

phenomenological experience that gradient patterns with different colors do generate a different sense of

brightness. We presented again, to a subgroup of the participants in Experiment 1, the differently colored

glare stimuli paired with an achromatic identical pattern or ‘reference pattern’. The task was to change

manually the luminance of the reference pattern until the two looked like having identical brightness.

Crucially, we also expected that participants would adjust the reference’s brightness so that brightness

would be negatively proportional to their pupil constrictions, as measured in Experiment 1.

2.3.1 Methods

Participants

Seventeen of the volunteers who participated in Experiment 1 (15 men; 2 women; age range 20–25) took

also part in Experiment 2. Two participants were excluded from analyses because they are rejected in

Experiment 1.

Stimuli and apparatus

The stimuli used during the adjustment procedure are displayed in Figure 2.3b. The participant adjusted

the luminance of the central region of the reference stimulus by using a “trackball”. The same equipment

of Experiment 1 was used.

Procedure

At the beginning of a trial, a fixation point appeared prior to the stimulus presentation for 1000 ms.

Then, two stimuli were displayed side-by-side: the target stimulus and the reference stimulus, at 6.93

degrees from the center of the monitor on either side of the center. The side (left, right) of the target and

reference stimuli was determined randomly in each trial but the number of the trials for each stimulus was

kept constant (N = 8). The target stimulus could be one of 14 stimuli (7 colors × 2 patterns, as shown in

Figure 2.2a) and the reference stimulus was always an achromatic halo. The whole experiment therefore

consisted of 112 trials (7 colors × 2 patterns × 16 trials), divided into two sessions. Participants were

asked to adjust the luminance of the center region of the reference stimulus (achromatic halo stimulus)

until they felt that it had the same brightness as that of the target stimulus. Each session was conducted

for approximately 10 min. Participants rested for at least 5 min between each session.
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Statistical analysis

A two-way repeated-measures analysis of variance (ANOVA) was conducted using the average brightness

adjustments for each Pattern (glare, halo) and Color (black, blue, cyan, green, yellow, red, and magenta)

as within-subject factors. To compare the mean brightness adjustments across color conditions, we used

t-tests. We also used linear mixed-effects modeling (LMM) with participant as a random effect to calculate

the correlation between the individuals’ brightness adjustments and the pupil constrictions in Experiment

1, using the lme4 packages (Bates et al., 2015).

2.3.2 Results

In order to normalize the data, the obtained value of adjusted luminance to each condition was divided by

that to the achromatic halo stimulus. This ratio indicates what amount the brightness in each condition

increases/decreases relatively to the achromatic halo stimulus. After this calculation, the brightness

changes were averaged among participants. A two-way repeated measures ANOVA revealed a significant

interaction between Pattern and Color, (F(3.567, 49.941) = 7.821, p < 0.001, η2p = 0.376) as well as

significant main effects of both Pattern, F(1, 14) = 7.813, p = 0.0152, η2p = 0.375, and Color, F(2.803,

39.24) = 7.24, p < 0.001, η2p = 0.358. Figure 2.7a shows the grand-averaged adjusted relative luminance

ratio in conditions among participants and color conditions. Multiple comparisons for Color at glare

condition showed that black glare was significantly darker than the other Color condition (p < 0.001,

Figure 2.7a). Blue glare was brighter than Red Yellow and Cyan condition (t(14) = 4.8537, p = 0.0047,

t(14) = 3.5689, p = 0.0377 and t(14) = 3.5179, p = 0.0416, respectively) and Green was brighter than

Red and Yellow (t(14) = 4.4839, p = 0.0377 and t(14) = 3.5689, p = 0.0416).

We further analyzed the association between the adjusted relative luminance ratios and the average

pupil constrictions to the colored glare illusions measured in the previous experiment. Specifically, we used

LMM and regarded brightness enhancement and participants as fixed effect and random effect. Results

of the LMM for each individual’s data as fixed effects in the Glare condition showed significant negative

slopes (y = –0.0063x + 0.0138, t(14) = –2.772, p = 0.0207, R = –0.438), as also shown in Figure 2.7b.

Importantly, in the Halo condition, we could not find the same relationship between pupil change and

subjective adjustments (y = 9e–04x + 0.0417, t (14)=0.4005, p=0.6898, R=0.076), most likely because

of the weak peripheral perception of enhanced brightness in these stimuli.
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Figure 2.7 Results of adjusting luminance for each colored glare illusion.

(a) The vertical axis shows the adjusted luminosity compared to the achromatic halo condition. The colored circle indicates

the averaged data among the participants in each colored glare and halo condition. (b) Scatterplot between the averaged

pupil diameter in the glare condition and adjusted relative luminance ratio (each dot indicates the participants’ means of

the relative luminance ratio and pupil diameter). Each colored circle indicates the results of each color type of glare

illusion. The interpolating black line shows the simple regression line of LMM as fixed effect.

2.3.3 Discussion

The perception of brightness was enhanced by the colored gradients and, in particular, on the basis of

psychophysical adjustments, the ‘blue glare’ illusion was clearly perceived as having the brightest color. As

expected, there was also a strong relationship between the pupil constriction in the previous Experiment

1 and the level of adjusted luminance in the present Experiment 2 for the same participants. Thus, the

present result appears consistent with the idea that the pupil constrictions observed in Experiment 1 may

have been triggered by each individual’s sense of perceived brightness for each specific color.

We note that there are, in general, substantial individual differences of the contribution of chromatic

channels to brightness (Kawada et al., 1993; Nakano et al., 1988) and the present results also indicated

that what color was perceived the brightest could vary between individuals. Since a perceived intensity

of light is determined by the combination of the luminance and the chromatic channels, one possible

account for the individual differences may be due to the spectral absorption of the eye lens and of macular

pigments (Nayatani et al., 1988; Whitehead, 2006).
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Intriguingly, the stronger bright effect of ‘blue glare’ illusion seems consistent with psychological

studies showing that the short-wavelength light is particularly effective in yielding a strong ‘discomfort

glare’ (Bullough et al., 2002; Flannagan et al., 1994; Sivak et al., 2005a,b). Given that the spectral

absorption of short-wavelength light can be higher than middle- and long-wavelength light, in terms of

‘blue glare’ illusion, a color property such as saturation may also account for the stronger bright effect of

‘blue glare’ illusion. Hence, the final experiment attempts to address this question by testing the same

participants with similar colored patterns but where, crucially, there were no gradients. These stimuli

allow us to test specifically the effects of the colors per se on the pupil response in the absence of the

enhancement of luminance (glare effect) evoked by the gradients.

2.4 Experiment 3

The previous experiment showed that the short-wavelength light of the blue glare illusion was indeed

deemed the brightest among all of the tested colors. One possibility is that the effect on the pupil

of blue over the other glare stimuli simply reflects the activation of S-cones since these have access to

the visual luminance pathway (Lee and Stromeyer, 1989). In fact, previous studies have shown that

M-cone increments actually decrease perceived brightness, while L-cone increments in- crease it (Parry

et al., 2016). Interestingly, the yellow glare illusion was adjusted to be the ‘darkest’ appearing color in

Experiment 2.

By manipulating color while keeping luminance constant, we also aimed to assess the influence of

brightness to the colors itself. For in- stance, the Helmholtz-Kohlrausch effect may provide one of the

possible explanations of the ‘blue’ glare effects observed here and consistent with differential activation

of photoreceptors, since the saturation of the colors used in the experiment were not equal. In the HK

effect, blue and red appear brighter than green and yellow in equiluminant displays. Therefore, if the

pupil constriction to the glare illusion in Experiment 1 and the adjusted brightness in Experiment 2 were

determined by saturation and hue-based properties of the color itself, according to a HK effect, then

the pupil response to homogeneous colors in the same participants should also be related with the pupil

responses in Experiment 1 and the subjective sense of brightness as measured in Experiment 2.

2.4.1 Methods

Participants

Twelve of the volunteers who participated in Experiment 1 and 2 (10 men; 2 women; age range 21–26)

took part in Experiment 3.
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Stimuli

The individual elements of all patterns had homogeneous colors that now filled what originally were the

inducers of colored glare illusions as shown in Figure 2.2b. The surface areas under the curves calculated

from the spectrograph (see Figure 2.1) were the following: Black 0.265 W/sr/m2, Blue 0.4010W/sr/

m2, Cyan 0.2700W/sr/m2, Green 0.2056 W/sr/m2, Yellow 0.2302 W/sr/m2, Red 0.2833 W/sr/m2 and

Magenta 0.3466 W/sr/m2. The average Y value of the inducer among colors was 39.41 ± 1.44 cd/m2. The

CIE xy coordinates were as follows; Black (0.3127, 0.329), Blue (0.2380, 0.2090), Cyan (0.2723, 0.3273),

Green (0.3100, 0.4575), Yellow (0.3654, 0.4138), Red (0.4649, 0.3352), Magenta (0.3143, 0.2515). These

CIE xy coordinates were determined by the averaged value of the circle element used as the colored glare

illusion in Experiment 1 and 2. Background and central region of stimulus luminance were identical to

Experiment 1. The visual angle of the stimuli and equipment were identical to Experiment 1.

Procedure

As done previously, each trial began with a central fixation point presented for 1000 ms prior to the

presentation of the color field which was presented for 4000 ms. Trials were separated by an inter-stimulus

interval (ISI) of 2000 ms. Participants were exposed to homogeneous color patterns while keeping gaze

on the central fixation point. Each of the 7 types of the color pattern was presented randomly 20 times,

divided into four sessions. Each session was conducted for approximately 8 min. Participants rested for

at least 5 min between each session.

Statistical analysis

A two-way ANOVA was conducted on pupil changes for Color (black, blue, cyan, green, yellow, red,

and magenta) and Pattern (Glare, Halo, and Homogeneous) as within-subject factors and Pattern. To

compare the mean pupil changes across color conditions, we used t-tests and LMM with participant as

random effect for calculating the correlation between the pupil constrictions in Experiment 1 and 3 of the

same participants.

2.4.2 Results

As done earlier, the averaged pupil changes from –200 ms to 0 ms prior to stimulus onset was used for

baseline pupil diameter. Figure 2.8a shows the grand-averaged time course of pupil changes among par-

ticipants for six colors. Separate two-way repeated-measures ANOVAs were carried out for the averaged

pupil changes and for the maximum constrictions.
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Figure 2.8 Results of pupillary response to the homogeneous colors.

(a) The horizontal axis indicates the time (in second), while the vertical axis indicates the grand-averaged change in pupil

dilation changes from baseline (from -200 ms to 0 ms). The vertical, gray-shaded, areas show the time range used for

baselines. Each line color shows the result of averaged pupil diameter to homogeneous color. (b) The average pupil changes

in 4 s of viewing for Experiment 1 and 3 to the identical participants.

The analysis of average pupil changes from 0 ms to 4000 ms for Experiment 1 and 3 on the identical

participants revealed a significant main effect of Pattern (F(1.443, 15.876) = 4.585, p = 0.0365, η2p = 0.294)

and Color (F(3.953, 43.483) = 9.72, p < 0.001, η2p = 0.469). The interaction of Pattern with Color was

not significant (F (4.462, 49.081) = 0.9039, p = 0.478, η2p = 0.0759) as shown in Figure 2.8b. A two-way

repeated-measures ANOVA on the “peak” pupil constriction revealed a significant main effect of Color

(F(3.783, 41.612) = 21.88, p < 0.001, η2p = 0.665) and of Pattern (F(1.258, 13.835) = 5.686, p = 0.0261,

η2p = 0.341). The interaction of Color and Pattern was not significant (F(4.305, 47.358) = 1.321, p =

0.275, η2p = 0.107).

2.4.3 Discussion

We assessed whether the color itself may affect both the perceived brightness and the pupil constriction

via chromatic channels. The larger pupil response for blue and red homogenous stimuli was expected

on the basis of the HK effect on brightness perception as well as the color’s saturation effect on the

pupil response. The pupillary response was significantly correlated to the color’s saturation and this

effect appeared consistent with previous studies (Barbur et al., 1992, 1999). Together with the results
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of Experiment 1, this pupillary HK effect further indicates, that the pupil reflects well the subjective

brightness perception.

2.5 General Discussion

In the current study, we examined the phenomena of enhanced perceived brightness and pupil constric-

tions to colored glare illusions. We observed that all colored converging gradients or ‘glare’ stimuli were

subjectively perceived as brighter than their control, equiluminant, divergent gradients or ‘halo’ pat-

terns. As expected, the ‘blue glare’ illusion was specifically evaluated as the brightest color. Clearly,

the pupil responses matched the subjective brightness rather than the actual stimulus properties. The

peak pupil constriction for the ‘blue glare’ illusion in Experiment 1 was also consistent with the results

of psychophysical adjustments (Experiment 2). Moreover, all experiments indicated that colors per se

differentially enhanced brightness, revealing a Helmholtz-Kohlrausch effect of hue and saturation on the

pupil response.

The present findings not only succeeded in replicating previous demonstrations that pupil constric-

tion matches to the perceived brightness (Laeng and Endestad, 2012). We did confirm our expectation

that the ‘blue glare’ illusion constricted the pupil more strongly than the same illusion with other colors;

although the present findings did not present strong empirical evidence for the specificity of ‘blue glare’

on the observed pupillary response. However, the maximum or “peak” pupil constriction to each color

was stronger for blue and more so for the converging gradients than the diverging gradients versus halo

patterns. Indeed, Bayesian analyses confirmed that the evidence was more supportive for a blue enhance-

ment of the glare effect on the pupil than when the same color was presented with reduced glare (in the

halo patterns: in Experiment 1) or no glare at all (in the homogenous patterns, Experiment 3).

As hypothesized, the above set of results can be seen “in the light of” a typical natural world

situation: the ‘glare’ from sunlight when looking up towards the sky, which can “dazzle” and incapacitate

vision temporarily (Bargary et al., 2014; Patterson et al., 2015; Sivak et al., 2005b). We assume that

people have learned to associate the sky color with the experience of the dazzling effects of sunlight.

Zavagno et al. (2017) suggested that a physiological pupil constriction response would be consistent

with the interpretation of a scene based on such a natural statistic of the world. That is, the convergent

arrangement of the gradually lighter ends of the elements of the pattern primes the perceptual inference of a

bright source of light at the center of the figure. Repeated observations in nature when looking up towards

sunlight in the sky or through a canopy of leaves could lead to seeing similar gradient configurations are

seen and especially when the gradients within a backdrop of blue color (Laeng et al., 2018). “Seen in this

light”, the constriction of the pupil to illusory glare stimuli would also seem to express an adaptive response
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of the visual system to a probable and dangerous situation (Bargary et al., 2014; Gao and Pei, 2009).

Interestingly, neural network simulations (Corney and Lotto, 2007) support the idea that the statistics of

visual experience, or the natural ecology of vision, lead to illusory brightness perception. Computational

research by training networks to estimate brightness of a stimulus central area, with stimuli resembling

“looking through the branches of a tree”, has also revealed human-like illusory effects.

Finally, we need to point out that the pupil adjustments to illusory brightness observed here and

elsewhere (e.g., Laeng and Endestad, 2012; Laeng et al., 2018; Zavagno et al., 2017) or even to mental

images (Laeng and Sulutvedt, 2013), typically represent a fragment of the appropriate adjustments of

the pupil diameter to physical luminous intensity. It may be best to view these pupillary responses as

“anticipatory” or “preparatory” to a probable perceptual scenario (Sulutvedt et al., 2018; Zavagno et al.,

2017) which could still provide an adaptive response by reducing the probability of being dazzled by

sudden increases in light levels.

2.6 Conclusions

The present findings indicate that blue yield a strong perception of enhanced perceived brightness than all

the other colors in a variety of patterns and that the pupil measurements capture this aspect effectively.

This pupillary constriction effect is enhanced with converging colored gradients but only weakly when

the colored gradients diverge, so that the peripheral effect of the halo glare is negligible both in terms

of perceived brightness and pupil constrictions. We had originally hypothesized that ‘blue’ may not only

enhance the subjective sense of brightness but that a constriction of the pupil to such color could represent

an adaptive response of the visual system to a probable dangerous situation of dazzling sunlight. The

present findings are at least consistent with an ecological account, which specifically predicts that colors

dominating in natural scenes (e.g., the ‘blue’ sky) should be more effective than other colors in enhancing

the illusory glare effect and, in turn, trigger a preparatory, defensive, pupillary constriction.
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Chapter 3

The Effect of Iris Color on Pupil

Response to Blue Glare Illusion

Glare illusion is a brightness illusion evoked by luminance gradients converging onto a central white

area. Blue glare illusion yields a brighter perception and larger pupil constriction than other hue glare

illusions. We hypothesize that the specific effect of blue on pupil constriction is an adaptive response of

the visual system to a probable dangerous situation of dazzling sunlight (i.e., the sun in a blue sky) in

terms of triggering a preparatory, defensive, pupillary constriction. In this study, we monitored the pupil

response to the colored glare illusion and the PLR. Then, we compared the pupillary response between

people with black/brown and blue/hazel colored iris because we expected that the brightness perception

on blue glare illusion relates to the iris color based on inherited traits. As a result, we succeeded in

replicating the effect of the larger pupil constriction caused by glare illusion regardless of iris colors. The

specific larger effect on pupil constriction for blue glare illusion, as originally reported, was observed only

for the black/brown iris group but not for the blue/hazel group. Because the iris color relates to a macular

pigment density as a marker for the adaptation to the homogeneous environment, we assumed that the

pupillary constriction represented the adaptation response to a probable dazzling sunlight imitated by

the glare illusion, and the pupil constriction could be similar to the function of MP to filter the blue light

projection to the retina.
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3.1 Introduction

The pupils are controlled by two incompatible muscles (sphincter and dilator muscles) in the retina to

adjust the light entering the eyes. In addition to the role of physiological reflex to light, several cognitive

factors prompt the pupillary dilation/constriction via noradrenergic activity, which is a neurotransmitter

from the LC, as in the so-called LC-NE system (Beatty, 1982; Fahle et al., 2011; Laeng et al., 2012; Mathôt

et al., 2013; Wang and Munoz, 2015). The pupillary changes to the illusory brightness perception also

tell us that pupillary response plays an important role in the anticipation of being dazzled or temporarily

incapable of receiving light by the sun (Laeng and Endestad, 2012; Zavagno et al., 2017). Moreover, the

pupil constriction is correlated with the perceived brightness to glare illusion (Suzuki et al., 2019a). Glare

illusion is a brightness illusion evoked by luminance gradients converging onto a central white area. Blue

glare illusion yields a brighter perception and larger pupil constriction than other hue glare illusions. The

specific effect of blue on pupil constriction seems to be an adaptive response of the visual system to a

probable dangerous situation of dazzling sunlight (e.g., the sun in a blue sky) in terms of triggering a

preparatory, defensive, pupillary constriction.

Pupil

Light

Iris

Retina

Fovea

Macula

Zeaxanthin

Lutein

MP

Figure 3.1 Eye structure and MP.

Similarly, the macular pigment (MP) has the function

of protecting the eyes from strong light (e.g., the sun) because

the carotenoid pigments of lutein and zeaxanthin in the mac-

ula absorb blue light. That is, MP helps in filtering the blue

light that is projected to the retina. Importantly, the optical

density of the MP at the paracentral fovea, as illustrated in

Figure 3.1 is related to the iris color because of the pigment

density on the iris stroma (Hammond et al., 1996; Sturm and

Frudakis, 2004).

In general, because melanin pigments absorb the ultra-

violet (UV) light to protect the skin, people originating from

the near-equatorial area have a higher amount of melanin pigment. Contrarily, people in low UV areas,

such as Scandinavian countries, have a lower amount of pigment. This results in varied iris colors de-

pending on the region where people originate from. Note that the iris color is related to three types of

genes in addition to the amount of melanin in the iris; EYCL1, EYCL2, and EYCL3 (Rebbeck et al.,

2002). There are two major genes and several minor ones that account for the tremendous variety of

human eye color. These genes are in 19 chromosomes for EYCL1 and 15 for EYCL3 out of the 23 pairs

of chromosomes transferred from parents, with EYCL1 and EYCL3 relating to brown and green/blue,

respectively. The number of single nucleotide polymorphism (SNP) near the oculocutaneous albinism II
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(OCA2) gene on chromosome 15 determines the iris color (Duffy et al., 2007; Sturm and Frudakis, 2004).

To summarize so far, iris colors are determined by inherited traits and are related to the melanin pigments

and the MP to protect the skin and eyes from intense light. Ciulla et al. (2001) reported that individ-

uals with blue-grey irises, for instance, had 19% less MP than individuals with brown-black irises, as

shown in Figure 3.2 (Ciulla et al., 2001). The measurement of macular pigment optical density (MPOD)

based on psychological techniques has been known as heterochromatic modulation photometry (Bone and

Landrum, 2004). In this method, participants adjust a green light (typically―green, 540 nm) and blue

light (typically― blue, 460 nm) which are alternately presented in equal brightness. Under the identical

intensity of light, blue light appears darker to the brown iris color than green light because the light is

absorbed by the macular pigment. Therefore, the brightness differences between blue and green light

depend on the number of macular pigments; the differences are larger for dark iris colors (black/brown)

than for bright iris colors (blue/green). Most importantly, it has been reported that MPOD depends on

the differences light absorption effects related to light sensitivity, contrast sensitivity, and glare recov-

ery (Loskutova et al., 2013; Whitehead, 2006). Hammond et al. (1996) suggested that the accumulation

of the retinal pigments and ocular melanin evolve with inherited traits, such as adaptation to a similar

type of environmental situation based on light or oxygen intensity (Hammond et al., 1996).

Figure 3.2 The density of MP for brown/black and blue/gray irises (Ciulla et al., 2001).

Histogram of the MP distribution for individuals with brown/black irises compared to blue/gray irises.

34



3.2. METHODS

The previous study suggested that a) the blue glare illusion resulted in what was subjectively

evaluated as the brightest condition compared to other colored stimuli, and b) the enhanced brightness

effect prompts to changes in pupil size, where the maximum pupil constriction peak was observed for

the blue converging gradients (Suzuki et al., 2019a). We hypothesized that if the ecological background

can explain the larger pupil constriction as a means to prevent strong light from the sun, iris colors as

a marker for the adaptation to the homogeneous environment would relate to pupillary response. Here,

because we expected that the brightness perception of blue glare illusion relates to the iris color, we

monitored pupil response to the colored glare illusion and the PLR. Then, we compared the pupillary

response between people with black/brown and blue/hazel colored iris colors. First of all, we classified

participants iris colors into two groups by machine learning using the k-nearest-neighbor method and an

iris image database (Proença and Alexandre, 2005). Each iris image was classified in one out of four

categories: dark brown, light brown, hazel, and blue. Following that, we monitored the participants’

pupil size while viewing the differently colored glare stimuli and the control stimuli, which was created

by rotating the same gradients by 90 degrees, so that the effect of glare illusion disappeared (see Figure

3.4).

3.2 Methods

3.2.1 Participants

18 volunteers (9 men; 9 women; age range 22–34) participated in the experiment. Three participants were

excluded from pupil analysis due to eye blinks on > 50% of trials. All participants were graduate students

who had a normal or corrected-normal vision. All experimental procedures were in accordance with the

ethical principles outlined in the Declaration of Helsinki and approved by the Committee for Human

Re- search at the Oslo University. The experiment was conducted in accordance with the approved

guidelines of the committee and all participants provided written informed consent. Participant data

and experimental scripts are available at https://github.com/suzuki970/Experimental_data/tree/

master/P08.

3.2.2 Stimulus and apparatus

We used a circular pattern of glare stimulus with luminance gradations converging onto a central white

area. Additionally, we also presented a control stimulus, which was generated by rotating by 90 degrees

the luminance gradation from glare illusion, as a control to each of glare stimuli (see Figure 3.4). The xy

coordinates of the colors in the CIE1931 color space were as follows: black (0.3127, 0.3290), blue (0.2590,
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3.2. METHODS

0.2438), cyan (0.2213, 0.3266), green (0.3093, 0.4449), yellow (0.3882, 0.4488), red (0.3998, 0.3312), and

magenta (0.3150, 0.2485), as shown in Figure 3.3. We changed the control stimulus used by Suzuki et al.

(2019a) to reduce the effect of localized average luminance projecting around the fovea in the visual field

to pupil size. Additionally, the saturation value was aligned to any color condition (i.e., the magnitudes

of vectors a* and b* were identical) to eliminate the effect on the pupil size. The color gradation in

the pattern gradients of each stimulus changed progressively from the xy values mentioned above to

achromatic color (0.3127, 0.3290). The luminance of the pattern gradients also changed from 0.74 cd/

m2 to 123.4 cd/m2, accompanied by the changing xy values in each color. For instance, for the blue

condition, the darkest and brightest regions of CIE1931 were coordinates (0.2590, 0.2438) and (0.3127,

0.3290), respectively. In this case, the color gradation of CIE coordinate values changed linearly from

0.2590 to 0.3127 for x and 0.2438 to 0.3290 for y; luminance changed as well. In the measurement of

PLR, we used the homogeneous white (149.4 cd/m2) and black (0.74 cd/m2) in the achromatic color (x

= 0.3127, y = 0.329).

0.6

0.4

0.2

y

0.60.40.2
x

Suzuki et al., 2019

Present study

Figure 3.3 xy values of the stimuli used in this experiment.
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Blue CyanBlack Yellow RedGreen Magenta

Glare
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Figure 3.4 Experimental stimuli.

Both the central glare illusion (above) and the control stimuli (below) consisted of luminance gradient circles that either

converged towards the pattern’s center or turned towards its periphery. As a result, the central region of each glare pattern

typically appears brighter than the corresponding central region of the control stimulus despite both having the same

photometric light intensity. Indeed, simply inspecting this figure should demonstrate that the perceived intensity of each

pattern varies with the color of the inducers.

The background and central region of the stimulus luminance remained constant at 78.5 cd/m2 and

123.4 cd/m2, respectively, in the achromatic color (x = 0.3127, y = 0.329). The luminance of the stimuli

was calibrated using a photometer (Spyder 4 Elite, Datacolor Imaging Solutions, Lawrenceville, USA).

All stimuli were presented on a liquid-crystal display (LCD) monitor (FlexScan EV 2451, EIZO, Ishikawa,

Japan) with a resolution of 1920 × 1080 and refresh rate of 60 Hz. The radius of each circle gradient

was 1.81 degrees of visual angle. Each pattern was generated by arranging 8 circle gradients in a circular

shape, with the center of each circle located at 4.62 degrees from the center of the screen. The control

stimuli were generated from identical elements of the glare stimuli by rotating each element by 90 degrees

so that the gradients were more luminant peripherally. During each trial, there was a tiny fixation point

of 0.23 degrees positioned at the center of each pattern. The experiment was conducted in a darkroom

under the control of MATLAB2018a (The MathWorks, Natick, MA, USA) using Psychtoolbox (Brainard,

1997).

3.2.3 Procedure

Before the experiment was carried out, we measured the PLR to the bright and dark screen. After the

dark screen was shown for 120 seconds, the bright screen was turned on for 10 seconds while we monitored

the pupil size, as shown in Figure 3.5a. During the experiment, each trial began with a fixation point

presented for 1000 ms prior to the presentation of the stimulus, and each glare and control stimulus was
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presented for 4000 ms (see Figure 3.5b for an illustration). Each trial was separated by an inter-stimulus

interval (ISI) of 2000 ms. The experiment consisted of 168 trials, divided into three sessions. Each of the

14 stimuli (7 types of color × 2 gradient patterns) was presented randomly (N = 12). Participants rested

their chin at a fixed viewing distance of 60 cm. The eye tracker was calibrated prior to each session using

a standard five-point calibration, following which a session was conducted for approximately 8 minutes.

Fixation point

1,000 ms

Stimulus presentation

4,000 ms

Interval

2,000 ms

Time

(a) (b)

Dark screen

120 sec

Bright screen

10 sec

Time

Figure 3.5 Experimental design.

(a) Pupillary light reflex test: a black screen was shown for 120 s, followed by a bright screen for 10 s. (b) Each trial

consisted of the presentation of the central fixation point for 1000 ms, followed by a stimulus presentation for 4000 ms.

Each trial was separated by an ISI of 2000 ms.

3.2.4 Recording and analysis of pupil size

Pupil size and eye movements were measured by a Tobii Pro Spectrum (Tobii Technology K.K., Danderyds,

Sweden) eye-tracking system at a sampling rate of 600 Hz. This equipment can measure eye movement

at a resolution of about 0.06 degrees. The pupil data during eye blinks were interpolated using cubic-

spline interpolation. Trials in which the pupils could not be detected at the beginning/ending of the

trial were excluded from the analysis. Trials with additional artifacts, revealed by using peak changes on

the velocity of the pupil response, were excluded from the analysis (the average rejected trials to each

condition were 1.76 ± 1.59 trials out of 12 per participant). The device outputted the pupil size in mm.
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The baseline pupil size was computed as the average of the data collected during the fixation period

prior to stimulus onset from 200 ms to 0 ms (i.e., presentation onset). In the time course analysis, the

pupil data in each trial was normalized by subtracting the pupil size at stimulus onset from the baseline

pupil size, followed by the smoothing of each data point with ± 33 ms. Across conditions, the pupillary

response was averaged from the presentation period of stimulus onset until 4000 ms and evaluated by a

repeated-measures analysis of variance (ANOVA).

3.2.5 Iris detection method

Here, we devised an automatic segmentation algorithm for the iris region extracted from the 1648 images

of the iris database. First, we applied a Gaussian filter to the images to reduce noise (a 5 x 5 grid and σ

= 1.0) as described in Equation 3.1.

g(x, y, σ) =
1√
2πσ

exp(−x2 + y2

2σ2
) (3.1)

where x and y are the pixels of each input image.

Next, we performed edge detection using the Canny method (Canny, 1986). The vertical and

horizontal direction of the edges G(x,y) are specified by the first derivative, as described in Equation 3.2.

G(x, y) = (fx(x, y)
2 + fy(x, y)

2)
1
2 (3.2)

From these two derivative images, we calculate the gradient and angle of the edges from Equation

3.3 and 3.4.

G =
√

g2x + g2y (3.3)

θ = tan−1(
Gx

Gy
) (3.4)

As a next step, pixels of derivative images containing extreme values (minimum value = 20 and

maximum value = 50) were excluded from further analyses to remove pixels unrelated to edges. The

threshold between the iris and pupil region was calculated from the RGB histogram of the original image

to determine the circle size of the pupil, as shown in Figure 3.6. The circle positions of the pupil and iris

are calculated by the Hough transform; if the pixel P (x, y) on an image belongs to the disk of radius r(xc,
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yc), Equation 3.5 is established. Figure 3.7 shows the scheme of the iris detection algorithm used in this

study.

r2 = (x− xc)
2 + (y − yc)

2 (3.5)
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Figure 3.6 An example of RGB histogram.

The vertical line shows the number of pixel in each iris image. The threshold is determined in each image from the

two-peaks, which were typically found in the histogram.

Original image Binary image Hough transform Pupil & iris detection 

Figure 3.7 Iris detection algorism.

We first hollow out the pupil and then remove the white region of the eye, eyelashes, and skin to calculate the averaged iris

color.
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3.2.6 Statistical analysis

Two-way ANOVAs were performed using pupil change (either the change average during the whole epoch

or the maximum value of the pupil constrictions) as a mixed design. The eye color (blue/hazel, black/

brown) was used as a dependent variable between-subject factor. Pattern (glare, control) and color (black,

blue, cyan, green, yellow, red, and magenta) are used as within-subject factors. The level of statistical

significance was set to p < 0.05 for all analyses. Pairwise comparisons for the main effects were corrected

for multiple comparisons using the modified Bonferroni (Shaffer) method. Effect sizes (partial η2; η2p

) were determined for the ANOVA. Greenhouse-Geisser corrections were performed when the results of

Mauchly’s sphericity test were significant.

3.3 Results

The iris colors were classified by machine learning using the k-nearest-neighbor method (see section

4.2.2) (Proença and Alexandre, 2005). Each participant’s iris image was classified in one out of four

categories of dark brown, light brown, hazel, and blue. The red stars indicate the input images of the

participant’s eye, as shown in Figure 3.8. The averaged L a* b* values were 21.49 ± 4.88, 7.95 ± 5.08,

5.09 ± 1.53 for black/brown and 36.09 ± 5.84, 5.80 ± 6.16, –1.56 ± 1.10 for blue/hazel, respectively.

A one-way repeated-measures ANOVA on average L and b* value revealed that iris colors of blue/hazel

were significantly brighter than of black/brown (F(1,15) = 45.82, p < 0.001, η2p = 0.753). As expected,

we also found the significant differences on b* value between the group (F(1,15) = 97.53, p < 0.001, η2p

= 0.867), while a* value was not significant (F(1,15) = 0.5031, p = 0.489, η2p = 0.0325).
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Figure 3.8 The results of iris classification.

The iris colors were categorized into four groups, which were picked from iris database. The color spaces of L a*b* were

used for the classification. The red stars indicate the data of the individuals who participated in the experiment.

First, we tested two-way ANOVAs on the PLR for the bright and dark screens between classified

iris color groups. Figure 3.9 shows the grand-averaged pupil changes among participants during the whole

presentation time and for the bright and dark screens separately. The pupil response to the bright screen

was larger than that to dark screen (F(1,14) = 2026.056, p < 0.001, η2p = 0.99). Moreover, the PLR for

the brown/black iris colors was larger than that for the hazel/blue iris colors (F(1,14) = 9.30, p < 0.0087,

η2p = 0.40). There was no significant interaction between iris color and screen luminance (F(1, 14) = 1.46,

p = 0.25, η2p = 0.09).
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Figure 3.9 Pupillary light reflex.

The results of pupillary light reflex when dark or bright screen were presented in whole screen. Brown and blue dots

indicate the averaged pupil diameter to each brown/black and hazel/blue iris group.

Figure 3.10a illustrates the time course of pupil changes for each iris color group during the whole

presentation time and for each pattern (glare, control) and color conditions. Compared to previous

studies, the initial pupil constriction for each color in the current data was almost aligned to each color.

This may be because we used isochromatic colors as peripheral inducers of the stimuli. Note that the

effect of the larger pupil constriction in the glare illusion existed under any color condition; a two-way

repeated-measures ANOVA on average pupil changes revealed a significant main effect of both pattern

and color condition (F(6,14)=125.7580, p<0.001, η2p = 0.9063; F(1,14)=3.1282, p=0.0084, η2p = 0.194,

respectively). Additionally, a two-way repeated-measures ANOVA on the difference in pupil size between

the glare and control conditions revealed a significant main effect on the interaction between eye color

and color condition (F(6,84)=1.99, p=0.076, η2p = 0.12). There was no significant main effect of both

pattern and color condition (F(6,14)=1.2908, p=0.2750, η2p = 0.0844; F(1,14)=1.4199, p=0.2166, η2p =

0.0921, respectively). Following simple effect for the interaction indicated that the difference in pupil

constriction to blue is larger in the group of black/brown iris colors than in the group of hazel/blue iris

colors (F(1,14)=7.0260, p=0.0190, η2p = 0.3342) , as shown in Figure 3.10b.
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Figure 3.10 The results of the pupillary responses.

The horizontal axis indicates the time (in seconds), while the vertical axis indicates the grand-averaged change in pupil

dilation from the baseline (the gray shaded area, from -200 ms to 0 ms, shows the time range of the baseline). (a) Each line

color shows the result of the averaged pupil diameter to the halo stimuli and colored glare. (b) The average pupil changes

in 4 s of viewing. (c) The peak pupil constriction for each pattern and color condition. The asterisks (*) indicate a

statistical significance of p < 0.05. Error bars indicate the standard error of the mean.

We further analyzed the correlation between the PLR (Figure 3.9) and the average differences in

pupil constriction (Figure 3.10b) for each participant. Here, we used a simple linear model (LM) with

PLR values as independent variables to evaluate the differences in pupil response between the glare and

control conditions. However, the PLR could not explain the extent of pupil constriction to the glare

illusion (t(14)= 0.029, p = 0.977). We subsequently tested the correlation between the iris color values

(i.e., L ab) and the average differences in pupil constriction with the colored glare illusions. The results

of the LM for each color value showed that L was significantly related to pupil constriction (y = 0.0022x
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- 0.1127, t(14) = 2.5811, p = 0.0113), indicating that the effect of pupil constriction on glare illusion was

larger for dark-colored eyes than in bright-colored eyes. Additionally, the model that was used to enter

the L ab values as dependent variables indicated that L, b* value, and the interaction between them was

assessed by the LM (y = –0.0098 × L + 0.2248 × b* - 0.0291 × L b* + 0.001; t = –2.599, p = 0.0107

for L, t = –2.349, p=0.0207 for b* and L = 2.525, p = 0.0131 for L b*).

3.4 Discussion

In the current study, we examined the pupillary response to the colored glare illusion in participants with

different iris colors. We assumed that if the pupil constriction to the glare illusion reflects the implicit

response as anticipation to ‘dazzling’, the pupillary responses would be similar to the mechanism used

by MP which involves the protection of the eyes. As we hypothesized, larger pupil constriction to blue

glare illusion was observed for black/brown-colored irises, while there was no effect for blue/hazel-colored

irises.

The pupillary response on the bright illusion has been reported here and elsewhere (e.g., Laeng

and Endestad, 2012; Zavagno et al., 2017) or even to image of the sun (Binda et al., 2013b; Naber and

Nakayama, 2013). In addition to successfully replicating the effect of the larger pupil constriction on the

glare illusion regardless of iris colors, the specific larger effect on pupil constriction for blue glare illusion

was observed only for the black/brown iris group but not for blue/hazel group (Suzuki et al., 2019a).

The different effect of the pupil response to blue glare illusion is at least consistent with the idea

of an ecological account based on the iris color, which is related to the density of the MP. Since the iris

color relates to the macular pigment density, the difference in density affects the extent of absorption of

the light projected on the retina. The differences in the varied light sensitivity, contrast sensitivity, glare

recovery, and color perception seem to play an important role in preventing strong light from entering the

retina (Davison et al., 2011; Hammond Jr et al., 2013; Laeng et al., 2007). Additionally, the sensitivity to

blue light is higher for high MP density than for low MP density (Stringham et al., 2015). In the current

findings, the larger pupil constriction to blue glare illusion for black/brown eyes is likely to function in a

similar way as the MP regarding the protection of the eyes from strong light.

In the correlation analysis with iris color values of L ab, we confirmed that the pupillary constriction

effect on the glare illusion is related to the iris colors, given the correlation between the pupillary response

to the glare illusions and the L b* interaction. This also supports the effect of the pupillary response on

the inherited property of the accumulation of retinal pigments and ocular melanin as a marker for the

adaptation to a homogeneous environment.
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Chapter 4

Pupillary Response on Luminosity

Perception

Previous studies reported that glare illusion, which enhances the perceived brightness of a central

white area surrounded by a luminance gradient, yields a large pupil constriction. In this study, we

examined two probable factors modulating the pupil size in glare illusion by using the Kanizsa triangle

and no-triangle (i.e., no illusory contour) with a radial pattern of luminance gradation and control pattern,

which rotates the luminance gradation by 90 degrees. We hypothesized that the pupil constriction to

glare illusion reflects: (a) a perceived brightness or self-luminosity perception involved in an anticipation/

preparation for a probable dazzling, and (b) the configuration of the stimulus luminance pattern because

the averaged luminance of the glare illusion used in previous studies within a small visual field is higher

than its control condition. Thus, we observed the pupil responses to the Kanizsa triangle with a radial and

control pattern, and their averaged luminance in any region of the visual angle matched to exclude the

effect of luminance configuration of the stimulus to the pupil response. The results showed the larger pupil

constriction in the Kanizsa triangle with the radial pattern was observed than in the no-triangle condition

and control pattern. Interestingly, although the Kanizsa triangle with a control pattern had an effect on

the brightness enhancement by an illusory contour, it did not affect the pupil responses. Therefore, we

conclude that pupil constriction to glare illusion is occurred by the brightness changes which is considered

additionally to the effect of ‘self-luminosity’. At the same time, we deny the argument that the pupil

changes related to illusory glare perception were determined by the localized luminance projected around

the fovea in the visual field.
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4.1 Introduction

A perceptual experience of perceived intensity of light (brightness) and surface-color categories of an ob-

ject (lightness) are the basic aspects of visual processing. As described in a simultaneous contrast, a gray

object in white background appears darker than that in black background simply because of the low-level

visual processing by the lateral inhibition (Kingdom, 1997; Lotto et al., 1999). Our brightness/lightness

judgment is determined not only by stimulus properties such as the actual luminance level, but also by

various contextual factors. In the cortical visual processing to estimate the lightness from an object sur-

face, Gilchrist proposed an anchoring theory; we re-scale the lightness of an object in the visual field based

on the brightest region of the retinal image as an anchor (Gilchrist et al., 1999). In terms of brightness,

higher-level pathways, such as an interpretation of the surrounding context, stimulus configuration, and

memory-related processing, involve the determination of brightness perception (Adelson, 1993; Adelson

and Pentland, 1996).

The mode of color appearance, which is a concept of how we perceive the surface of an object, was

first suggested by Katz (Katz, 1935). One of the modes defined self-luminosity, which is described as

the visual experience where a given portion of an object appears glowing or emitting light regardless of

whether there is an actual light source. We can perceive self-luminosity from various scenes; the sun in

a clear sky, traffic lights, and a car headlamp at night. Interestingly, we can also experience luminosity

as a pictorial representation of self-lumonsity from the picture. For example, glare illusion is perceived

as if the ray of light is coming from the central region, as in the so-called self-luminosity perception

related to the brightness enhancement of a central white area surrounded by a luminance gradient owing

to a pattern of luminance gradations converging onto a central white area, without any actual change in

light intensity (Agostini and Galmonte, 2002; Zavagno, 1999). Zavagno and Caputo (2005) suggested the

existence of different visual pathways between the luminosity perception to the glare illusion and surface

color perception. Therefore, the perception of self-luminosity cannot be explained as the extension of

white as a surface color, and white does not relate to the determination of self-luminosity.

Interestingly, several previous studies on pupillometry reported that glare illusion yielded larger

pupil constriction compared to the control condition, where the same gradient elements of glare illusion

were rotated by 180 degrees to eliminate the central, subjective brightness enhancement (e.g., Bombeke

et al., 2016; Laeng and Endestad, 2012; Suzuki et al., 2019a,b; Zavagno et al., 2017). The pupil constriction

effect on the glare illusion was observed even though the pupillary response is mainly a function of

adjusting the amount of light entering the eye from the ambient environment (Ellis, 1981; Woodhouse

and Campbell, 1975).

What, then, is the factor related to the large pupil constriction in glare illusion? One possibility
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4.2. METHODS

is the intrinsic pathway on the pupillary response for ‘anticipation’ or ‘preparation’ for glare perception.

Because the glare illusion evokes the self-luminosity perception, the pupillary constriction to the glare

illusion represents the adaptation response to probable dazzling sunlight imitated by the glare illusion.

Another explanation is that the pupil changes just reflect the configuration of the stimulus luminance

pattern as a PLR; the pupil changes may be determined by the localized stimulus luminance projected

around the fovea in the visual field because the averaged luminance of the glare illusion within a small

visual field is higher than its control condition.

Therefore, we examined two probable factors to modulate the pupil size in the glare illusion by

using the Kanizsa triangle with a radial pattern of luminance gradation and a control pattern, where the

luminance gradation is rotated by 90 degrees (see Figure 4.1a) (Kanizsa, 1979). The Kanizsa triangle

with luminance gradation induces a similar effect on the brightness enhancement as the glare illusion.

Importantly, the averaged luminance to those stimuli in any visual angle was identical to one another (see

4.1c) to observe the effect of the stimulus configuration on the pupil response. Hence, in Experiment 1,

we monitored pupil response with infrared eye-trackers during the presentation of each Kanizsa triangle.

In Experiment 2, we confirmed the subjective brightness changes with the Kanizsa triangle for a different

gradation pattern by using the psychophysical adjustment method.

4.2 Methods

4.2.1 Participants

Twenty-one volunteers (21 men; age range 20 ‒ 28) took part in Experiments 1 and 2. The sample size

was determined by a priori power analysis using the G*Power (Faul et al., 2007), considering a power

at 0.8, Type I error level at 0.05 and expected effect size at 0.33. These parameter settings led to a

minimum sample size of 20 participants. All participants were undergraduate and graduate students

who had normal or corrected-to-normal vision. Additionally, they had normal color vision as established

by the use of the Ishihara pseudo-isochromatic plates (Ishihara, 1996). All experimental procedures

were in accordance with the ethical principles outlined in the Declaration of Helsinki and approved by

the Committee for Human Research at the Toyohashi University of Technology. The experiment was

conducted under the approved guidelines of the committee, and all participants provided written informed

consent. Participant data and experimental scripts are available at https://github.com/suzuki970/

Experimental_data/tree/master/P04.
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4.2. METHODS

4.2.2 Experiment 1

Stimulus and apparatus

Figure 4.1a shows the Kanizsa triangle and no-triangle condition (i.e., no illusory contour) with a radial

and control pattern used in this experiment. The xy coordinates of the each line in the CIE1931 color

space were 0.3127 and 0.3290. The luminance graduation in the peripheral elements of the stimulus was

changed from the xy value mentioned above to an archroma color, accompanied by a changing Y value

from 0.72 cd/m2 to 84.43 cd/m2. The luminance of the Kanizsa triangle with uniform pattern (Figure

4.1a bottom) and peripheral triangle line was 42.62 cd/m2. The background luminance was 84.43 cd/m2.

The luminance of the stimuli was calibrated using a spectro-radiometer (SR–3AR, TOPCON, Tokyo,

Japan). The averaged luminance in the visual angle of 4, 4.71, and 6.81 degrees was 82.30 ± 1.24, 79.09

± 1.14 and 75.24 ± 0.65 cd/m2, respectively, as shown in Figure 4.1b.

All stimuli were presented on an LCD monitor (Display++, Cambridge Research Systems Ltd.,

Kent, UK) with a resolution of 1920 x 1080 and a refresh rate of 120 Hz. In the Kanizsa triangle, the

diameter of each peripheral circle was 4.20 degrees, and 3 circles were located at 4.71 degrees from the

center of the monitor. The equilateral triangle was put at the center of the monitor at 8.16 degrees from

the side. The three different sizes of the inverted line triangles were drawn in every stimulus condition (see

Figure 4.1a). The visual angle of each triangle of one side was 8.17, 6.53, and 5.23 degrees, respectively.

In the control condition of the Kanizsa triangle, the three circles were rotated clockwise by 30 degrees,

while the luminance gradation of peripheral elements was identical to the radial pattern. The fixation

point was located at 0.1 degrees from the center. Each participant’s chin was fixed at a viewing distance

of 700 mm. The task was conducted in a darkroom and executed in MATLAB2016a (The MathWorks,

Natick, MA, USA) using Psychtoolbox (Brainard, 1997).
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Figure 4.1 Experimental stimuli and procedure.

(a) Both the central glare illusion (above) and the control stimuli (middle) consisted of luminance gradient circles that

either converged towards the center of the pattern or were turned towards its periphery. The uniform pattern had no

gradation (row). The Kanizsa triangle with the luminance gradation and control condition, where elements were rotated by

90 degrees. (b) Configuration of the stimuli. The definition of the stimulus visual angle is illustrated above. (c) The

procedure of Experiment 1. Each trial consisted of the presentation of the central fixation point for 1000 ms and the

Kanizsa triangle with a uniform pattern, followed by a stimulus presentation for 4000 ms. Each trial was separated by an

inter-stimulus interval (ISI) of 2000 ms. (d) Participants clicked the mouse in the initial blank screen to continue to the

stimulus presentation; subsequently, the participant adjusted the luminance of the central region of the reference stimulus

using a ”trackball”.
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Procedure

A standard five-point calibration was performed prior to each session. Each trial started with the pre-

sentation of a uniform Kanizsa triangle (i.e., no-gradation Kanizsa triangle) with fixation cross for 1,000

ms. Then, one out of the four stimuli was displayed at the center of the monitor for 4,000 ms. Each trial

was separated by the presentation of blank screen as an inter-stimulus interval (ISI) of 2,000 ms. The

experiment consisted of 80 trials (2 shapes × 2 gradient patterns × 20 trials), divided into two sessions.

Each of the four stimuli was presented randomly. Each session lasted for approximately 10 min.

Recording and analysis of pupil size

Pupil diameter and eye movements were measured by a Senso Motoric Instruments RED500 (SMI, Berlin,

Germany) eye-tracking system at a sampling rate of 120 Hz. An measurable resolution of eye movement

was at a about 0.01 degrees. The pupil data during eye blinks, detected by using peak changes on the

velocity of the pupil response, were interpolated using cubic-spline interpolation. The trial, including

the missing data of 50%, were excluded from the analysis. Additionally, a principal component analysis

(PCA) was performed to each time point of pupil size. When the averaged first and second principal

component of the trial was more than ± 3σ, these trials were rejected (the average rejected trials were

4.65 ± 5.80 trials out of 80 per participant). Following which smoothing of each data point with ± 30 ms,

baseline pupil size was calculated as an average of data measured during the presentation of a uniform

Kanizsa triangle prior to stimulus onset from ‒ 200 ms to 0 ms (i.e., presentation onset). The pupil

data in each trial was normalized by subtracting the baseline pupil size. Across conditions, the pupillary

response was averaged from the presentation period of stimulus onset until 4,000 ms.

Statistical analysis

A two-way repeated-measures ANOVA was performed using pupil change as an average during the whole

epoch using pattern and gradation as within-subject factors. The level of statistical significance was set

to p < 0.05 for all analyses. Pairwise comparisons of the main effects were corrected through multiple

comparisons using the modified Bonferroni (Shaffer) method. Effect sizes (partial η2; η2p ) were determined

for the ANOVA. Greenhouse-Geisser corrections were performed when the results of Mauchly’s sphericity
test were significant. Statistical analyses were performed using R software (Ihaka and Gentleman, 1996).
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4.2.3 Experiment 2

Stimulus and apparatus

The stimuli displayed in Figure 4.1a and the same equipments of Experiment 1 were used in Experiment

2.

Procedure

At the beginning of each trial, a fixation cross appeared prior to the stimulus presentation, and participants

clicked the mouse to proceed to the stimulus presentation. Then, two stimuli were displayed side-by-side:

the target stimulus and the reference stimulus, at 10 degrees from the center of the monitor on either

side of the center. The side (left, right) of the target and reference stimuli were determined randomly in

each trial, but the number of trials for each stimulus was kept constant (N = 8). Although the fixation

cross appeared on the center of the screen, they allowed to move their gaze. The target stimulus could

be one of two stimuli (the Kanizsa triangle with radial or control pattern, as shown in Figure 4.1c),

and the reference stimulus was always the Kanizsa triangle with a uniform pattern. Therefore, the whole

experiment consisted of 32 trials (2 patterns× 16 trials). Participants were asked to adjust the luminance

of the central region of the reference stimulus (the uniform Kanizsa triangle) until they felt that it had

the same brightness as that of the target stimulus by using a trackball. Each session lasted approximately

10 min.

Statistical analysis

A one-way repeated-measures ANOVA was conducted using the average brightness adjustments for each

pattern (radius, control) as within-subject factors. To compare the mean brightness adjustments with

the uniform Kanizsa triangle, one-sample student’s t-test was carried out by comparing these values to

the null hypothesis that the averaged data were the actual luminance value of the central triangle.

4.3 Results

4.3.1 Experiment 1

A two-way repeated-measures ANOVA on the average pupil changes revealed a significant main effect

of both the pattern (i.e., a radius and control), shape (i.e., the Kanizsa triangle and no-triangle) and

its interaction on the pupil diameter (F(1, 20) = 6.828, p = 0.0167, η2p = 0.255; F (1, 20) = 14.078, p

= 0.0013, η2p = 0.4131; F(1, 20) = 5.872, p = 0.0250, η2p = 0.227, respectively). Figure 4.2a illustrates
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the grand-averaged time-course of pupil changes among participants during the whole presentation time,

and Figure 4.2b shows the averaged pupil constriction from 0 ms to 4000 ms for each pattern and shape

condition. We observed the occurrence of the pupil dilation around 500 ms from stimulus onset owing

to the luminance difference between ISI and the baseline. Importantly, multiple comparisons showed

that the pupil response to the Kanizsa triangle with a radial pattern was larger than the response to the

Kanizsa triangle with a control pattern and to no-triangle with radial pattern (F(1, 20) = 12.390, p =

0.0022, η2p = 0.3825; F(1, 20) = 13.900, p = 0.0013, η2p = 0.4100). Furthermore, no significant difference

was observed between the Kanizsa triangle and no-triangle with a control pattern (F(1, 20) = 2.2411, p =

0.1500, η2p = 0.1008) and the no-triangle with a radial and control pattern (F(1, 20) = 0.0301, p = 0.8641,

η2p = 0.0015). Figure 4.2c shows the averaged gaze map for both the Kanizsa triangle and no-triangle

with radial patterns. Because we instructed participants to pay attention to the central fixation cross,

the mean duration time of the gaze fixation was focused on the central region of the stimulus. A one-way

ANOVA for the mean duration time in the visual angle of 1 degree was not significant in any pair of

pattern and shape (F(1, 20) = 0.8781, p = 0.4423, η2p = 0.0421).
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Figure 4.2 The pupillary response to the Kanizsa triangle.

Pupillary responses in Experiment 2. (a) The horizontal axis indicates the time (in seconds), while the vertical axis

indicates the grand-averaged change in pupil dilation from the baseline (-200 ms to 0 ms, shows the time range of the

baseline). Shaded areas represent the standard error of the mean. (b) The results of the averaged pupil diameter for each

pattern and shape condition. (c) The gaze heatmap in the Kanizsa triangle and no-triangle with radial patterns. The

asterisks (*) indicate a statistical significance of p < 0.05. Error bars indicate the standard error of the mean.

4.3.2 Experiment 2

A one way ANOVA repeated-measures on the adjusted luminance to the Kanizsa triangle indicated that

the Kanizsa triangle with a radial pattern was evaluated as brighter compared to the triangle with a control

pattern (F(1,20) = 50.87, p < 0.001, η2p = 0.7178), as shown in 4.3. Additionally, the adjusted luminance

for both the radial and control patterns was higher than for the uniform pattern of the reference stimulus

(t(20)= 6.3528, p < 0.001, t(20) = 2.1638, p = 0.04276, respectively). We subsequently analyzed the
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association between the adjusted brightness and the average pupil constriction for the Kanizsa triangle

measured in Experiment 1 by using a simple linear regression model. The brightness for the Kanizsa

triangle with the radial and control patterns was marginally correlated to pupil constriction (t(20)=

–1.756, p = 0.0872).
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Figure 4.3 The adjusted luminance to the Kanizsa triangle.

The vertical axis shows the adjusted luminance compared to the uniform Kanizsa triangle. The asterisks (*) indicate a

statistical significance of p < 0.05. Error bars indicate the standard error of the mean.
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4.4 Discussion

In the current study, we used the Kanizsa triangle with luminance gradation elements, which resulted in

the brightness enhancement and glare perception compared to the Kanizsa triangle with a control pattern

(i.e., an illusory counter with a rotated version of the luminance gradation). Because these stimuli have

the same luminance in any visual angle, we could exclude the effect of stimulus configuration. The present

settings replicated the effect of a large pupil constriction in glare illusion by the Kanizsa triangle with

a radial pattern (Bombeke et al., 2016; Laeng and Endestad, 2012; Suzuki et al., 2019a). Therefore,

the pupil constriction to glare illusion is prompted by the brightness enhancement which is considered

additionally to the effect of‘self-luminosity’, and we deny the argument that the pupil changes related

to glare illusion were determined by the localized luminance projected around the fovea in the visual field.

Interestingly, the pupil constriction effect disappeared in both the Kanizsa triangle with a control

pattern (i.e., no glare perception with an illusory contour) and the no-triangle condition with a radial

pattern (i.e., no illusory contour but with a converging luminance gradation onto the center). Although

the Kanizsa triangle with the control pattern yielded a brightness enhancement via subjective contour, it

did not affect pupil constriction as also shown in Bruno et al. study (2012). This is because the brightness

enhancement to the Kanizsa triangle with the control pattern was very small as the results of brightness

matching. However, the large pupil constriction was observed exclusively in the the Kanizsa triangle with

a radial pattern, even though the pattern raised the brightness by almost 4 ‒ 5% which seemed still small,

since the previous study reported that the glare illusion enhances the brightness of 20 ‒ 35% (Yoshida

et al., 2008)).

We originally hypothesized that the self-luminosity perception prompted the large pupil constriction

via different pathways from the surface-white, gray or black perception because several studies suggested

that the self-luminosity perception in the glare illusion was involved in an extrastriate visual cortex and

ventral-occipital cortical area but not a retinal processing (Bonato and Cataliotti, 2000; Leonards et al.,

2005; Lu et al., 2006). Our additional experiment indeed indicated that the large pupil constriction to

glare illusion did not depend on whether the luminance gradation slope was steep. Since the brightness

enhancement effect to the steep slope of the luminance gradation is expected to be higher than to the gentle

slope, the effect of brightness to the large pupil constrictions in any slope conditions of glare illusion were

small. Therefore, the pupil constriction to the Kanizsa triangle with a radial pattern might be provided

by the self-luminosity perception. If the large pupil constriction to the glare illusion is triggered by the

self-luminosity, the cortical pathway to SC and PON via visual cortex involves the modulation of pupil

constriction. The current findings suggest that the pathway from the visual cortex to the PON via the

SC is involved in self-luminosity perception.
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4.5. SUPPLEMENTAL EXPERIMENT ON THE EFFECT OF LUMINANCE GRADATION

The pupil response reflects several cognitive and mental states; for instance, cognitive effort, atten-

tional shifts, and unconscious and preconscious memory processing (e.g., Gomes et al., 2015; Kahneman

and Beatty, 1966; Mathôt et al., 2013; Suzuki et al., 2018). The present study supports the possibility

that the intrinsic pathway to the pupillary response for the‘anticipation’ of probable dazzling sunlight

is imitated by the glare illusion with self-luminosity perception.

4.5 Supplemental experiment on the effect of luminance gradation

In this experiment, we presented participants with different angles of illusory brightness stimuli individ-

ually on a computer screen. Participants answered whether they perceived self-luminosity for each of

these illusions (as displayed in Figure 4.4a) after a few seconds of presentation while we monitored the

eye movements with an infrared eye-tracker.

Participants. Twenty-two volunteers (17 men; 5 women; age range 20 - 25) took part in this experiment.

Five participants were excluded from the analysis because the percentage of rejected trials was above 50%.

All participants were undergraduate and graduate students who had a normal or corrected-to-normal

vision. Additionally, they had normal color vision as established by the use of the Ishihara pseudo-

isochromatic plates (Ishihara, 1996). All experimental procedures were in accordance with the ethical

principles outlined in the Declaration of Helsinki and approved by the Committee for Human Research at

the Toyohashi University of Technology. The experiment was conducted in accordance with the approved

guidelines of the committee and all participants provided written informed consent.

Stimulus and apparatus. Figure 4.4a shows the glare, halo, and uniform stimuli used in Experiment.

The xy coordinates of the each line in the CIE1931 color space were 0.3127 and 0.3290. The luminance

graduation in the peripheral region of the stimulus was changed from the xy value mentioned above to

an archroma color, accompanied by a changing Y value. The five angle conditions (58deg, 54deg, 42deg,

and 38deg) were set to the luminance gradation from 0.72, 4.63, 13.05, and 16.21 cd/m2 to 59.56, 55.38,

46.73, and 44.36 cd/m2 for each stimulus. The uniform condition had a homogeneous pattern of elements

in inducers of the stimulus and an averaged luminance gradation of 30.04 cd/m2. The luminance of

the background and central region of stimulus were 30.04 cd/m2 and 59.56 cd/m2, respectively. The

luminance of the stimuli was calibrated using a spectro-radiometer (SR–3AR, TOPCON, Tokyo, Japan).

All stimuli were presented on an LCD monitor (Display++, Cambridge Research Systems Ltd., Kent,

UK) with a resolution of 1920 x 1080 and a refresh rate of 120 Hz. The diameter of each peripheral circle

was 2.35 degree and 8 circles were located in 6 degrees from the center of the stimulus. The halo was
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made from completely identical elements, but each circle was rotated by 180 degrees. The fixation point

was located at 0.3 degrees from the center. Each participant’s chin was fixed at a viewing distance of 700

mm. The task was conducted in a darkroom and executed in MATLAB2016a (The MathWorks, Natick,

MA, USA) using Psychtoolbox (Brainard, 1997).
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Figure 4.4 Experimental stimuli.

Procedure. The eye tracker was calibrated prior to each session using a standard five-point calibration,

following which a session was conducted for approximately 8 min. Each trial began with a fixation point

presented for 1,000 ms prior to the presentation of the stimulus and, consequently, each glare and halo

stimulus was presented for 4,000 ms. Each trial was separated by an inter-stimulus interval (ISI) of 2,000

ms. The experiment consisted of 280 trials, divided into four sessions. Each of the 9 stimuli (4 types of

angle × 2 gradient patterns + 1 uniform pattern) was presented randomly (number of trials = 20 per

condition). Participants rested their chin at a fixed viewing distance of 70 cm.

Recording and analysis of pupil size. Pupil size and eye movements were measured by a Senso

Motoric Instruments RED500 (SMI, Berlin, Germany) eye-tracking system at a sampling rate of 250

Hz. This equipment can measure eye movement at a resolution of about 0.01 degrees. The pupil data

during eye blinks were interpolated using cubic-spline interpolation. Trials in which the pupils could

not be detected during the beginning/ending of the trial were excluded from the analysis. Trials with

additional artifacts, revealed by using peak changes on the velocity of the pupil response, were excluded

from the analysis (the average rejected trials to each condition were 2.64 ± 2.70 trials out of 20 trials
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per participant). The device outputted pupil size in mm. Baseline pupil size was computed as the

average of the data collected during the fixation period prior to stimulus onset from –200 ms to 0 ms

(i.e., presentation onset). In the time-course analysis, the pupil data in each trial were normalized by

subtracting the pupil size at stimulus onset from the baseline pupil size, followed by the smoothing of each

data point with ± 30 ms. Across conditions, the pupillary response was averaged from the presentation

period of stimulus onset until 4,000 ms and evaluated by a repeated-measures ANOVA.

Statistical analysis. Two-way ANOVAs were performed using pupil change as the average during

the whole epoch using the pattern (glare, halo, and uniform) and angle (58, 54, 42, and 38 degrees) as

within-subject factors. The level of statistical significance was set to p < 0.05 for all analyses. Pair-

wise comparisons for main effects were corrected for multiple comparisons using the modified Bonferroni

(Shaffer) method. Effect sizes (partial η2; η2p ) were determined for the ANOVA. Greenhouse-Geisser cor-

rections were performed when the results of Mauchly’s sphericity test were significant. Statistical analysis

was performed using R software (Ihaka and Gentleman, 1996).

Results. Figure 4.5a illustrates the grand-averaged time course of pupil changes among participants

during the whole presentation time and for each pattern (glare, halo, and uniform) and angle conditions.

The pupil constricted after stimulus onset as a function of the PLR sustained for 1 s. We averaged pupil

responses from 0 ms to 4,000 ms for each pattern and angle condition, as shown in Figure 4.5b. A two-way

repeated-measures ANOVA on the average pupil changes revealed a significant main effect of the pattern

conditions (F(1, 21) = 28.61, p < 0.001, η2p = 0.577). Using multiple comparisons for each angle condition,

a larger pupil constriction was observed for the glare compared to the halo (p < 0.01). However, the main

effect of the angle and the interaction between pattern and angle were not significant (F(2.108, 44.268) =

0.6215, p = 0.55, η2p = 0.0287, F(2.465, 51.774) = 0.4388, p = 0.688, η2p = 0.0205, respectively)), indicating

that the gradation angle did not affect pupil constriction to a great extent. Following this, we aggregated

the angle condition to compare the results of the uniform stimuli, as displayed in Figure 4.5c. A one-way

repeated-measures ANOVA on the averaged pupil changes across all conditions showed a significant main

effect of the pattern (F(21,1.868) = 14.53, p < 0.001, η2p = 0.409 ). Multiple comparisons of the pattern

conditions showed that a larger pupil constriction was elicited by the glare condition compared to the halo

and uniform conditions (t(21)=5.3486, p = 0.0001, t(21) = 3.3941, p = 0.0027). Pupil constriction for

the uniform condition was larger than that for the halo condition (t(21) = 2.1825, p = 0.0406). Because

participants looked at the fixation point at the center of the screen, this result seems consistent with the

difference of physical averaged luminance between the glare and control conditions in the surrounding

portion where the participants focused on. However, the pupil changes cannot be fully explained by the

stimulus configuration because large pupil constriction was observed even for the lowest angle condition
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of 38 degrees.
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Figure 4.5 Pupillary response to the varied angle of glare illusion.

Pupillary responses in Experiment 1. (a) The horizontal axis indicates the time (in seconds), while the vertical axis

indicates the grand-averaged change in pupil dilation from the baseline (the gray shaded area, from -200 ms to 0 ms, shows

the time range of the baseline). The black solid and dotted lines show the results for the glare and halo patterns,

respectively. The gray solid line indicates the results for the uniform pattern. (b) The average pupil changes in 4 s of

viewing. (c) The averaged pupil constriction for different patterns (i.e., glare, halo, and control). The asterisks (*) indicate

a statistical significance of p < 0.05. Error bars indicate the standard error of the mean.

Subsequently, we calculated the peak pupil constriction and the averaged velocity of pupil changes

from the peak pupil constriction for each pattern and angle condition (Figure 4.6). A two-way repeated-

measures ANOVA on the peak pupil constriction showed that a significant main effect of the pattern (F(1,

16) = 30.99, p < 0.001, η2p = 0.659). However, the main effect of the angle and interaction between angle

and pattern were not significant (F(3, 48) = 1.448, p = 0.241, η2p = 0.083, F(3, 48) = 0.748, p = 0.529, η2p

60



4.5. SUPPLEMENTAL EXPERIMENT ON THE EFFECT OF LUMINANCE GRADATION

= 0.0447). Additionally, a two-way repeated-measures ANOVA on the velocity of pupil changes revealed

a significant main effect of the pattern (F(2.948, 61.917) = 1.513, p = 0.221, η2p = 0.0672). Multiple

comparisons of the pattern conditions showed that the constriction velocity for the glare at 58 deg was

faster than that for the halo (F(1, 21) = 6.4982, p = 0.0187, η2p = 0.2363). The main effect of the angle

and the interaction between the pattern and angle were not significant (F(2.948, 61.917) = 1.513, p =

0.221, η2p = 0.0672 , F(2.643, 55.501) = 0.6844, p = 0.548, η2p = 0.0316 , respectively).

0deg

(Uniform)

58deg 38deg42deg54deg58deg 38deg42deg54deg

-0.4

-0.3

-0.2

-0.1

0.0

P
ea

k
 P

u
p
il

 C
o
n
st

ri
ct

io
n
 [

m
m

]

(a)

V
el

o
ci

ty
 o

f 
p
u
p
il

 c
h
an

g
e 

[m
m

/s
]

(b)

Glare

Halo

0.0

0.1

0.2

0.3

Glare

Halo

Figure 4.6 The peak pupil constriction and the velocity of pupil changes.

The maximum peak pupil constriction for each pattern and angle condition. The vertical axis indicates the grand-averaged

change in peak pupil constriction from the baseline. (b) The averaged velocity of pupil changes from the peak constriction.

Because we expected that the mode of color appearance of self-luminosity for the glare illusion was

related to pupil constriction, we calculated the correlation between pupil size and participants claiming

that they perceived the luminosity from the presented stimulus at the end of each trial (as shown in

Figure 4.7.
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Figure 4.7 Psychometric fitting with response to self-luminosity.

The vertical axis indicates the probability of participants claiming they perceived the luminosity from the presented

stimulus, while the horizontal axis shows the averaged pupil response for each stimulus.
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Chapter 5

EEG and Pupil Measurement on

Illusory Glare Perception

The glare illusion enhances the perceived brightness of a central white area surrounded by a lu-

minance gradient, without any actual change in light intensity. In this study, we measured the varied

brightness and neurophysiological responses of electroencephalography (EEG) and pupil size with the

several luminance contrast patterns of the glare illusion to address the question of whether the illusory

brightness changes to the glare illusion process in the early visual cortex. We hypothesized that if the

illusory brightness enhancement was created in the early stages of visual processing, the neural response

would be similar to how it processes an actual change in light intensity. To test this, we observed the

sustained visual cortical response of steady-state visual evoked potentials (SSVEPs), while participants

watched flickering dots displayed in the central white area of both the varied luminance contrast of glare

illusion and a control stimulus (no glare condition). We found the SSVEP amplitude was lower in the glare

illusion than in the control condition, especially under high luminance contrast conditions. Furthermore,

we found the probable mechanisms of the inhibited SSVEP amplitude to the high luminance contrast of

glare illusion based on the greater pupil constriction, thereby decreasing the amount of light entering the

pupil. Thus, the brightness enhancement in the glare illusion is already represented at the primary stage

of visual processing linked to the larger pupil constriction.
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5.1 Introduction

In daily life, the perception of luminance from an object is an important function of human visual pro-

cessing. The visual system must discriminate important information from a massive amount of inputs.

It does this via a process called feature-selective attention. Feature-selective attention ensures that the

visual system is attuned to the most salient stimuli, for example, social threats, people and memory

selection. Previous studies have shown that modulation of feature-selective attention by manipulating

stimulus property is reflected in the amplitude of steady-state visual evoked potentials (SSVEPs) (Fesi

et al., 2014; Muller et al., 2006; Stormer et al., 2013). SSVEPs are measured as an oscillatory electroen-

cephalography (EEG) signal, and tagged by flickering stimuli at the electrodes of the visual area (e.g.,

Müller et al., 1998; Regan, 1989). In addition to responding to attentional shift, SSVEP amplitude also

increases linearly with increasing luminance contrast between a flickering random dot kinematogram and

its background. For example, Andersen et al. reported that a stimulus with higher luminance contrast

enhanced SSVEP amplitude via bottom-up biased visual processing (Andersen et al., 2012).

The aim of the current study was to measure SSVEPs to determine how brightness is perceived in

the primary visual cortex. In general, we estimate brightness from the context surrounding an object,

regardless of whether it has physical characteristics of a light source. In psychology, the term brightness

refers to the perceived intensity of light coming from a given portion of an object (e.g., Purves et al., 2014).

One way to study how the brain processes brightness is by using illusions, which alter our perception of

brightness. The glare illusion is a generalized example in which we perceive brighter regardless of the

actual luminance of the object (see Figure 5.1) (Zavagno, 1999). It is produced using a pattern of

luminance gradations that converge onto a central white area, which is perceived as emitting light. The

glare illusion enhances perceived luminance by 20 - 40% in comparison to a control condition (Yoshida

et al., 2008). Agostini and Galmonte showed that the perceived luminance contrast between the square

patch stimulus -which is put on the central white region of the glare illusion- and its background white

region was significantly increased by the glare illusion (Agostini and Galmonte, 2002).

As mentioned in previous chapter, the brightness enhancement yields the larger pupil constriction

when the self-luminosity perception is impressed by the glare illusion. Since we propose from earlier

study that there is the pathway from the visual cortex to the PON via SC involved in the self-luminosity

perception to modulate the pupil constriction, we are interested in the correlation between the cortical

response and pupil size involved the processing of the glare illusion. Hence, we hypothesized that if the

visual cortex processes the illusory brightness enhancement similar to how it processes an actual change

in light intensity, then the SSVEP amplitude should be increased by the glare illusion; this assumption

supports the report of an ‘actual’ luminance contrast effect on the SSVEP amplitude (Andersen et al.,
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Figure 5.1 Glare illusion.

The glare illusion consists of a luminance gradation in the periphery. The central region of the glare illusion (left) typically

appears brighter than the corresponding control stimulus (right) despite both having the same luminance.

2012). Another possibility is that the SSVEP amplitude would decrease because of the amount of light

entering the eyes via pupil constriction. Most importantly, several previous studies showed that the

brightness enhancement in the glare illusion, resulted in constriction of the pupil compared to its control

condition (Laeng and Endestad, 2012; Suzuki et al., 2019a; Zavagno et al., 2017). They suggested that a

top-down pathway is involved in the processing of the glare illusion as an adaptive response to protect from

“dazzling”. Since the pupillary response is mainly a function of retinal illuminance due to the amount of

light energy entering the eye from the ambient environment (i.e., the pupil constricts in a bright room

whereas it dilates in a dark room), the number of photons captured by the retina also decreases when the

pupil is constricted by the bright illusion.

To test this hypothesis, we monitored changes in participants’ brain activity while they watched

flickering dots on the center region of a monitor, surrounded by either the glare illusion or its control

condition (Experiment 1). The SSVEP amplitude was compared between the glare illusion and its control

condition across five luminance contrast conditions, in line with the Andersen et al. (2012) study. To

explore one possible mechanism responsible for the modulation of SSVEP amplitude by the glare illu-

sion, we then measured pupil response while presenting the same stimuli as those used in Experiment 1

(Experiment 2). Since the two experiments involved the same participants, we were able to relate these

responses to one another and correlate the change in pupil size to the change in SSVEP amplitude caused

by the glare illusion.
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5.2 Methods

5.2.1 Participants

Ten voluntary participants (nine men, one woman; age range 21–24 years) took part in Experiment 1 and

2. Data from one participant having the same luminance. Data from one participant were excluded from

our analyses in Experiment 1 because a peak response of SSVEPs was not confirmed. All participants had

normal or corrected to normal vision. All experimental procedures were in accordance with the ethical

principles outlined in the Declaration of Helsinki and approved by the Committee for Human Research

at the Toyohashi University of Technology, and the experiment was conducted in accordance with the

approved guidelines of the committee. All participants provided written informed consent. Participant

data and experimental scripts are available from https://github.com/suzuki970/Experimental_data/

tree/master/P01.

5.2.2 Experiment 1

Stimulus and apparatus

We used the glare illusion (glare condition), which has luminance gradations converging onto a central

white area. The uniform stimulus (control condition) was a control to each of the glare stimuli used in

Experiment 1 and 2 (see Figure 5.2A). While the central region was surrounded by a luminance gradation

in the glare illusion, the averaged luminance of the gradation was used to surround the circle in the control

condition. The xy coordinates of the colors in the CIE1931 color space were x = 0.3127 and y = 0.3290.

The luminance of the gradient pattern changed linearly from five luminance conditions (48, 54, 60, 66

and 72 cd/m2) to 10 cd/m2 as shown in Figure 5.2A. In that time, the luminance of the central region

followed each luminance condition (48, 54, 60, 66 and 72 cd/m2). The background luminance was 20

cd/m2.

Forty dots (20 cd/m2 in each) flickered within the central white region at a frequency of 7.5 Hz,

which elicited SSVEPs during all trials. The luminance contrast ratio between the central region and dots

was calculated from the Weber contrast: 0.58, 0.63, 0.67, 0.7 and 0.72. These luminance contrasts were

used as the Contrast condition in this study. The location of the dots varied randomly in four directions:

up, down, left, and right at 7.5 Hz. The luminance of the stimuli was calibrated using a chromameter

(ColorCAL II, Cambridge Research System, Kent, UK).

All stimuli were presented on a cathode-ray tube (CRT) monitor (EIZO, FlexScan964, Ishikawa,

Japan) with a resolution of 1280 × 1024 and refresh rate of 60 Hz. The task was executed in MATLAB

2014b (The MathWorks, Natick, MA) using Psychtoolbox 3 (Brainard, 1997). The task was carried out
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in a shielded darkroom. The chin of each participant was fixed at a viewing distance of 600 mm from the

monitor. All stimuli were presented at a visual angle of 6.47 degrees in the center of the monitor. The

diameter of the stimulus from the center to the boundary of the inner circle was 2.5 degrees. Each dot

subtended 0.29 degrees and was drawn in random position within the inner circle accompanied by the

glare or control condition. The dots randomly moved up, down, left, or right by 0.05 degrees at 7.5 Hz

flickering.

A

B

Glare

Control

0.70 0.720.63 0.670.58

Fixation point

1,000 ms Stimulus presentation

(Dots flickering)

3,000 ms

ISI

1,000 ms

Luminance contrast

Figure 5.2 Experimental stimuli and design of Experiments 1 and 2.

(A) Examples of glare stimuli (above) and control stimuli (below) in five luminance contrast conditions used in Experiment

1 and 2. (B) The identical experiment design was used in both Experiment 1 and 2. Each trial included the presentation of

the fixation point for 1000 ms and the presentation of the stimulus (glare or control condition) for 3000 ms. Each trial was

separated by an inter-stimulus interval (ISI) of 1000 ms. Participants were instructed to focus on the flickering dots.
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Procedure

Each trial consisted of the presentation of the fixation point for 1000 ms and the presentation of the

stimulus for 3000 ms (see Figure 5.2, panel (B) for a design). Trials were separated by an inter-stimulus

interval (ISI) of 1000 ms. The whole experiment consisted of 320 trials (5 contrasts × 2 patterns × 30

trials + 20 task trials), divided into four sessions. Each of the 10 stimuli (5 contrasts × 2 patterns) were

presented randomly (number of trials = 30 per condition). In a subset of task trials (approximately 1 in

every 15 trials), participants were instructed to respond by pressing the keypad when a black rectangle

appeared in the center of the stimuli to confirm that they were paying attention to the stimulus.

EEG recording and analysis

Brain activity was measured using the BioSemi 64+6 channel ActiveTwo system (BioSemi Inc., Amster-

dam, The Netherlands) at a sampling rate of 512 Hz. Electrodes were applied in accordance with the

extended International 10–20 system. Extra electrodes were applied horizontally and vertically to the

eye for bipolar monitoring of eye blinks. The EEG signal was sampled at 512 Hz and referenced to two

additional electrodes (CMS: common mode sense and DRL: driven right leg). Recorded EEG data were

band-pass filtered from 1 to 32 Hz. Epochs were defined from –200 ms to 3000 ms from the onset of

the stimulus presentation. Baseline EEG data were averaged from –200 ms to 0 ms and subtracted from

epoched EEG data. The baseline-corrected data from 500 to 3000 ms were used for analyses. We excluded

the period from 0 ms to 500 ms because of the effect of visual onset. Epochs containing amplitudes greater

than ±80 μV were defined as artifact epochs and rejected from further analyses. Epochs containing ex-

treme values (limit = ±80 μ V), abnormal trends (max slope = 50; R 2 limit = 0.3), improbable data

(single channel limit = 5; all channel limit = 5) and abnormally distributed data (single channel limit =

5; all channel limit = 5) were also excluded from further analyses.

EEG epochs from 500 to 3000 ms poststimulus onset were averaged among the trials and subjected

to a Fourier transformation analysis. The topographical map of the grandaveraged SSVEP amplitudes

at each electrode location showed peak activity in the occipital area (Figure 5.3B). The electrode with

the greatest SSVEP amplitude was selected from 15 electrodes located in the occipital area (O1, Oz,

O2, Iz, POz, P3, P5, P7, PO3, PO7, P4, P6, P8, PO4, and PO8) for each individual participant. The

SSVEP amplitude was then normalized in accordance with the formula of Andersen et al. for each

participant (Andersen et al., 2011). To assess the time course of activity, we applied Morlet wavelet

time-frequency analyses to the data from 500 ms to 3000 ms by using ft freqanalysis from the FieldTrip

toolbox for (Oostenveld et al., 2011) after the EEG data were averaged in each condition across the trials.

The wavelet width (i.e., number of averaged time series) was 13 (averaged time window = 65 ms), and
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the frequency of interest (FOI) shifted from 6 to 16 Hz at 0.25 Hz intervals.

Statistical analysis

We calculated the grand-averaged SSVEP amplitude of the peak value at 7.5 Hz in Experiment 1. A

two-way ANOVA was performed using the averaged SSVEP amplitude in each Contrast (i.e., 0.58, 0.63,

0.67, 0.7 and 0.72) and Pattern (i.e., glare and control condition) as within-subject factors. The level of

statistical significance was set to p < 0.05 for all analyses. Pairwise comparisons for main effects were

corrected for multiple comparisons using the modified Bonferroni (Shaffer) method. Effect sizes (partial

η2; η2p ) were determined for the ANOVA. Greenhouse-Geisser corrections were performed when Mauchly’s

sphericity test results were significant. Statistical analyses were performed using R software (Ihaka and

Gentleman, 1996).

5.2.3 Experiment 2

Stimuli and experimental procedure.

The stimuli and experimental paradigms used in Experiment 2 were identical to those used in Experiment

1 displayed in Figure 5.2B. Stimuli were presented on a liquid crystal display (LCD) monitor (Viewpixx3D,

VPixx Technologies, Saint-Bruno-de-Montarville, QC, Canada) with a resolution of 1920 × 1080 and a

refresh rate of 120 Hz. The xy coordinates and Y value were completely aligned with Experiment 1 using

a chromameter for calibration. As in Experiment 1, 40 dots flickered at 7.5 Hz in the central white region.

Each of 10 conditions (5 contrasts × 2 patterns) were presented randomly (number of trials = 20 per

each condition). The experiment consisted of 220 trials (5 contrasts × 2 patterns × 20 trials + 20 task

trials), divided over four sessions.

Pupil measurement

Pupil size and eye movement were measured during the task using an eye-tracking system (EyeLink

1000, SR Research, Oakland, Canada) at a sampling rate of 500 Hz. Eye movement was observed in the

participants’ left eye with an infrared light video camera at a resolution of no more than 0.1 degrees.

Trials in which the pupil could not be detected were excluded from analyses. The device outputs pupil

size in arbitrary units. In the time course analysis, each trial was normalized by subtracting the pupil size

at stimulus onset from the baseline pupil size, following which each data point was smoothed using ±5

sampling. Baseline pupil size was computed as an average of data collected during the fixation period prior

to stimulus onset from –200 ms to 0 ms (i.e., presentation onset). Across the conditions, the pupillary
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response was averaged from 500 ms to 3000 ms after stimulus onset and evaluated by a repeated-measures

analysis of variance (ANOVA) so that it was aligned with the time window analyzed in Experiment 1.

Statistical analysis

A two-way ANOVA was performed on the grand-averaged pupil changes from 500 ms to 3000 ms in each

Contrast (0.58, 0.63, 0.68, 0.70, 0.72) and Pattern (glare and control conditions) as within-subject factors.

To assess the correlation between the SSVEP amplitude in Experiment 1 and the pupil constriction across

Contrast and Pattern conditions, we used a linear regression model in R using the lm function (R Core

Team, 2016) In the time serial correlation analysis, p-values were corrected with false discovery rate (FDR)

for multiple comparisons using the Benjamini and Hochberg method (Benjamini and Hochberg, 1995).

5.3 Results

5.3.1 Experiment 1

We first analyzed the topographical map of the grand-averaged SSVEP amplitudes at 7.5 Hz as shown

in Figure 5.3A. Since the peak activity was observed in the occipital area as expected, the averaged

spectra among 15 occipital electrodes (see methods) were calculated using a Fourier transform in each

Pattern condition (Figure 5.3B). We confirmed that large SSVEP amplitudes reflected the fundamental

flickering frequency of 7.5 Hz. Figure 5.4A shows the grand-averaged SSVEP amplitude of the peak

value at 7.5 Hz for each Pattern and Contrast condition. A two-way repeated-measures ANOVA revealed

a significant interaction of the averaged SSVEP amplitudes between Pattern and Contrast conditions

(F(2.774, 22.189) = 3.52, p = 0.0345, η2p = 0.306). The simple effect for the interaction of the Contrast at

control condition showed that the SSVEP amplitude significantly increased monotonically as a function

of the luminance contrast (F(4,8) = 3.4174, p = 0.0380, η2p = 0.2993), as expected from the results of a

previous study (Andersen et al., 2012). However, post-hoc modified Bonferroni (Shaffer) corrected t-tests

for the luminance at control only showed the significance between contrast ratio 0.63 and 0.72 (t(8) =

3.9065, p = 0.0045). Most importantly, the SSVEP amplitude in the glare illusion condition increased up

to a luminance contrast of 0.67 as in the control condition, whereas it decreased for the highest luminance

contrast ratios of 0.7 and 0.72. The post-hoc tests for the interaction showed that the SSVEP amplitudes

in the glare condition at contrast ratios of 0.7 and 0.72 were smaller than in the control condition (F(1,8)

= 6.5771, p = 0.034, η2p = 0.4512 and F(1,8) = 15.6407, p = 0.0042, η2p = 0.6616, respectively). The main

effects of Contrast and Pattern were not significant (F(2.768, 22.145) = 1.416, p = 0.265, η2p = 0.15; F(1,

8) = 3.399, p = 0.102, η2p = 0.298). Figure 5.4B shows the Morlet wavelet time-frequency representation
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for the luminance contrast ratio of 0.72. In Experiment 2, we assessed the correlation with the pupil

constriction across time using the peak SSVEP amplitudes at 7.5 Hz from the wavelet analysis.
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Figure 5.3 Results of SSVEP amplitude and topographical map.

(A) Topographical map of steady-state visual evoked potential (SSVEP) amplitudes in each Pattern (glare versus control)

averaged among Contrast conditions. (B) The grand-averaged SSVEP amplitude was observed at the fundamental

frequency of the flickering dots (7.5 Hz). The dashed and solid lines show the result of averaged SSVEP amplitude among

Contrast conditions in both the control and glare conditions.

5.3.2 Experiment 2

A two-way repeated-measures ANOVA on the averaged pupil changes from 500 ms to 3000 ms (i.e., the

same window used in Experiment 1) as shown in Figure 5.5A revealed a significant main effect of Contrast

condition (F(4, 32) = 43.38, p < 0.001, η2p = 0.844). The interaction between Pattern and Contrast was

also marginally significant (F(4, 32) = 2.292, p = 0.0811, η2p = 0.223) (Rosnow and Rosenthal, 1989).

Post-hoc multiple comparisons for the Contrast condition were significant in all the luminance contrast

pairs (ps < 0.05). Similarly, the post-hoc tests for the interaction showed that pupil constriction increased

as a function of luminance contrast for both glare (F(4,32) = 34.0078, p < 0.001, η2p = 0.8096) and control

conditions (F(4,32) = 27.7667, p < 0.001, η2p = 0.7763). Crucially, we also found the significant interaction

of Pattern at luminance contrast of 0.72 (F(1,8) = 10.4289, p = 0.0121, η2p = 0.5659) suggesting that,

consistent with recent findings, the ‘glare’ effect of greater pupil constriction was observed at luminance

contrast of 0.72, though not at the other luminance contrasts (p > 0.05).

We subsequently calculated the correlation between the time series of SSVEP amplitude at 7.5

Hz in Experiment 1 (Figure 5.5B in top panel) and the pupil constriction in Experiment 2 (Figure 5.5B

in middle panel) in every 2.7 ms from 0 ms to 3,000 ms (i.e., from stimulus onset to offset). We first

71



5.3. RESULTS

�

 !"#$%&#'(

)
*#
+
,
#
-
'.
$%
/
0(

123 421 423 521 523 621 123 421 423 521 523 621
7
8
9
:
41
44
45
46
4;
43
47

<=>*#?@-A*@=

B
@
*"

>
=!0#

C
$D
D
E
F
G
$>
"
H
=!A,

C
#

4

5

6

;

III
J

������������������ I$H$K$1213L$III$H$K$12113

129

421

425

42;

1239 1276 1278 1281 1285

 
�
��
�
!�
"�
#
�$
$
%
&
'
��
�
(
!�
��
#
�

<=>*#

?@-A*@=
I

Figure 5.4 Results of averaged SSVEP amplitude in each Contrast.

(A) The grand-averaged SSVEP amplitude at the frequency of interest of 7.5 Hz for both glare and control conditions for

each luminance contrast. The abscissa and ordinate indicate the luminance contrast and the normalized SSVEP amplitude

among subjects respectively. Error bars indicate the standard error of the mean. (B) The time course SSVEP amplitude

for glare and control in the contrast of 0.72 as examples.
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assessed the correlation across Contrast in each Pattern using a simple linear regression model; the SSVEP

amplitudes in both glare and control conditions were then entered as the dependent variables in each

model. As expected, there was a strong inverse relationship between the SSVEP amplitude and extent

of pupil change returning toward the baseline pupil size (Figure 5.5B in bottom panel), indicating that

brighter stimuli produced the larger SSVEP amplitudes and greater pupil constriction. The correlation

between the averaged SSVEP amplitude and pupil constriction from 500 ms to 3000 ms also showed

significant inverse relation (for glare, y = –0.011x + 0.209, t(8) = –5.269, p < 0.001, R = –0.6264 and for

control, y = –0.013x + 0.249, t(8) = –3.688, p = 0.0006, R = –0.4902). The confidence of these results

was confirmed by a Bayesian Pearson’s rho correlation in favor of H1 (difference), but also for H0 (i.e.,

no difference), using the statistical software JASP (https://jasp-stats.org/; Team, 2018). A Bayesian

analysis reveals whether the evidence is more in favor of H1 when the obtained Bayesian Factor (BF10)

is greater than 3 (Dienes, 2014). These analyses revealed that the stimulus luminance change resulted

in strong evidence for the larger SSVEP amplitudes and greater pupil constriction to brighter stimulus

(BF10 = 5260.46 for glare and BF10 = 53.17 for control).

Next, the correlation analysis in each Contrast and Pattern was separately tested to account for

the individual differences between participants across the conditions. We found that averaged SSVEP

amplitude and pupil constriction inversely correlated in all conditions from luminance contrast of 0.58 to

0.72 (for glare, R = –0.65, p = 0.058, BF10 = 1.955; R = –0.463, p = 0.21, BF10 = 0.815; R = –0.753, p

= 0.019, BF10 = 4.376; R = –0.768, p = 0.016, BF10 = 5.079; R = –0.743, p = 0.022, BF10 = 3.991 and

for control, R = –0.266, p = 0.489, BF10 = 0.503; R = –0.637, p = 0.065, BF10 = 1.807; R = –0.416, p

= 0.265, BF10 = 0.705; R = –0.518, p = 0.153, BF10 = 0.998; R = –0.378, p = 0.316, BF10 = 0.634). A

Bayesian analysis for the correlation revealed that the larger pupil constriction in the luminance contrast

condition of 0.68, 0.70 and 0.72 for glare pattern resulted in moderate evidence for the elevation of SSVEP

amplitude.

Most importantly, we further assessed the correlation between the SSVEP amplitude and pupil

constriction each Contrast across Pattern as shown in Figure 5.6 to account for the inhibition of the

SSVEP amplitude in point of the greater pupil constriction to the glare illusion at the luminance contrast

of 0.72. When the greater pupil constriction relates to the larger SSVEP amplitude, those responses

should be inversely correlated. On the contrary, if the greater pupil constriction prompts the inhibition of

SSVEP amplitude, the correlation of those responses at the luminance contrast of 0.72 would be weaker

than the other luminance contrast condition. The analysis revealed that the SSVEP amplitude and pupil

constriction were inversely correlated at the luminance contrast of 0.58, 0.63, 0,67 and 0.70 with moderate

or strong evidence (i.e., BF10 > 3) (R = –0.4604, p = 0.0545, BF10 = 4.608; R = –0.5491, p = 0.0183,

BF10 = 7.867; R = –0.5904, p = 0.0099, BF10 = 11.901; R = –0.5653, p = 0.0145, BF10 = 5.042) while
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Figure 5.5 Pupil response.

(A) The averaged pupil changes from 500 ms to 3000 ms of viewing for each Pattern and Contrast condition. The asterisks

(*) indicate a statistical significance of p < 0.05. Error bars represent the standard error of the mean. (B) The time course

of the SSVEP amplitudes and pupil responses for each Pattern and Contrast condition. The horizontal axis indicates the

time from -200 ms to 3000 ms (i.e., from baseline area to stimulus offset). The grand-averaged SSVEP amplitude at the

frequency of interest of 7.5 Hz from a time-frequency analysis shown in the top panel, as well as the time course of pupil

response in the middle panel. The dashed and solid lines show the result of control and glare condition, respectively. The

color gradations indicate each Contrast condition. The bottom panel shows t-values on the correlation across Contrast in

each Pattern between the SSVEP amplitude (top panel) and the pupil constriction (middle panel) in each time period

using a simple regression model. The gray-shaded areas show a significant correlation of p < 0.05. The p values were

corrected for multiple comparisons with an expected FDR of 0.05.

74
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an inconclusive or ‘anecdotal’ evidence (i.e., BF10 < 3) at the luminance contrast of 0.72 was found (R =

–0.4463, p = 0.0634, BF10 = 2.010) as well as the time course of correlation analysis in Figure 5.6. As we

expected, the correlation between the pupil response and SSVEP amplitude at luminance contrast of 0.72

responses was weaker than the other luminance contrast condition, most likely because the greater pupil

constriction with the ‘glare’ effect existed only at the luminance condition of 0.72 linked to the inhibited

SSVEP amplitude. Thus, the weak correlation revealed the effect of greater pupil constriction on the

inhibition of the SSVEP amplitude produced by the glare illusion.
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Figure 5.6 Time course correlations between the SSVEP amplitude and pupil response.

T-values on the correlation between the SSVEP amplitude and the pupil response in each Contrast across Pattern. The

luminance contrast values are shown on the top of the graphs. The gray-shaded areas indicate the significant correlation

area of FDR corrected p < 0.05.

5.4 Discussion

In the current study, we observed SSVEP amplitudes (Experiment 1) and pupil changes (Experiment

2) while participants viewed flickering dots at the center of the stimulus in glare illusion and control

conditions to address the question of whether the illusory brightness enhancement was created in the

early stages of visual processing related to the pupil changes. As expected, the SSVEP amplitude in

the control condition (i.e., in the absence of gradients causing illusory glare) increased in proportion to

the luminance contrast, consistent with the previous demonstration of Andersen et al. (2012). Thus,

we successfully replicated results from a previous study showing that SSVEP amplitude reflects localized

luminance contrast between the flickering stimulus and background luminance. Similar results were

observed in the glare condition up to a luminance contrast of 0.67, whereas, for the higher luminance

contrast of 0.7 and 0.72, the SSVEP amplitude decreased compared to control conditions. Moreover, the
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glare illusion at the luminance contrast of 0.72 resulted in greater pupil constriction, which was consistent

with one of our hypotheses that the SSVEP amplitude would decrease if pupil constriction restricted the

amount of light entering the eyes, as evidenced by a simple regression model to these responses.

As expected, the larger SSVEP amplitude and greater pupil constriction were provided as a function

of the actual luminance change, and no relationship of those responses in the control condition within

constant luminance contrast between participants was found. This appears consistent with the ideas that

although the SSVEP amplitude and pupil constriction reflect the localized luminance contrast change,

the SSVEP amplitudes under the constant luminance condition are not related to pupil size (Thigpen

et al., 2018). On the contrary, the SSVEP amplitude and pupil constriction to the glare illusion were

inversely correlated under each certain luminance contrasts of 0.67, 0.70 and 0.72. Since the correlation

was calculated in each constant luminance and pattern condition, the inverse correlation indicates simply

an individual difference. A likely explanation for the individual differences is that the extent of pupil

constriction reflects how each participant perceives brightness while viewing the glare illusion. We note

that there are, in general, substantial individual differences of “a sensitivity to the light” because the

perceived intensity of light is determined by the combination of the luminance and the chromatic channels;

one probable account for the individual differences may be due to the spectral absorption of the eye lens

and of macular pigments (Nayatani et al., 1988; Whitehead, 2006).

The SSVEP amplitude was enhanced by higher luminance contrast between flickering stimulus and

background luminance, indicating that the neural response to actual luminance changes was processed in

the early visual cortex, as described by the previous study (Andersen et al., 2012). Given that the glare il-

lusion we used in this study is enough to enhance brightness as demonstrated by our additional experiment

(see https://github.com/suzuki970/Experimental_data/tree/master/P01/Additional%20information),

the SSVEP amplitudes seen in the glare condition were inconsistent with the hypothesis that the SSVEP

amplitude would increase as a function of the illusory brightness enhancement in the glare condition. How-

ever, the results support our other hypothesis that the SSVEP amplitude reflects the number of photons

captured by the retina because the decrease in SSVEP amplitude to the glare illusion at the luminance

contrast of 0.72 was accompanied by pupil constriction. Bombeke and colleagues also suggested that

the pupil-size differences modulate the feedforward response of V1 (Bombeke et al., 2016). The current

findings indicate the weak correlation between the SSVEP amplitude and pupil constriction across both

glare and control condition at the luminance contrast of 0.72, whereas the SSVEP amplitude and pupil

constriction were inversely correlated at the other luminance contrast condition, which we failed to ob-

serve the larger pupil constriction effect on the illusory glare. As mentioned earlier, the inverse correlation

between the SSVEP amplitude and pupil response across glare and control condition seemed to indicate

the individual differences because those glare and control patterns at luminance contrast condition from
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5.5. CONCLUSIONS

0.58 to 0.7 yielded no significant changes in pupillary diameter within participants. Thus, when larger

pupil constriction and the decrease in the SSVEP amplitude are provided by the glare illusion at the

luminance contrast of 0.72, those responses affected positively the correlation and then resulted in the

weak correlation.

The pupil constriction effect due to illusory glare has been demonstrated by several previous stud-

ies (Bombeke et al., 2016; Laeng and Endestad, 2012; Laeng et al., 2018; Suzuki et al., 2019a; Zavagno

et al., 2017), as well as pictures of the sun (Binda et al., 2013b; Naber and Nakayama, 2013). We should

note that the phenomenon of pupil constriction to the bright illusion was replicated only in the highest

luminance contrast condition, even though some significant brightness enhancement existed in the lower

luminance contrast conditions of the glare illusion as shown in our additional experiment. Tamura et al.

observed that the brightness enhancement in the glare illusion depends on the luminance contrast between

the central area of the glare illusion and background (Tamura et al., 2016); the lower luminance contrast

condition produces only a slight brightness enhancement. Thus, the experience of ‘glare’ or ‘dazzling’

effect due to the luminance gradation of the stimulus may elicit the larger pupil constriction. However,

we need to point out a potential limitation of the stimulus used in this study. The circle shape of the

glare illusion was not consistent with the previous works which reported the pupil changes to the bright

illusion (Laeng and Endestad, 2012; Laeng et al., 2018), as well as other similar stimuli (e.g., Kanizsa,

1979; Kitaoka, 2005; Zavagno, 2005). Thus, the configuration of stimulus shape, size, luminance gradation

and contrast may be important to elicit the larger pupil constriction in the glare illusion than its control

stimulus.

5.5 Conclusions

The present findings elucidate the relationship between visual cortical response indexed by SSVEPs and

pupillometry in the glare illusion. The glare illusion enhances brightness perception due to a luminance

gradient surrounding a central white area of the stimulus, without any real change in light intensity. Our

study suggests that brightness perception also modulates the SSVEPs via modulation of pupil changes.

The inhibition of SSVEPs in the glare illusion could be extended to studies of glare involving psychological

dazzling and discomfort (Bargary et al., 2014; Colombo et al., 2012; Lin et al., 2015; Maniglia et al., 2018),

or even used to evaluate the mimicking of glare perception in Irlen syndrome, without an actual light

source (Evans and Stevenson, 2008). In conclusion, this study provides evidence that SSVEP amplitude

is modulated by the glare illusion, which at high luminance contrast causes greater pupillary constriction.
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5.6 Additional experiment

Following Experiment 1 and 2, we conducted a two-alternative forced choice (2AFC) task to confirm

perceived brightness enhancement in our luminance condition. The equipment and stimulus property were

identical to that used in Experiment 2, except for the luminance contrast condition. Seven luminance

contrasts were used (42, 48, 54, 60, 66, 72 and 78 cd/m2).

Procedure At the beginning of the trial, the fixation point was presented prior to the stimulus presen-

tation for 1,000 ms. Then, two stimuli were displayed side-by-side: the target stimulus and the reference

stimulus at 7.35 degrees from the center of the monitor on either side of the center. The side (left, right)

of the target and reference stimuli was determined randomly in each trial but the number of the trials for

each stimulus was kept constant (number of trials = 16). The reference stimulus could be one of 7 lumi-

nance patterns of control stimulus (42, 48, 54, 60, 66, 72 and 78 cd/m2). The target stimulus was picked

from one of 5 luminance patterns of glare stimulus (48, 54, 60, 66, and 72 cd/m2) or one of 7 luminance

patterns of control stimulus as a control condition. Participants were asked to engage in a 2AFC task in

which the reference or target stimulus appearing brighter (right or left). The whole experiment therefore

consisted of 672 trials (7 references × 5 targets × 16 trials + 7 control stimulus × 16 trials), divided

into four sessions.

Results The probability with which the participants chose the reference stimulus was calculated. The

average probability in each target luminance contrast was fit with a psychometric function which im-

plements the maximum-likelihood method using the Palamedes Toolbox (Prins and Kingdom, 2009).

Analysis of the 2AFC task revealed that the brightness perception was clearly enhanced by the glare

illusion in every contrast condition used in the prior experiment as shown in Figure 5.7. We estimated

the ‘illusory’ brightness to the glare illusion in Contrast of 0.58, 0.63 and 0.57 from Point of Subjective

Equality (PSE): 0.685, 0.712 and 0.732 respectively. The results indicated that the perceived brightness

enhancement also occurred in the low luminance contrast condition.
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Figure 5.7 Results of Brightness estimation.

The vertical line indicates the probability the participants selected the target stimulus. The squares and circles show the

result for the reference of control and glare stimulus respectively. In the result for the glare stimuli, the average probability

in each target luminance contrast was fit with a psychometric function. Dots lines indicate the PSE in each luminance

pattern.
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Chapter 6

General Discussion and Conclusions

“The eyes, which are the windows of the soul.” ― Plato, in the Phaedrus

Pupil dilation/constriction informs us of the processing of our cognitive effort, emotion, mental,

and attentional state via the LC-NE system (Beatty, 1982; Bradley et al., 2008; Einhäuser et al., 2008;

Laeng and Sulutvedt, 2013; Mathôt et al., 2017; Suzuki et al., 2018). In addition to previous findings

indicating that large pupil constriction is prompted by glare illusion (Laeng and Endestad, 2012), we

originally considered the pupil response to the level of brightness and the luminosity perception in glare

illusion to be indexed as the objective marker of pupillary changes. In the current study, we observed

pupil responses to the varied pattern of glare illusion; the parameter in the color of luminance gradation,

the central luminance, and the shape in glare illusion were manipulated and resulted in modulating the

brightness changes and evoking the luminosity perception.

6.1 Pupil control circuit for glare illusion

Here, we illustrate a probable schematic of brain processing for glare illusion related to pupil constriction

(Figure 6.1). Pupil constriction is controlled by the sphincter muscles with increasing parasympathetic

nervous system activities. The visual input into the retina is translated into an electric signal and

projected to the PON, primary visual cortex, and SC. Whether pupil constriction occurs depends on the

intensity of luminance of the visual stimulus which is referred to as the PLR (Figure 6.1 blue line). From

the serial experiment in the previous chapters, the PLR to glare illusion and control stimulus occurred

in a manner consistent with brightness perception (Chapters 2, 3, and 4), and the difference of pupil

constriction between glare and control stimulus was sustained from stimulus onset to offset. Therefore,

the pathway evoking large pupil constriction to glare illusion is relatively processed in the early stage of

visual processing, similar to the PLR circuit. This is a very rational process because it demands immediate
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processing; i.e., the situation where we actually perceive a glare (e.g., from the sun) might lead to crucial

eye damage.

6.2 The presence of feedback to V1 from pupil constriction

Even though pupil constriction to illusory glare functions might be a reaction to protect the eyes, the

constriction effect was not temporary contrary to the PLR. This indicates that the high sympathetic

activity should remain to constrict the pupils as we showed the time course of pupillary changes in

any experiments. Because EEG (SSVEP) measurement implied that pupil constriction caused by glare

illusion is related to the primary visual cortex (V1) evidenced from the time-course analysis in Chapter

5, there is a pathway to modulate the visual input owing to pupil constriction (Figure 6.1 red line). As

we mentioned in Chapter 4, the perception of self-luminosity also plays an important role to modulating

pupil constriction. Leonards et al.(2005) reported that self-luminosity involves an extrastriate visual cortex

and ventral-occipital cortical area (Leonards et al., 2005). Therefore, the perception of self-luminosity

for the glare illusion is processed in the extrastriate cortex, and then the feedback signal in the form

of pupil constriction affects the SSVEP amplitude. Additionally, there might be a circuit via SC and

frontal cortex to process the colored glare illusion (i.e., large pupil constriction for the blue glare illusion)

based on the memory-related visual processing or inherited mechanism discussed in Chapter 3. This

theoretical evidence may contribute to understanding the neural mechanisms of glare illusion. Moreover,

our hypothesis, based on the ecology of vision, that the visual system adapts to dazzling light as an

inherited trait, might benefit from the theoretical understanding of the processing of glare illusion in the

brain.
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Figure 6.1 A probable model for processing the glare illusion.

Schematic circuit of pupil constriction caused by glare illusion. Abbreviations: PON, pretectal olivary nucleus; EW,

Edinger-Westphal nucleus; SC, superior colliculus; V1, primary visual cortex.

6.3 Conclusions

In the present study, we focused on the pupil response to bright illusion in terms of brightness and

luminosity. Further, we investigated the relation of pupil response to the EEG response and the effect on

the pupil size owing to the stimulus visual angle. Here, we summarize the findings and contribution of

our study.

Pupil response on brightness Several studies have reported a brightness effect on pupil changes by

using bright illusion (e.g., an image of the sun and a picture of the natural scene) (Binda et al., 2013b;

Laeng and Endestad, 2012; Naber and Nakayama, 2013; Suzuki et al., 2019a). We proposed that the

extent of glare-related pupil constrictions for the participants in our experiments were correlated to each

individual’s subjective brightness adjustments.
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Blue glare illusion effect The blue glare illusion yields a stronger perception of enhanced perceived

brightness compared to all the other colors in a variety of patterns, and the pupil measurements capture

this effect effectively. Therefore, we originally proposed that blue may not only enhance the subjective

sense of brightness but that pupil constriction for the color blue could represent an adaptive response of

the visual system to a probable dangerous situation of dazzling sunlight.

We also found the pupil response to the ‘blue’ glare effect occurred to black/brown iris but not to

blue/hazel iris colors people. Since an iris color relates to a macular pigment density as a marker for the

adaptation to the homogeneous environment, we propose that the pupillary constriction represents the

adaptation response to probable dazzling sunlight imitated by the glare illusion similar to the function of

MP to filter the blue light projecting to the retina.

Pupil response on self-luminosity Self-luminosity, the perception of light emission from an object, is

a mode of color appearance evoked by glare illusion (Zavagno and Caputo, 2001, 2005). We investigated

whether luminosity contributes to pupil constriction by using the Kanizsa triangle with a luminance

gradation as elements generating the illusory contour. We claim that pupil constriction reflects the

brightness judgment with the mode of self-luminosity, although the brightness change produced by the

subjective illusory contour with the Kanizsa triangle does not affect pupil size.

Correlation between EEG and pupillary response The sustained visual cortical response of

SSVEPs reflects the activity in V1 modulated by the stimulus luminance contrast, attention, and other

cognitive factors. We found that the inhibition of SSVEPs with the large pupil constriction in the case of

bright glaze illusion has a high luminance contrast, thereby decreasing the amount of light projected to

the retina. Hence, the brightness enhancement in the glare illusion is already represented at the primary

stage of visual processing which is linked to large pupil constriction.
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