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A B S T R A C T

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.

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 con-
stricts whereas it dilates in the darkroom via a simple subcortical reflex
(Ellis, 1981; Woodhouse & 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, Stemmler, & Spang, 2011; Laeng, Sirois,
& Gredebäck, 2012; Mathôt, van der Linden, Grainger, & Vitu, 2013;
Wang, Brien, & 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 & Endestad, 2012; Laeng, Færevaag, Tanggaard,
& von Tetzchner, 2018; Zavagno, Tommasi, & Laeng, 2017) as well as
when viewing photo images of the sun (e.g., Binda, Pereverzeva, &
Murray, 2013; Naber & Nakayama, 2013).

The glare illusion is a “shining” example of brightness illusion

evoked by luminance gradients converging onto a central white area
(Agostini & 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 Fig. 1). 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 lu-
minance (e.g., Yoshida, Ihrke, Mantiuk, & Seidel, 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 re-
flectance of an object in the scene (e.g., Purves, Williams, Nundy, &
Lotto, 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, Daneyko, & Sakurai, 2011).
An optical illusion is a good example of how perceptions can be
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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 regula-
rities of the world (H. Brown & Friston, 2012; Purves, Monson,
Sundararajan, & Wojtach, 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, Jia, &
Barbur, 2014; Patterson, Bargary, & Barbur, 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 illumina-
tion), so as to simulate viewing background objects beyond illuminated
foreground objects, like when “looking through the branches of a tree”
(Corney & 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., 2013;

Einhäuser, Naber, & Frässle, 2011; Fahle et al., 2011; Naber, Frässle,
Rutishauser, & Einhäuser, 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° 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 pro-
cesses 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 dis-
tribution. That is, a hue's chroma and saturation can affect 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 acti-
vation of the early visual processing to matched brightness of two dif-
ferent 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 ap-
proach, the predicted brightness of neural network learning natural
images can statistically explain the HK effect (Long, Yang, & Purves,
2006).

Although several previous studies showed that colors per se can
affect the pupil diameter (Gamlin, Zhang, Harlow, & Barbur, 1998;
Kimura & Young, 1995; S. Tsujimura, Wolffsohn, & Gilmartin, 2001),

Blue CyanBlack Yellow RedGreen Magenta
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Homogenous 

(a)

(b)

Fig. 1. 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.
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pupillary constrictions in relation to the illusory brightness enhance-
ment with different colors have been less explored (e.g., Hanada, 2015).
We therefore examined how individual differences in brightness per-
ception, related to colors and glare illusions, are reflected in the in-
dividuals' 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). Spe-
cifically, 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, Harlow, & Sahraie, 1992; Barbur, Moro, Harlow, Lam,
& Liu, 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 homo-
geneous 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° 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 halo (see Fig. 1, 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 ad-
justment. Finally, in Experiment 3, we assessed whether hues of dif-
ferent 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 partici-
pants, 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. Experiment 1

In the initial experiment, we presented the illusory brightness sti-
muli individually on a computer screen. Each of these differently co-
lored glare stimuli, displayed in Fig. 1a, was presented repeatedly to
each participant, each time for a few seconds and with no other in-
struction 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' evi-
dence 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 Fig. 1a.

2.1. Methods

2.1.1. Participants
Twenty-three volunteers (18 men; 5 women; age range 20–26) took

part in experiment 1. Two participants were excluded from pupil ana-
lyses due to eye blinks on>50% of trials. All participants were

undergraduate and graduate students who had a normal or corrected-
to-normal vision. In addition, they had a normal color vision as estab-
lished 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 Tech-
nology. The experiment was conducted in accordance with the ap-
proved 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.

2.1.2. Stimulus and apparatus
We used as glare stimulus a circular pattern with luminance gra-

dations 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 Fig. 1a). The xy coordinates of the colors in the CIE1931 color
space were as follows: Black (0.3127, 0.3290), Blue (0.1653,0.0921),
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 aver-
aged color distributions of each stimulus (i.e. the central region of the
gradation) are shown in Supplemental Fig. 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 achro-
matic color (x= 0.3127, y= 0.329). The luminance of the stimuli was
calibrated using a Spectro-radiometer (SR-3AR, TOPCON, Tokyo,
Japan).

All stimuli were presented on a liquid-crystal display (LCD) monitor
(Display++, Cambridge Research Systems Ltd., Kent, UK) with a re-
solution 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° 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° so that the gradients were more lu-
minant peripherally. During each trial, there was a tiny fixation point of
0.23° positioned in the center of each pattern (not shown in Fig. 1). The
experiment was conducted in a darkroom under the control of MA-
TLAB2016a (The MathWorks, Natick, MA, USA) using Psychtoolbox
(Brainard, 1997).

2.1.3. Procedure
The eye tracker was calibrated prior to each session using a standard

five-point calibration, following which a session was conducted for
approximately 8min. Each trial began with a fixation point presented
for 1000ms prior to the presentation of the stimulus and, consequently,
each glare and halo stimulus was presented for 4000ms (see Fig. 2,
panel (a) for an illustration). Each trial was separated by an inter-sti-
mulus interval (ISI) of 2000ms. 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 70 cm. Participants
rested for at least 5 min between successive sessions.

2.1.4. Recording and analysis of pupil size
Pupil size and eye movements were measured by a SensoMotoric
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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°. 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 arti-
facts, revealed by using peak changes on the velocity of the pupil re-
sponse, 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
−200ms to 0ms (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, following which
smoothing of each data point with±30ms. Across conditions, the
pupillary response was averaged from the presentation period of sti-
mulus onset until 4000ms and evaluated by a repeated-measures ana-
lysis of variance (ANOVA).

2.1.5. 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 Bonferroni 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 sig-
nificant.

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). Fig. 3a
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. Fig. 3b shows the

averaged pupil constrictions from 0ms to 4000ms 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 Fig. 3c. 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 sig-
nificant (Rosnow & Rosenthal, 1989), since F(4.032, 80.644)= 2.074,
p=0.0617, η2p= 0.0984. Importantly, the results of multiple compar-
isons for the Glare color conditions showed that the peak pupil con-
striction to Blue was larger than to all the other colors (p < 0.05),
whereas comparisons of the Halo conditions revealed that the con-
striction to Blue was only significantly larger 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 re-
sulted 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 com-
parisons and around 3 versus Magenta) as shown in Supplemental
Fig. 2.

We also analyzed the averaged velocity of the peak pupil constric-
tion in each Pattern and Color conditions (Supplemental Fig. 3a). 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.

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

Fig. 2. Experimental design of Experiments 1 and 2. (a) Experiment 1: Each trial consisted in the presentation of the central fixation point for 1000ms, followed by a
stimulus presentation for 4000ms. Each trial was separated by an inter-stimulus interval (ISI) of 2000ms. (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.)
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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
(Supplemental Fig. 3b) and a two-way repeated-measures ANOVA re-
vealed 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).

2.3. Discussion

The present results replicate the pupil constriction effect due to il-
lusory glare as reported in previous studies (e.g., Bombeke, Duthoo,
Mueller, Hopf, & Boehler, 2016; Laeng et al., 2018; Laeng & Endestad,
2012; 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 be-
long 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 colors; larger pupil constrictions to
long- and 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 long- and 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 constric-
tion 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 information provided by color changes the relative
probability of the possible sources underlying the stimuli, thus chan-
ging the perception of brightness.” In general terms, perceptual illu-
sions help to reveal the assumptions that the mind relies upon when
unconsciously ‘inferring’ perceptual information (H. Brown & 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 ra-
ther than the stimulus properties (Einhäuser et al., 2011; Fahle et al.,
2011; Gamlin et al., 1998; 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 (T. M. Brown et al., 2012; Park & McAnany, 2015).
Recent findings showed the effect of interactions among melanopsin-
containing retinal ganglion cells and photoreceptors on pupil con-
striction (Miyamoto & Murakami, 2015; Spitschan, Jain, Brainard, &
Aguirre, 2014). Woeldersa et al. reported that increment of M- S-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 constriction for
the middle-wavelength light (cyan, yellow and green) than long-wa-
velength (Red, Magenta) and short-wavelength light (blue). The pre-
vious studies also showed that the time latency of peak pupil con-
striction in PLR to ipRGC-driven pupil constriction from stimulus onset
is slower than the photoreceptors mediated PLR (Kardon et al., 2009;
Lucas, Douglas, & Foster, 2001; Tsujimura & Tokuda, 2011). In addi-
tion, 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 colors.
Thus, it would seem that the observed ‘blue’ effect cannot be fully ex-
plained by a melanopsin-driven pupil constriction, but interactive ef-
fects 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 vi-
sual luminance pathway (Lee & 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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Fig. 3. 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 −200ms to 0ms, 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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3. Experiment 2

In this experiment, we used the psychophysical method of adjust-
ment 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 mea-
sured in Experiment 1.

3.1. Methods

3.1.1. 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.

3.1.2. Stimuli and apparatus
The stimuli used during the adjustment procedure are displayed in

Fig. 2b. 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.

3.1.3. Procedure
At the beginning of a trial, a fixation point appeared prior to the

stimulus presentation for 1000ms. Then, two stimuli were displayed
side-by-side: the target stimulus and the reference stimulus, at 6.93°
from the center of the monitor on either side of the center. The side
(left, right) of the target and reference stimuli was determined ran-
domly 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 Fig. 1a) 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 10min. Participants rested for
at least 5 min between each session.

3.1.4. 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 ma-
genta) as within-subject factors. To compare the mean brightness ad-
justments 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 adjust-
ments and the pupil constrictions in Experiment 1, using the lme4
packages (Bates, Mächler, Bolker, & Walker, 2015).

3.2. Results

In order to normalize the data, the obtained value of adjusted lu-
minance 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 sti-
mulus. 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. Fig. 4a 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, Fig. 4a). 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=−0.0063× - 0.0138, t(14)=−2.772, p=0.0207,
R=−0.438), as also shown in Fig. 4b. Importantly, in the Halo
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condition, we could not find the same relationship between pupil
change and subjective adjustments (y= 9e-04×+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.

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 con-
striction in the previous Experiment 1 and the level of adjusted lumi-
nance in the present Experiment 2 for the same participants. Thus, the
present result appears consistent with the idea that the pupil constric-
tions observed in Experiment 1 may have been triggered by each in-
dividual'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 (Nakano, Ikeda,
& Kaiser, 1988; Yaguchi, Kawada, Shioiri, & Miyake, 1993) 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, Takahama, & Sobagaki, 1988; Whitehead, Mares,
& Danis, 2006).

Intriguingly, the stronger bright effect of ‘blue glare’ illusion seems
consistent with psychological studies showing that the short-wave-
length light is particularly effective in yielding a strong ‘discomfort
glare’ (Bullough, Fu, & Van Derlofske, 2002; Flannagan, Sivak, &
Traube, 1994; Sivak, Schoettle, Minoda, & Flannagan, 2005). 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 at-
tempts 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.

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 & Stromeyer,
1989). In fact, previous studies have shown that M-cone increments
actually decrease perceived brightness, while L-cone increments in-
crease it (Parry, McKeefry, Kremers, & Murray, 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 pos-
sible explanations of the ‘blue’ glare effects observed here and con-
sistent 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.

4.1. Method

4.1.1. 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.

4.1.2. 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 Fig. 1b. The surface areas under the curves calculated from
the spectrograph (see Supplemental Fig. 1) were the following: Black
0.265W/sr/m2, Blue 0.4010W/sr/m2, Cyan 0.2700W/sr/m2, Green
0.2056W/sr/m2, Yellow 0.2302W/sr/m2, Red 0.2833W/sr/m2 and
Magenta 0.3466W/sr/m2. The average Y value of the inducer among
colors was 39.41 ± 1.44 cd/m2. The CIE xy coordinates were as fol-
lows; 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.

4.1.3. Procedure
As done previously, each trial began with a central fixation point

presented for 1000ms prior to the presentation of the color field which
was presented for 4000ms. Trials were separated by an inter-stimulus
interval (ISI) of 2000ms. 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, di-
vided into four sessions. Each session was conducted for approximately
8min. Participants rested for at least 5 min between each session.

4.1.4. 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 corre-
lation between the pupil constrictions in Experiment 1 and 3 of the
same participants.

4.2. Results

As done earlier, the averaged pupil changes from −200ms to 0ms
prior to stimulus onset was used for baseline pupil diameter. Fig. 5a
shows the grand-averaged time course of pupil changes among parti-
cipants for six colors. Separate two-way repeated-measures ANOVAs
were carried out for the averaged pupil changes and for the maximum
constrictions.

The analysis of average pupil changes from 0ms to 4000ms 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 Fig. 5b.
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).
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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; Barbur,
Weiskrantz, & Harlow, 1999). Together with the results of Experiment
1, this pupillary HK effect further indicates, that the pupil reflects well
the subjective brightness perception.

5. General discussion

In the current study, we examined the phenomena of enhanced
perceived brightness and pupil constrictions to colored glare illusions.
We observed that all colored converging gradients or ‘glare’ stimuli
were subjectively perceived as brighter than their control, equilumi-
nant, divergent gradients or ‘halo’ patterns. As expected, the ‘blue glare’
illusion was specifically evaluated as the brightest color. Clearly, the
pupil responses matched the subjective brightness rather than the ac-
tual stimulus properties. The peak pupil constriction for the ‘blue glare’
illusion in Experiment 1 was also consistent with the results of psy-
chophysical adjustments (Experiment 2). Moreover, all experiments
indicated that colors per se differentially enhanced brightness, re-
vealing a Helmholtz-Kohlrausch effect of hue and saturation on the
pupil response.

The present findings not only succeeded in replicating previous
demonstrations that pupil constriction matches to the perceived
brightness (Laeng & 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 enhancement 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 pat-
terns, 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 tem-
porarily (Bargary et al., 2014; Patterson et al., 2015; Sivak et al., 2005).
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 gra-
dually 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 con-
figurations are seen and especially when the gradients within a back-
drop of blue color (Laeng et al., 2018). “Seen in this light”, the con-
striction of the pupil to illusory glare stimuli would also seem to express
an adaptive response of the visual system to a probable and dangerous
situation (Bargary et al., 2014; Han & Yulong, 2009). Interestingly,
neural network simulations (Corney & 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 et al., 2018; Laeng
& Endestad, 2012; Zavagno et al., 2017) or even to mental images
(Laeng & Sulutvedt, 2014), typically represent a fragment of the ap-
propriate adjustments of the pupil diameter to physical luminous in-
tensity. It may be best to view these pupillary responses as “antici-
patory” or “preparatory” to a probable perceptual scenario (Sulutvedt,
Mannix, & Laeng, 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.

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 effec-
tively. 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
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hypothesized that ‘blue’ may not only enhance the subjective sense of
brightness but that a constriction of the pupil to such color could re-
present an adaptive response of the visual system to a probable dan-
gerous 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.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.actpsy.2019.102882.
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