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Abstract

Intrinsically photosensitive retinal ganglion cells (ipRGCs) affect pupillary light reflex and
circadian rhythm regulation. Recent studies have reported that they affect visual perception,
particularly brightness perception, and their effect on color perception has also been gradually
reported. In this study, we performed a color-matching task on a display device to verify the
effect of ipRGC on color perception. Over a year, one participant performed 310 color
matching sessions, day and night, by central and peripheral vision. Three blue colors with high
ipRGC absorption and three red colors with low ipRGC absorption were used in one session.
The color matching results suggest that non-image-forming and image-forming functions
interact with col-or perception. We built a regression model in which ipRGC acts on the LMS.
We found that the models constructed for each hue explained the experimental results well.
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1. Introduction

At the beginning of the 21st century, a third photoreceptor, intrinsically photosensitive retinal
ganglion cells (ipRGCs), which are distinct from cone and rod cells, were discovered. ipRGC is a
specialized cell that contains the photoreceptor melanopsin. Since melanopsin is structurally similar to
invertebrate opsin, and since opsin can signal the presence or absence of light in invertebrates,
melanopsin is thought to per-form similar functions in vertebrates [1]. Previous studies have shown that
ipRGC affects the pupillary light reflex and circadian rhythm regulation [2]. Circadian rhythms are
biological rhythms that have a daily cycle and influence physiological phenomena such as hormone
secretion, sleep, and thermoregulation.

Morphologically and physiologically, ipRGCs can be classified into six subtypes, M1 to M6. M1
ipRGC act on non-image-forming functions, while M2 to M6 ipRGCs (non-M1 ipRGC) act on image-
forming functions. M2 ipRGCs are larger than M1 ipRGCs. M3 ipRGC is morphologically similar to
M2 ipRGC. M4 ipRGC has the largest and most complex dendrites of the subtypes. M3 ipRGC and M5
ipRGC are not as well-known as the other subtypes, but the M3 ipRGC size and complexity of the
dendrites of ipRGC are similar to those of M2 ipRGC, and the characteristics of M5 ipRGC are similar
to those of M4 ipRGC. M6 ipRGC is considered to have dendrites that may match both M2 ipRGC and
M5 ipRGC [3, 4]. Figure 1 shows the spectral sensitivity of human photoreceptors [5]. The red, green,
blue, yellow, and black lines represent L-cones, M-cones, S-cones, rods, and ipRGCs, respectively. The
spectral sensitivities of each cross each other.

Although it has been assumed that cones and rods influence visual perception, ipRGCs have also
influenced visual perception, especially brightness perception [6]. Recent reports have cited that
ipRGCs influence brightness and color perception. A previous study showed that ipRGC might affect
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color perception by color matching, which was performed by juxtaposing a color patch and its
reproduced color on a display [7]. To verify the effects of ipRGCs on color perception, this study per-
formed a color-matching task on a display device during different time periods in the central and
peripheral vision, where ipRGCs are relatively scarce and abundant, respectively. This is because M1
ipRGCs affect non-image-forming functions, and non-M1 ipRGCs affect image-forming functions. By
repeating the experiment, we aim to build a color reproduction model that considers the influence of
ipRGC on color perception.
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Figure 1: Spectral sensitivity functions of the cone, rod, and ipRGC.

2. Experiments

We performed color matching experiments on a display device to examine the effect of ipRGC on
color perception. To examine the effects of M1 ipRGC and non-M1 ipRGC on color perception, we
performed color matching at different times of the day for peripheral vision, which is considered to
have relatively high ipRGC, and central vision, which has relatively low ipRGC.

2.1. Experimental Method

The color matching task consisted of repeated color matching of a large circle and a small circle
with the same center displayed on the display, where the color of the large circle is targeted and the
color of the small circle is manipulated. The color matching operations were performed by manipulating
H (Hue), S (Saturation), and V (Value Brightness) using a keyboard.

Three blue colors with high ipRGC absorption, [190, 200, 220], [210, 200, 220], [230, 200, 220],
and three red colors with low ipRGC absorption, [5, 200, 220], [325, 200, 220], [345, 200, 220] were
used in one session. Figure 2 shows each color stim-ulus and its spectral distribution. ipRGCs are
abundant at viewing angles of 7°-10°. To verify the effect of non-M1 ipRGCs on color perception, the
experiment was divided into two viewing conditions, central and peripheral. As shown in Fig. 3, the
small and large circles were designed to have viewing angles of 0°—1° and 1°-3°, respectively, for the
central viewing experiment, and 0°-7° and 7°-10°, respectively, for the peripheral viewing experiment.
Tkinter, a Python GUI tool, was used to dis-play the experimental stimuli, and colorsys [8] was used
for the conversion between RGB and HSV. The initial values of the small circles in the color matching
were randomly set to H: £15, S: £35, and V: £35 from the target large circle value.

The HSV controls were assigned to the keyboard so that they could be manipulated arbitrarily while
checking the experimental stimuli on the display. H (Hue) was set to range from 0 to 359, with
counterclockwise changes when advanced in the + direction and clockwise changes when advanced in
the — direction. For S (saturation) and V (value brightness), the range 0—255 can be manipulated with
“S”:-10, “D”:—1, “F”:+1, “G”:+10 for S (saturation) and “X”: =10, “C”: =1, “V”: +1, “B”: +10 for V



(value brightness). If the color matching process was interrupted and the participants wanted to start
over from the initial value, they could return to the initial value by pressing “0”. At the end of color
matching, they could enter “P” to move on to the following color matching process. The experiment is
completed when all six colors are color matched.

The experimental environment was a dark room, and the display was a Microsoft Surface Pro4 with
a screen size of 12.4 inches. The color profile was "surface-srgb-enhanced.icm". To confirm the effects
of both M1 ipRGC and non-M1 ipRGC on color perception, we performed color matching at 13 h and
21 h in the noon and night, respectively, in central and peripheral vision, with a constant waking time
in consideration of the circadian rhythm. Dark acclimatization was required before the experiment
began because the experiment was conducted in a darkroom environment. One of the authors with
normal color vision participated in the experiment.
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Figure 2: Experimental stimuli and their spectral distributions.
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Figure 3: Central and peripheral visual stimuli used in the experiment.

2.2. Experimental Method

To obtain a large amount of data, 310 color matching runs were conducted from April 2021 to March
2022. Table 1 shows the results of the day and night color matching for central and peripheral vision.
Table 1 shows that the color matching results for the central vision are worse than those for the
peripheral vision, regard-less of the day, night, hue, or any other comparison between them. This result
indicates that the central vision has a lower color discrimination ability than the peripheral vision in this
experimental design. Figure 4 is a boxplot of the color difference between large and small circles,
showing that the color difference between large and small circles at H=230 and 345 is distributed over
a wider range than in other hues. Significant difference tests were performed on the results obtained.
Since the significant difference test is for the color difference, which takes only positive values, only
the Wilcoxon rank sum test was performed without a normality test. Table 2 shows the combinations
and hues for which significant differences were confirmed due to the significant difference test with
AEQ0. Table 2 shows a significant difference between central and peripheral vision in daytime for all
blue colors, but not for all blue colors between central and peripheral vision in nighttime. This suggests
that the characteristics of color perception may differ between day and night and that both M1-ipRGC
and non-M1 ipRGC may influence color perception.



Table 1
Average color difference AEOO of color matching between large and small circles.

Hue(H) Central ' Peripheral '
Noon Night Noon Night
5 0.281 0.310 0.118 0.224
190 1.103 1.209 0.789 1.001
210 1.865 1.888 1.414 1.673
230 1.437 1.350 0.841 0.844
325 1.072 0.997 1.056 0.916
345 1.196 1.269 1.100 0.847
average 1.159 1.171 0.887 0.918
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Figure 4: Boxplot of color difference between large and small circles.

Table 2

Significant difference test combinations and the hues for which significant differences were confirmed
for those combinations.

Combinations Hue(H)
Central and peripheral vision in the noon 5, 190, 210, 230
Central and peripheral vision in the night 5, 190, 230, 345
Noon and night in central vision Non
Noon and night in peripheral vision 5, 345

3. Modeling

Sec. 2.2 showed that the color perception might be affected for both M1 ipRGC and non-M1 ipRGC.
Previous opinions for a ganglion cell reported that ipRGC acted after absorbing the tristimulus values.
Therefore, the modification formula of LMS obtained by correcting each value of LMS with ipRGC
absorption rate was derived by regression.

3.1. ipRGC absorptivity

Since a measure of the effect of ipRGC is needed, the ipRGC absorptivity is incorporated into the
model as a measure of the effect of ipRGC. The ipRGC absorptivity was determined based on the
spectral sensitivity of ipRGC and the spectral distribution of the target color on the display device as
follows:

ipRGC stimulation dose (2)

= E(Spectral sensitivity of ipRGC

X Spectral distribution stimuli),
ipRGC stimulation dose (2)

Y. (Spectral sensitivity of ipRGC)’
where the spectral distribution of the target is normalized by the maximum spectral distribution within
the six hues.

The ipRGC absorptivities for each hue determined by Egs. (1) and (2) are shown in Table 3. As
shown in Table 3, the blue colors, which have their spectral peaks on the low wavelength side and
spectral sensitivity of ipRGC, have a higher ipRGC absorptivity rate than the red colors, and the highest
ipRGC absorptivity rate was at H = 190. Conversely, the lowest ipRGC absorptivity was observed in
the red at H=15.

ipRGC absorptivity =




Table 3
ipRGC absorptivity for experimental stimuli.

Hue(H) ipRGC absorptivity (x 1073)
5 8.08
190 260
210 204
235 172
320 70.5
345 21.3

3.2. Modelling

The obtained ipRGC absorptivity was used to create a model that considers the effects of ipRGC in
the LMS under the following three conditions.
i.  Linear model
ii.  Nonlinear model
iii.  Linear model by each color system
Modified equations were developed using the models shown in Eq. (3) for the linear model and Eq.
(4) for the nonlinear model.

f(x,y) = ax + by, (3)
f(x,y) = ax + bx? + cy + dy?, (4)
where, variables a—d are coefficients, x is the value after color matching, and y is the ipRGC

absorptivity.

Multiple regression analysis was performed using "ideal LMS" as the dependent variable and "LMS
after color matching" and "ipRGC absorptivity" as the independent variables for the model (i) building
using a linear model. Equations (5) and (6) show the modified LMSs for central vision at noon and
night, respectively, and Egs. (7) and (8) show the modified LMSs for peripheral vision at noon and
night, respectively. The coefficients of determination for each equation are shown in Table 4.

Central
Noon
Lipree = 1.017 X L, — 1.982 X ipRGC,
Mipreec = 1.026 X M, — 10.681 X ipRGC, (5)
Siprcc = 1.005 X S, — 11.473 X ipRGC.
Night
Liprec = 1.017 X L, — 8.578 X ipRGC,
Mipree = 1.025 X M,,, — 14.612 X ipRGC, (6)
Siprec = 1.004 X S, — 8.381 X ipRGC.
Peripheral
Noon
Lipree = 1.021 X L, — 2.710 X ipRGC,
Mipree = 1.032 X M,,, — 13.446 X ipRGC, (7)
Siprcc = 1.015 X S, — 16.094 X ipRGC.
Night

Liproe = 1.011 X Ly, — 0.898 X ipRGC,
Mipree = 1.019 X My, — 7.786 X ipRGC, (8)
Siprac = 1.007 X S,,, — 8.874 X ipRGC.

Here, L,,,, M,, and S,,, represent the LMS values of the reproduced color on the display device after the
color matching, including the impact of ipRGC. The variable ipRGC indicates the ipRGC absorptivity
of the reproduced color.



Table 4
Coefficient of determination for linear regression in LMS.

L M S
Central Noon 0.996 0.995 0.998
Night 0.994 0.994 0.995
Peripheral Noon 0.996 0.995 0.998
Night 0.994 0.994 0.996

The modified LMSs show that the absolute value of the coefficient on ipRGC absorptivity increases
from L (the long-wavelength component) to S (the short wave-length component) regardless of day or
night in peripheral vision, where ipRGCs are abundant, indicating that ipRGCs influence the color
perception. In central vision, the absolute value of the coefficient on the ipRGC absorptivity of the
modified MS is generally larger than that of L, although not as large as in peripheral vision. In the
peripheral vision, the absolute value of the coefficient of ipRGC absorptivity is more significant at
noon, suggesting that the effect of ipRGC on color perception may be larger at noon than at night. The
coefficient of determination values for each equation shown in Table 4 indicate that the equations fit
very well.

Table 5 shows a heat map of the results of a model building under the three conditions. The areas
highlighted in red are the points where the color difference could not be improved before and after
modification. In the case of model (i), it was possible to consider the involvement of ipRGC in the
modified equation, but the final modification result showed that the color difference was not improved
in most cases. Similarly, model (ii) failed to improve color differences in most hues. In addition, model
(ii1) also improved the color differences more than models (i) and (ii), but it cannot be said that the
modification was performed at a sufficient level. Comparing the results of modification for blue- and
red-toned colors, the modification for mod-el (i) is equally successful in both cases, but for models (ii)
and (iii), the blue-toned colors were better than the red-toned colors. This confirms the possibility to
im-prove the color difference for blue colors with high ipRGC absorption by including a term that
considers the ipRGC effect in the modified equation. However, none of the models could correct at a
sufficient level. Even if model (iii) can improve better than the others, it is difficult to believe that they
are doing so physiologically to process the color signals by entering the eye separately for each color
system, as in the present model. Since it was confirmed that it is possible to improve the color difference
using the modified formula by dividing the color system, we would like to work in the future to create
a model with more intensity by considering the ipRGC absorptivity.

Table 5
Heatmap of modification results.

(i) (i) (iif)
H Central Peripheral Central Peripheral Central Peripheral
Noon Night Noon Night Noon Night Noon Night Noon Night Noon Night

4. Conclusions

In this study, we examined the effects of M1 ipRGC and non-M1 ipRGC on color perception by
repeating the color matching over a long period of time and discussed the results and model in the LMS.



The color matching results showed that the central vision had worse color matching results than the
peripheral, indicating that the central vision has a lower color discrimination ability. The results of the
significant difference test showed that there was a significant difference between the central and
peripheral vision at noon for all blue colors, but not for all blue colors between central and peripheral
vision in night, indicating that the characteristics of color perception may differ between noon and night.
This suggests that both M1 ipRGC and non-M1 ipRGC may influence color perception. In the field of
circadian typology [9], the differences of the circadian typology affect the color confusion axis,
suggesting an influence on color perception [10]. The involvement of M1 ipRGC in color perception
needs to be further investigated.

Since the experimental results indicated that ipRGC might affect color perception, we built a
modified formula in LMS using the ipRGC absorptivity, an index that indicates the effect of ipRGC.
As aresult, although neither the linear nor the nonlinear model was able to improve the color difference
well, it was able to im-prove the color difference better than the linear or the nonlinear model by
modeling it separately for each color system. This suggests that the magnitude of the effect of ipRGC
on color perception may vary depending on the spectral distribution of the stimuli and the absorptivity
of the LMS. In future, we plan to create a more complex and accurate model than the one created in
this study and conduct verification experiments using other colors with similar ipRGC absorptivity to
verify the effect of the amount of ipRGC stimuli.
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