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Abstract
At the beginning of this century, intrinsically photoreceptive retinal ganglion cells (ipRGCs), new
photoreceptors different from cones and rods, were discovered. The aim of this study was to
experimentally verify the influence of ipRGCs on the c olour reproduction of a display. In the
experiment, we performed perceptual colour matching between colour patches and displays.
Although colorimetric reproduction of the colour patch was used for the initial image of the
display, the colour matching results were largely out of colorimetric colour reproduction. Since
this result suggests that ipRGCs may affect colour reproduction of displays, a correction
equation that accounts for the influence of ipRGCs was derived. Applying this correction formula
improved the results. It is considered possible to accurately display the c olour of a real object
on a display using a correction equation that accounts for the effect of ipRGCs.
Keywords: ipRGC, colour reproduction, colour perception, display

1 Introduction
At the beginning of this century, cones and photoreceptors other than rods were discovered in
the retina of mammals and were named “intrinsically photosensitive retinal ganglion cells”
(ipRGCs) [1]. The ipRGC is a special ganglion cell containing the visual substance melanopsin.
The spectral sensitivity function [2] shown in Figure 1 was defined by the Commission
Internationale de l´Eclairage (CIE) in 2018 and had a peak at around 490 nm. The ipRGC affects
non-imaging functions, such as regulation of the circadian rhythm and pupillary light reflection,
compared to imaging functions that form the image of an object, such a s cones and rods [3].
However, recent studies have reported that ipRGC affects human visual perception through
changes in the amount of stimulation for visual perception. For example, to verify the effect of
ipRGC on visual perception, we used the silent-substitution method, which changes only the
amount of stimulation to ipRGC without changing the amount of stimulation to the cone by
manipulating the shape of the spectral distribution [4]. Considering a method for stimulating
only melanopsin cells, colour stimuli were created using a light-emitting diode (LED) mounted
on an integrating sphere as a light source, and experiments were performed. Fig ure 1 shows
the sensitivity of the long, medium, short-wavelength (LMS) cone and the ipRGC overlap. All
these reported experiments were performed in a tightly controlled environment.
In current displays, colour reproduction is performed colorimetrically based on the perception
amount of the LMS cone in photopic vision. However, previous studies have suggested that
ipRGC may affect visual perception. If ipRGCs influence c olour perception, in addition to the
amount perceived by the LMS cone, it is necessary to consider the effect of ipRGC on the c olour
reproduction of display devices. In our previous study [5], we attem pted to analyze a
fundamental colour matching experiment in which patches and display reproduction c olours
were visually juxtaposed. It indicated that ipRGCs might contribute to the c olour vision pathway.
However, since the stimuli were visually placed side by side, observing them with a single eye
was necessary.
The aim of this study was to verify the effect of ipRGCs on the display in an experimental
environment where patches and display reproduction colours were physically juxtaposed.
Furthermore, when it was suggested that the colour reproduction of a display is different from
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that of a conventional display, we constructed a model for evaluating the c olour reproduction
accuracy of a new display constructed using the values obtained from the experimental results.

Figure 1 – Relative sensitivity of S-, M-, and L-cones and rhodopic and melanopic irradiance

2 Experiments
In the experiment, perceptual colour matching was performed between colour patches, and the
colour patches were reproduced on a display under 6 000 K by 4 500 lx LED illumination. The
spectral distributions of both colour stimuli were different. Therefore, matching results were
expected without the smallest colour difference in the case that the ipRGCs influence colour
perception. To control the influence of rods, we used a high -brightness liquid crystal display
(SHARP PN-A601) after colour calibration. Drawing papers toned by Japan Colour Enterprise
Co., Ltd. to the colour of the X-Rite ColorChecker were used as the real colour patches. Seven
colours (red, blue, moderate red, blue sky, magenta, cyan, and white) with comparatively high
reproducibility from 24 colour patches were used as the colour stimuli in this experiment. Many
short- and long-wavelength components containing a colour were selected in addition to
confirming the effect at approximately 490 nm, which is the peak visibility of ipRGCs. The
CIE1976 ∆E colour difference was an average of 1.42 and a maximum of 3.15 (cyan).
In the experiment, colour matching was performed between a colour patch and a reproduced
image on a high-brightness display. Since the spectral distributions of both colours are different,
it is hypothesized that if ipRGC affects colour perception, the colour difference will not always
be minimal. Figure 2 shows the experimental environment. The subjects were six observers (5
men and 1 woman) with normal colour vision. The experiment was performed twice to evaluate
the stability of the results. The viewing distance from the observer to the display and colour
patch was set at 150 cm, and the experimental environment was designed in a way that both
stimuli could be physically juxtaposed and observed with both eyes. The viewing angle of each
colour stimulus was 3.4°. It was shielded from light by a black paper, except for the part showing
the colour of the display. The colour matching procedure was performed by independently
adjusting the hue, saturation, and lightness. The colorimetric reproduction c olour with the
smallest colour difference was displayed for each stimulus as the initial c olour. The experiment
was performed after the training process for the observers to become accustomed to toning.
The adjusted colour on the display device was measured using a spectroradiometer (KONICA
MINOLTA CS-2000) after the colour matching experiment.
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Figure 2 – Experimental environment

3 Results and discussion
The CIE 1976 Delta E colour difference between the reproduced colour and the colour patch
was calculated after colour matching. The outliers for each colour of the experimental results
were derived using the Smirnov–Grubbs test. Figure 3 shows the average statistical results of
two experiments performed by six observers for each colour stimulus, together with the colour
difference of colorimetric colour reproduction (initial colour). The deviation in the figure
indicates the standard deviation. As shown in Figure 3, the colour difference average of the
seven colours of colorimetric colour reproduction was 1.4, and it changed to 3.9 after colour
matching. In particular, the errors for the blue and white patches were large, and variations
were observed among the observers.

Figure 3 – Average colour difference among the six observers
The ratio of colour difference, i.e. ΔL*:Δa*:Δb*, was 0.26:0.30:0.44. Focusing on the blue
stimulus overlapping with the sensitivity of ipRGCs, the c olour difference ratio was
0.12:0.36:0.52, and the colour difference of b* was large. This result indicates that ipRGCs may
also contribute to the colour vision pathway.
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The RGB colour-matching function of CIE1931 was derived from colour matching experiments
using Guild and Light. Because this colour-matching function includes negative terms, the
CIE1931 XYZ colour matching function was derived by basis transformation, which assumes
that the LMS signals are independent. However, we hypothesized that the LMS signal would
reach the ganglion cells and that the LMS signal would be biased by ipRGCs in the ganglion
cells. Therefore, the correction formula of CIE XYZ obtained by correcting each value of CIE
XYZ with the ipRGC absorption rate was derived by regression with the dependent variable as
“CIE XYZ of a real colour patch” and the independent variables as “ipRGC absorption rate” and
“CIE XYZ of the reproduced colour on the display after colour matching.” Here, for the
regression, 189 datasets obtained by removing the outliers from the XYZ data observed 12
times for the seven colour stimuli were used. The ipRGC absorption rate was calculated using
the spectral sensitivity of ipRGC [2] and spectral distribution of the reproduced c olours on the
display. The modified XYZ values, 𝑋𝑌𝑍𝑖𝑝𝑅𝐺𝐶 , are derived by the ipRGC effect as follows:

𝑋𝑌𝑍𝑖𝑝𝑅𝐺𝐶 = −9.479 + 107.5 × 𝑖𝑝𝑅𝐺𝐶 + 0.9277 × 𝑋𝑌𝑍𝑚 – (1)
where 𝑋𝑌𝑍𝑚 represents the CIE XYZ values of the reproduced colour on the display device after
the colour matching, including the impact of ipRGCs. The variable 𝑖𝑝𝑅𝐺𝐶 is the ipRGC
absorption rate of the reproduced colour. By adopting the modified XYZ values, Figure 4
presents the average colour difference among the six observers. According to the description
in the figure, after applying the modified XYZ values, the CIE Delta E c olour difference after
colour matching worsened to an average of 5.6. The ratio of c olour difference was
0.22:0.31:0.47.
Since the absorbance spectrum of ipRGCs has a peak on the short wavelength side, we
modified only the Z-value of the display after colour matching. Figure 5 shows the average
colour difference among the six observers. The colour difference using the correction formula
improved to an average of 3.5 for the seven colours. In particular, improved results were
obtained for the colour stimuli containing many short wavelength components. This suggested
that the absorption component of ipRGCs affected the z -value in the tristimulus values.

Figure 4 – Average colour difference among the six observers after applying the modified
XYZ values
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Figure 5 – Average colour difference among the six observers after applying the modified Z
value

4 Conclusions
In the colour matching experiment using a high brightness display, colour perception of the
display was influenced by ipRGCs. This effect could be confirmed even when c olour matching
was performed for the juxtaposed stimuli in the same way as in the previous study that included
a single eye. We assumed that the LMS signal was biased by ipRGCs in the ganglion cells. The
study also provided a derivation of the correction formula of CIE XYZ acquired by correcting
XYZ values with the ipRGC absorption rate. In particular, by considering the CIE Z value, the
colour difference improved and suggested the necessity of ipRGCs in c olour perception of
displays.
Further analysis is required to derive a more appropriate correction formula while considering
the effect of ipRGCs on the perceptual model. In general, it is expected that the sensitivity of
ipRGCs and cone sensitivity depend on the observer; therefore, we need to consider an
experimental design that takes this into consideration.
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