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ABSTRACT 

Immanent dichromatic in color normal observers is 
investigated by MDS (Multidimensional-Scaling). The 
results show that (1) color-constellations yielded when 
observing R-G neutral- and Y-B only changed-stimuli 
strongly evidence concave-shaped like dichromic, 
whereas (2) those gained when observing Y-B neutral- 
and R-G only changed-stimuli evidence oval-shape of 
saturation-brightness. 

1 BACKGROUND AND OBJECTIVES 
Communications using color between people with 

normal vision and those with Red-Green color vision 
deficiency (R-G CVD), created by dichromacy or 
anomalous trichromacy, is becoming more important 
because of the widespread adoption of color desktop 
publishing, color displays including digital signage 
systems, and/or mobile devices such as smartphones and 
tablet computers. This means that people with CVD need 
to distinguish between reds and greens more frequently. 
Therefore, it is very important to produce effective support 
tools that can help people with dichromatic vision 
communicate with society [1]. 

The chromatic perception of dichromacy and/or 
anomalous trichromacy has not been investigated 
precisely. For example, Shepard et al. (1992) used color 
charts to claim concave-shaped constellations of colors [2] 
whereas Wish et al. (1974) found oval-shaped 
constellations by using color charts [3] and analyses 
based on MDS (Multidimensional-Scaling). On the other 
hand, the constellations of colors as identified by words 
chosen by people with CVD and blind people were 
oval-shaped, the same as trichromacy [3]. Recently, 
Okudera et al. showed similar results in blind people [4]-[5]. 
Therefore, it is important to fully elucidate the chromatic 
perception of dichromacy and/or anomalous trichromacy.  

We have already investigated the individual differences 
in chromatic perception of both color-normal and 
color-deficient observers by employing MDS 
(Multidimensional-Scaling) [6]. In that investigation, we 
hypothesized some relationship between dichromacy and 
trichromacy from the viewpoints of evolution and 
post-natal development. The results show that (1) the 

constellations of colors identified from words slightly 
depend on color sense, however, (2) those by color 
charts smoothly varied from concave-shaped in 
dichromacy to oval-shaped with normal trichromacy. 
Experiments generally supported our hypothesis. 

In this paper, therefore, we intensively investigate the 
immanent dichromatic (i.e., similar factors to color vision 
deficiency (CVD)) in color normal observers (CNOs) by 
employing the R-G neutral- and Y-B only 
changed-stimuli. In the next part, before explaining the 
experiments, we introduce the hypothesis that the 
distribution of color sense and the color vision 
development process of newborns are analogous. 

2 HYPOTHESIS OF ANALOGY BETWEEN 
EVOLUTION AND POST-NATAL 
DEVELOPMENT 

It is considered that human trichromatic vision has 
evolved from dichromatic vision by mutation and natural 
selection [7]-[8]. There are three types of cones (L-, M-, 
and S-cone) in the retina and two opponent color 
systems, i.e., red-green (R-G) and yellow-blue (Y-B), are 
utilized by the brain for color perception [9]-[10]. Note 
that S-cones, which contribute to the Y-B opponent 
system, are highly independent of L- or M-cones. It is 
considered that the functional distribution from 
peripheral- to central-vision traces the history of visual 
evolution [9]. Evidence suggests that the R-G opponent 
color system and the contour detection system are 
common in primates including humans [11]-[12]. 

The color perception of newborns varies rapidly and 
drastically between two and three months [13]-[16]. First, 
newborns are able to discriminate chromatic stimuli from 
achromatic material and perceive only red and blue, i.e., 
the differences between red, orange, yellow and green 
are imperceptible. However, at three months they 
acquire the R-G opponent color system. The reason why 
younger newborns fail at R-G discrimination is 
considered to be due to immature neural processing 
rather than the absence or failure of L- or M-cones. A 
significant gender difference in development has also 
been observed; females are faster than males. Note that, 
contrary to newborns, inadequate neural processing 
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triggered by an absence or anomaly of L- or M-cones 
causes color deficiency whereas the structures of neural 
systems are normal,. 

Given the above discussion, we created the hypothesis 
that the distribution of color sense and the color vision 
development process of newborns are analogous. 
Therefore, it is predicted that the constellations of colors 
as yielded by color charts smoothly vary from 
concave-shaped in dichromatic, as reported in [2], to 
oval-shaped in trichromatic. 

3 EXPERIMENTS 
This section describes the detailed guidance for 

preparing figures and tables in the manuscript.  

3.1 Methods 
(a) Experimental setup: A 24-inch LCD sRGB color 
display (EIZO ColorEdge CG242W) was employed in 
weak natural ambient fluorescent light with high color 
rendering index (approx.. 300 lx, FLR40S N-EDL/M-NUJ 
produced by Hitachi),  instead of the paper color charts 
used in the previous study [6]. Maximum white luminance 
was 211 cd/m2. Viewing angle of each stimulus was 10 
degrees (i.e., square stimulus with 8.8 cm sides and 
viewing distance of approximately 50cm). See Figure 1. 
(b) Stimuli: Figure 2 shows the original color set with 
moderate saturation and their Munsell values. We created 
two new sets of stimuli from the original one. The first one 
consisted of two subsets of 10-color stimuli that varied 
only in a* or b* direction in CIE La*b* space made from 
original full color charts (See Figures 3 (c) and (d)). The 
second one consisted of two subsets of 14-color stimuli 
added four primary colors (R, Y, G, and B with high 
saturation, see figure 3 (b)). The first one represents 
special color environments that attempt to roughly 
simulate newborn vision (i.e., Y-B variation only) and its 
opposite (i.e., R-G variation only), while the second one 
represents certain environments that use two opponent 
colors with bias but appears more natural than the first 
one.  
(c) Subjects: Total number of participants was twelve (ten 
males and two females). All were confirmed as CNOs by 
Ishihara test, and had normal or corrected normal sight. 
The participants included some of the authors. 
(d) Subjective evaluation task: Participants were 
required to make paired comparisons with five grade 
non-similarity scale (1. Quite close, 2. Slightly close, 3. 
Neutral, 4. Slightly far, 5. Quite far). In a 10-color stimuli 
test, a set consisted of 45 randomized pairs. Two sets, 
with reverse left-right and sequence orders, were 
employed. In a 14-color stimuli test, a set consisted of 91 
randomized pairs. Two sets, with reverse left-right and 
sequence orders, were also employed. At least one-day 
interval was inserted between 10-color stimuli tests and 
14-color stimuli tests. 
(e) Analysis: MDS (Multidimensional Scaling): The 
commonly   used   Non-metric  MDS  (isoMDS [17])   with  

 
Figure 1. Experimental setup. 

 

 
Figure 2. Original color set with moderate saturation and 

those Munsell values. 
 

 
(a) Original 10-color set (out of use in the experiments) 

   

 
     (b) Added four primary colors with high saturation 

 

 
(c) 10-color set remaining a* only hue variation 

   

 
  (d) 10-color set remaining b* only hue variation 
Figure 3. Color variations in experimental stimuli. 

 

 
Euclidean distance was employed for the analysis. 

3.2 Results and discussions 
(a) Results of 10-color stimuli tests: Figures 4 and 5 
show the results of “10-color with only b* hue variation” 
and “10-color with only a* hue variation” tests, 
respectively. It is suggested that, in the “10-color with 
only b* hue variation” test results, the primary axis is the 
Y-B component combined with brightness, whereas the 
secondary axis was an unknown component. As 
expected by our hypothesis, it was similar to the results 
for CDOs in previous experiments [6]. On the other hand, 
it was suggested that, in the “10-color with only a* hue 
variation” test results, the meanings of two axes were 
able to be interpreted in all cases. These results are 
reasonable. 
(b) Results of 14-color stimuli tests: Figures 6 and 7 
show the results of “14-color with only b* hue variation” 
and “14-color with only a* hue variation” tests, 
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Figure 4. Examples of “10-color with only b* hue variation” experimental results. Panels (a) and (b) show examples of 
concave-shaped results clearly or weakly, respectively. It was suggested that primary axis represented Y-B component 
combined with brightness, whereas secondary axis represented unknown component. Populations of (a) and (b) were nine 
and three, respectively. 

 

 
Figure 5. Examples of “10-color with only a* hue variation” experimental results. Panels (a) to (c) show three examples; it 
was suggested that each example of constellation consisted of combination of hue- and brightness-differences. In panels 
(a) and (c), primary and secondary axes denoted hue- and brightness-difference, respectively. In panel (b), primary and 
secondary axes denoted brightness- and hue-difference, respectively. Populations of (a), (b) and (c) were eight, two and 
tow, respectively. 

 

 
Figure 6. Examples of “14-color experiment with only b* hue variation” experimental results. Panels (a) and (b) show 
examples of normal-rotation and crossed-rotation hue circle of four primaries, respectively. Populations of (a) and (b) were 
six and six, respectively. 

 

 
Figure 7. Examples of “14-color experiment with only a* hue variation” experimental results. Panels (a) and (b) show 
examples of normal-rotation and crossed-rotation hue circle of four primaries, respectively. Populations of (a) and (b) were 
four and eight, respectively. 
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respectively. These results suggested that (1) the 
experiments were relatively difficult for observers because 
all stress values were approximately ten or higher, so (2) 
individual differences were quite large and it was difficult to 
precisely classify the results. The only thing suggested 
from the experiments was that the two groups in 
segregation of four primary colors were observed; 
normal-rotation and crossed-rotation hue circle of four 
primaries.  
 (c) Discussions: The experimental results in “10-color 
with only b* hue variation” test suggested that the 
immanent dichromatic in color normal observers (CNOs), 
which is formed as part of personal visual development, 
possibly existed. This seems not to be functioning in 
colorful environments like urban landscapes because 
there have been few reports about immanent dichromatic 
function in CNOs and the common sense is “R-G 
opponent color difference is dominant”. However, in fact, 
CNOs are able to frequently and unconsciously encounter 
the situations in which a* hue variation is relatively small 
(e.g. rural landscapes filled with dull colors as shown in 
Figure 8). In these situations, the Y-B opponent color, 
instead of R-G opponent color, could be salient, 
suggesting that the immanent dichromatic in CNOs is 
functioning. 

4 CONCLUSIONS 
We investigated immanent dichromatic (i.e., similar 

factors to color vision deficiency (CVD)) in color normal 
observers (CNOs) by employing the R-G neutral- and Y-B 
only changed-stimuli. The results showed that (1) the 
color-constellations yielded when observing R-G neutral- 
and Y-B only changed- stimuli dominantly varied to 
concave-shape like dichromic, whereas (2) those attained 
when observing Y-B neutral- and R-G only 
changed-stimuli dominantly varied to 
saturation-brightness oval-shape. This finding is quite 
novel because it is considered by contemporary 
commonsense that trichromacy in color vision is 
individually very stable and therefore it does not reverse to 
create dichromacy (i.e., retain immanent dichromacy) in 
adults.  

Color difference is usually objectively evaluated within 
“uniform color space” like CIE La*b* based on the idea that 
trichromacy is stable in individual adults. However, our 
findings suggest some reconsideration of previous basic 
ideas. In other words, we should consider the application 
extent of these ideas because CNOs possibly use 
immanent dichromatic features when their observing 
scenes are changed. We hope that this kind of research 
will be taken up in the future. 
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Figure 8. Example of rural landscape. Yellow and blue 
are relatively salient except for isolated red by white 

surround. 
 

REFERENCES 
[1] S. Hira, et al.: Hue rotation (HR) and hue blending (HB): Real

time image enhancement methods for digital component video 
signals to support red green color defective observers,  Journal 
of the Society for Information Display, Vol.27 (7), pp. 409-426 
(2019) DOI: 10.1002/jsid.758. 

[2] R. N. Shepard, et al.: “Representation of Colors in the Blind, 
Color-Blind, and Normally Sighted,” Psychological Science, Vol.3 
(2), pp. 97-104 (1992). 

[3] M. Wish, et al.: “Applications of individual differences scaling to 
studies of human perception and judgment,” In E. C. Carterette & M. 
P. Friedman (Eds.), Handbook of Perception 2, Chapter 13, pp. 
449-491, Academic Press (1974). 

[4] S. Okudera, et al.: “Psychological Structure of Color Perception in 
Blind People: Developing a Method for Conveying Color Information 
to Blind People,” Japan Women's University Journal, Vol.61, pp. 
81-90 (2014) (in Japanese).  

[5] S. Okudera, et al.: “Psychological Hue  Circle  of  Blind  People  and  
Development of a Tactile Color Tag for Clothes,” Midterm Meeting of 
the International Colour Association (Proceedings of AIC2015), 
PS1-64, p.761-766, Tokyo, Japan (May 2015). 

[6] S. Hira, et al.: “Individual Differences in Chromatic Perception: 
Continuous Variation from Dichromacy to Trichromacy,” IDW2017, 
VHF3-3 (2017). 

[7] A. K. Surridge, et al.: “(Review) Evolution and selection of 
trichromatic vision in primates,” Trends in Ecology & Evolution, Vol. 
18 (4), pp. 198-205 (2003). 

[8] L. S. Carvalho, et al.: “(Review) The Genetic and Evolutionary 
Drives behind Primate Color Vision,” Frontiers in Ecology and 
Evolution, Vol.5, Article 34, pp.1-12 (2017). 

[9] R. L. Gregory: “Eye and Brain, 5th Edition,” Oxford University Press 
Inc., New York, US (1998). 

[10] S. Nolen-Hoeksema, et al.: “Atkinson & Hilgard's introduction to 
psychology, 16th Edition,” Cengage Learning EMEA, Hampshire, 
UK (2014). 

[11] A. Saito, et al.: “Advantage of Dichromats over Trichromats in 
Discrimination of Color-camouflaged Stimuli in Nonhuman Primates,” 
American Journal of Primatology, Vol.67 (4), pp.425-436 (2005). 

[12] A. Saito, et al.: “Advantage of Dichromats over Trichromats in 
Discrimination of Color-camouflaged Stimuli in Humans,” Perceptual 
and Motor Skills, Vol. 102 (1), pp. 3-12 (2006). 

[13] R. D. Hamer, et al.: “Rayleigh Discriminations in Young Human 
Infants,” Vision Research, Vol. 22 (5), pp. 575-587 (1982). 

[14] A. M. Brown, et al.: “Chromatic Opponency in 3-month-old Human 
Infants,” Vision Research, Vol. 29 (1), pp. 37-45 (1989). 

[15] M. E. Mercer, et al.: “Contrast/color Card Procedure: A New Test of 
Young Infants’ Color Vision,” Optometry & Vision Science, Vol. 68 
(7), pp. 522-532 (1991). 

[16] M. E. Mercer, et al.: “A Pseudoisochromatic Test of Color Vision for 
Human Infants,” Vision Research, Vol. 100, pp. 72-77 (2014). 

[17] Kruskal’s Non-metric Multidimensional Scaling: 
https://cran.r-project.org/doc/manuals/r-release/fullrefman.pdf, p. 
2055.Vol. 11, No. 3, pp. 481-484 (2003). 

1158       IDW ’19


