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xy-Chromaticity Space

�3https://en.wikipedia.org/wiki/CIE_1931_color_space
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x = X
X + Y + Z

y = Y
X + Y + Z

Linear transformation

Perspective projection through 
[0, 0, 0] to the X+Y+Z=1 plane

https://horizon-lab.org/colorvis/chromaticity.html
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Color Vision Deficiency 
• Dichromatic vision 

• Anomalous trichromatic vision 

• Other forms of CVD
Math and visualization: https://horizon-lab.org/colorvis/colorblind.html



Dichromatic Vision
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Normal vision is trichromatic; that is, 
there are three kinds of cone cells. 

Dichromatic color vision: one class 
of cone cells are missing. 

• Protanopia: missing L cones 

• Deuteranopia: missing M cones 

• Tritanopia: missing S cones. Fovea cone cell 
distribution in a 

trichromatic vision.

Fovea cone cell distribution of 
a Protanopic vision, where L 

cones are missing.

https://en.wikipedia.org/wiki/Photoreceptor_cell



Lines of Confusion
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For a protanope (which lacks L cones), all 
the colors that have the same M and S cone 
responses but differ in L would be 
perceived as the same color. 

All the colors on a line parallel to the L-axis 
are seen as the same color by a protanope. 

• C1~C4 are seen as the same color 

• C5~C8 are seen as the same, but another color
M

L

S

Another 
confusion line

C1

C2

C3
C4

C5

C6

C7
C8

Confusion line

* This is an orthographic projection



Lines of Confusion Visualization in LMS Space
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https://horizon-lab.org/colorvis/colorblind.html



Lines of Confusion in xy-chromaticity Diagram

�8https://upload.wikimedia.org/wikipedia/commons/6/6b/Color_Blind_Confusion_Lines.png

Parallel lines converge after a 
perspective projection



Lines of Confusion in xy-chromaticity Diagram

�9https://upload.wikimedia.org/wikipedia/commons/6/6b/Color_Blind_Confusion_Lines.png

"Red-green blindness” “Blue-yellow blindness”
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What are the colors that a 
deuteranope actually sees?



Do both of my eyes 
see the same color?
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Unilateral Dichromats

Trichromatic eye

Dichromatic eye
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Unilateral Dichromats

L. . SLOAN AND L. WOLLACH1

to the lens-element sheets. Thus, the two sheets
of Plexiglas with the Vinylite sheet between
them may be embossed and laminated in a
heated press in a single operation.

The details of this screen are illustrated in
Fig. 9. The field lens is of the "Fresnel" of light-
house type. It has 50 spiral corrugations per inch
and a focal length of approximately 50 inches.
The vertical rib element has 100 cylinder lenses
per inch. The radius of curvature of the indi-
vidual cylinder lenses is approximately 0.010
inch. This screen should be mounted with the
cylinder lenses toward the viewer.

PERFORMANCE DATA

The screen here described provides a bright-
ness gain of seven without perceptible "hot spot."
If the viewing field is defined as that zone in
which the brightness is at least half the maximum
value, it has a vertical viewing field of approxi-
mately :1 10 degrees and a horizontal viewing
field of approximately +425 degrees.

JOURNAL OF THE OPTICAL SOCIETY OF AMERICA

Inl addition to its desirable directivity pattern,
this screen has the added advantage that it
appears dark relative to the room lighting if the
lamps are so located that there are no specular
reflections. As compared to conventional screens,
there can be more room-light without harming
the brightness and contrast of the picture.
Furthermore, the inner and outer surfaces of
the new screen are made of the most stable
transparent plastic available. This plastic is un-
affected by moisture, sunlight, fingermarks, or
furniture polish and, if soiled, it may be readily
cleaned.

In combination with modern projection tubes
such as the 5TP4 and large-aperture reflective
optics,2 this screen gives a 15- by 20-inch picture
having highlights with a brightness of more than
75 footlamberts. As may be seen from Table I,
this exceeds the highlight brightness obtained
with conventional direct-viewing kinescopes and
more than satisfies the recommendations for
good motion picture theater practice.

VOLUME 38, NUMBER 6 JUNE, 1948

A Case of Unilateral Deuteranopia*
LouIsE L. SLOAN AND LORRAINE WOLLACII

Wilmner Ophthalnological Institute, Johns Hopkins University School of Medicine, Baltimiore, Maryland
(Received November 24, 1947)

Studies are reported of a subject with deuteranopia of the
right eye and mild deuteranomaly of the left. On the Nagel
anomaloscope this subject, using the right eye, matched
both spectral red and spectral green to yellow. The left eye
did not differ from normal on this test. Selected pseudo-
isochromatic charts and the Farnsworth-Munsell 100-hue
test, however, revealed, in the left eye, definite color
deficiency of the deutan type. Scores on the color threshold
tester indicated a marked defect in the right eye, slight in
the left.

Because of the relatively slight abnormality of the left
eye it is possible to obtain reliable information as to the

1 HERE are rare exceptions to the general
l-rule that congenital red-green color de-

ficiency affects the two eyes equally. Instances
have been reported' of subjects having normal

* Paper presented at the winter meeting of the Optical
Society of America, leld i Nev York City, February 20-
22, 1947.

1 (a) W. Dieter, "Ueber die subjectiven Farbenempfind-
ungen bei angeborenen Stbrungen des Farbensinnes,"

colors actually perceived by the deuteranopic right eye.
Tests with the 100-hue series of Munsell papers and with a
spectrometer showed that perception of red and green is
entirely lacking. The Munsell papers were described as
browns, grays, and blues. In the spectrum the range from
501 to 505 millimicrons was reported as white; longer wave-
lengths were reported as yellow, shorter ones, as blue. The
only regions of the spectrum identical in appearance to the
two eyes were those wave-lengths chosen by the deuter-
anomalous left eye as unitary blue (451-453) and unitary
yellow (584).

color vision in one eye and partial or complete
red-green deficiency in the other, and of subjects
with defects in each eye liffering significantly in
degree.
Zeits. f. Sinnesphysiol. 58, Part II, 73 (1927); (b) W.
Trendelenburg, "Ueber Vererbung bei einem Fall von
anomalem Farbensinn des einen, und normalen Farbensinn
des anderen Auges beim Mann," Klin. Monats. f. Augenh.
107, 280 (1941).
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U. S. Department of Commerce 
Na tional Bureau of Standards 

Rese arch Paper RP1922 
Volume 41, O ctober 1948 

Part of the Journa l of Research of the National Bureau of Standards 

Color Perceptions of Deuteranopic and Protanopic 
Observers 

By Deane B. Judd 

It is w(l ll established that about 2 percent of otherwise normal human males are con-
of red and green from bir th. There is considerab le in terest in the question: What do 

red-green confusers see? From a knowledge of the normal color perceptions corresponding: 
to deuteranopic and protanopic red and green, we may not only understand better why 
color-blindness t ests so metimes fai l, and so be in a position to develop improved tests, but 
a lso t he color-defi cient obser ver may understand better the nature of hi s color-confusion 
and he aided to avo id the ir consequences. If an observe r has trich romatic vision over a 
portion of his total retinal a rea, and dichromatic vision ove r another portion, he may give 
valid testimony regard ing the color perceptions character istic of the particu lar form of 
dichromatic vision possessed by him. Preeminen t among such obse r vers are those born with 
one no rmal eye a nd one dich romatic eye. A review of the rather considerable li te rature on 
this subject shows t ha t the color perceptions of both protanopic and deuteranopic observers 
are con fin ed to two hues, ye llow and bl ue, close ly li ke those perce ived under usual condit ions 
in the spectrum at 575 and 470 mIL, r cspectively, by normal obser ve rs. By combining this 
re ult with standard response fun ctions recently derived (Bureau Resea rch Paper RP1618) 
fo r p rotanopic and deute ranopic vi ion , it has been possible to give quantitative estimates of 
the co lor pe rceptions typical of these ob. e rve rs fo r the whole range of colo rs in t he :l\1unse ll 
Book of Co lor. These estimates take t he form of p rotanop ic and deute ranopic Munse H 
notations, and by using them it is possible not onl y to arrange the l\lunseli papers in ways 
that p res umably appear orderly to red-green confusing d ichromats, b ut a lso to get imme-
diately from t he no tations an accurate id.ea of the colors usua ll y perceived in these a rrange-
ments by deuteranopes and protanopes, much as the ord inary l\lunse ll notations ser ve to 
describe t he vi sual color pe rceptions of a normal obse r ver. 

I. Introduction 
The qu estion, "WDat colors do color-bl ind 

observers confuse?" is a very practical one, cap-
able of objective solu tion by putting each color-
blind observer to trial and noting his mista.kes. 
For the two most common forms of partially 
color-blind observers, deuteranopia and protan-
nopia, each form comprising about 1 percent 
of the otherwise normal mal'e population, a gen-
eral answer , approximately valid for all observers 
properly so classed, has been found a.nd described 
[51,8 1] .1 

The qu estion , "What colors do color-blind 
observers see?" is a more sub tle one, involving a 
fine point in the theory of knowledge, yet of con-
siderable practical importance, too. Strictly 

I Figures in braekcts indicatc thc literaturc refercnces at the end of this 
paper. 

speaking, the subj ective life of each observer 
cannot be known to anyone else, and there is no 
way of Jmowing whether the perception of red by 
one normal observer bears any resemblance to 
that which another normal observer calls by the 
same name. In this sense it is also impossible to 
discover what colors are seen by tho partially 
color-blind . However, from the similarity in 
responses between normal observers, it is a fairly 
safe conclusion that their color perceptions are 
closely similar. In the same inductive sense, 
it is possible to discover how the color perceptions 
of the color-blind are related to those of th e normal 
observer. It is one purpose of the present 
paper to review the evidence by which these are 
lmown. A second purpose is to give a compre-
hensive inLerLranslation between normal color 
percepLions of urfaee colors on the one hand and 
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J. Physiol. (1983). 335, pp. 683-697 683
With 3 text-figures
Printed in Great Britain

PERCEPTION OF COLOUR IN
UNILATERAL TRITANOPIA

BY M. ALPERN*, K. KITAHARA*t AND D. H. KRANTZt
From the * Vision Research Laboratory, University of Michigan, Ann Arbor,

MI 48109, and tBell Laboratories, Murray Hill, NJ 07974, U.S.A.

(Received 15 July 1981)

SUMMARY

1. The unilateral tritanope described in the previous paper (Alpern, Kitahara &
Krantz, 1983) was able to match every narrow-band light presented to his tritanopic
eye with lights from a tristimulus calorimeter viewed in the adjacent field by the
normal eye.

2. In two regions of the spectrum (called isochromes) physically identical lights
appeared identical to the observer's two eyes. One isochrome was close to 'blue' for
the normal eye, the other was in the long-wave spectral region seen by the normal
eye predominantly as 'red'. Between these isochromes the normal eye required less
than spectral purity to match, dropping to near zero purity at 560-570 nm.

3. A mixture of the two isochromes that appeared purple to the normal eye
appeared neutral to the tritanopic eye. Hence dichoptic matches grossly violate
Grassmann's additivity law.

4. For the normal eye colour naming conformed to typical normal results. For the
tritanopic eye the results were coherent with those found by dichoptic matching: the
spectrum was divided into two regions by the achromatic neutral band. To the
short-wave side, only the colour names 'blue' and 'white' were ever used. To the
long-wave side the predominant colour names were 'red' and 'white' with some
'yellow'. Spectral lights appeared neither 'red-blue' nor greenish. Surrounding the
test with an annulus either 430 nm, 650 nm, or a mixture of these, fails to induce
any greenish appearance, although the achromatic band shifted in the expected
directions.

5. It is concluded that there must be exactly three functionally independent,
essentially non-linear central codes for colour perception, and that these codes are
different from those suggested in existing theories of colour perception.

INTRODUCTION

The previous paper (Alpern et al. 1983) gives results of colour matching and colour
discrimination for each eye separately of a subject who acquired tritanopia in his left
eye while remaining a normal trichromat with his right one. We report here

t Present address: Department of Ophthalmology, Jikei University School of Medicine, 3-19-18
Nishishinbashi, Minato-Ku, Tokyo, Japan.
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The lines of 
iso-chromes

After Brettel, Vie´not, Mollon 1997
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The color a deuteranope 
actually sees

After Brettel, Vie´not, Mollon 1997



The Geometry of Dichromatic Vision in LMS Space
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https://horizon-lab.org/colorvis/colorblind.html

Trichromatic 
spectral locus 

Deuteranopic 
spectral locus 

The iso-
chrome plane
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And with three, we enjoy trichromacy:

Slide credit: Andrew Stockman



�17Simulations from Sharpe, Stockman, Jägle & Nathans, 1999

Tritanopia (missing blue sensor)

With two, we 
are dichromatic:

Deuteranopia (missing green sensor)

Protanopia (missing red sensor)

Slide credit: Andrew Stockman
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Color Vision Deficiency 
• Dichromatic vision 

• Anomalous trichromatic vision 

• Other forms of CVD



Anomalous Trichromacy

�19Deep Correct: Deep Learning Color Correction for Color Blindness

Protanomaly: 
(~)553 nm←566 nm

Deuteranomaly: 
543 nm→ (~)560 nm

Tritanomaly

• Cone sensitivity peaks shift away from the normal peaks 
• Sensitivities of different cone types are more similar → weaker color discrimination 

• Each anomalous individual has a slightly different shift



General Statistics (caucasians; vary significantly across ethnic groups)

�20

Protanomaly Protanopia Deuteranomaly Deuteranopia

Male %

Tritanomaly/ 
Tritanopia

1.0% 1.0% 4.9% 1.1%

Wyszecki & Stiles, 2ed, Table 1(5.4.2), page 464

<0.01%

Female % 0.02% 0.02% 0.38% 0.01% <0.01%



Human Tetrachromacy

The dimensionality of color vision in carriers of anomalous trichromacy. JOV 2010.

• Some people have four cone types, 
but they do not exhibit stronger color 
discrimination. 

• Why? No neural circuits that can make 
use of the fourth cone type? 

• Another view: neural circuits are 
plastic and can be trained to make 
use of the fourth cone type.

�21



Bee Photoreceptor Sensitivities

• Bees have three photoreceptors, but 
their sensitivities are shifted toward 
lower wavelengths. 

• So they can see UV lights but can’t 
distinguish between red and black. 

• Karl von Frisch, one of the first to  
experimentally show bees see color.

�22

Light and vision  33

fruit 550–600 nm, and blood 600–650 nm. Being able to analyse in some 
way the spectrum of light reaching the eye provides a useful tool for clas-
sifying different objects. 

     It is important to recognize that colour and wavelength are not the same. 
Wavelengths themselves are colourless, and the colours we see are the sub-
jectively perceived result of our wavelength analysis. In the language of 
philosophy, subjective colours (red, green, etc.) are  qualia,  whose nature we 
cannot demonstrate to others. We may all agree that blood is red and leaves 
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    Fig. 2.3  Environmental light and the photopigments that receive it. (a) The spectrum of light 
reaching the earth’s atmosphere from the sun. Note that the visible spectrum occupies the region 
where photons are most abundant. Data from  Lythgoe ( 1979  ). (b) The spectral reflectances of 
four flowers and a leaf. The flowers are illustrated in Plate 1. Note that the anthocyanin colours 
of the red, yellow, and white flowers all act as long-wave passing cut-off filters. The same is true 
for the blue, but it is the secondary peak at 450 nm that we see; the long-wave reflectance is too 
far into the red. The leaf reflects a little in the green (it is the job of leaves to absorb not reflect) 
and powerfully in the infra-red which is not visible to our eyes. Curves courtesy of Daniel Osorio. 
(c) The absorption spectra of human rods (dotted) and the three cone types. It is possible to get 
a rough idea of how much a particular colour would stimulate each cone type by seeing how 
much overlap there is between the reflectance curve [e.g. (b)] and the absorption curves. Data 
from  Lythgoe ( 1979  ). (d) Spectral sensitivity curves of bee photoreceptors. These are essentially 
similar to the human curves except that they were measured electrophysiologically, rather than by 
absorption. Note that they extend into the ultraviolet, and are more evenly spaced than the human 
cone curves. Data from  Menzel ( 1979  ).     

Animal Eyes, Land and Nilsson

Karl von Frisch 
(1973 Nobel prize)
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Mantis Shrimp

https://www.science.org/doi/full/10.1126/science.1245824

* Unclear if mantis shrimps can actually make use of all 
the photoreceptor classes to enhance their color vision
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Color Vision Deficiency 
• Dichromatic vision 

• Anomalous trichromatic vision 

• Other forms of CVD



Small-Field Dichromacy

• At the central 20 arcmin of the fovea there are no S cones 
• Human vision is effectively dichromatic there

�25
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FIG. 11

Cone sampling and aperture size. (Top) The spatial sampling density of the cone photoreceptors changes substantially across the retina,
decreasing from the fovea (left) to periphery (right). The image shows a narrow strip along the horizontal axis. As sampling density decreases,
aperture size increases. Consequently for a constant irradiance pattern the number of excitations per cone increases. (Bottom) The gray scale
image shows the estimated number excitations in the cone mosaic in response to a harmonic stimulus of constant contrast across the image. The
colored curves show the mean number of excitations for each of the three cone types (scale bar at the right).

Wandell et al., 2022



What If Only One Photoreceptor Type Exists?
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Then you don’t see color at all: you see only brightness differencesAnd with three, we enjoy trichromacy: Thus, if we had only one photoreceptor, we would be colour-blind…

Examples: night vision (rod achromatopsia)



• Rod monochromacy (20 per million people): 
• No cones, only rods 

• Rods are very sensitive to lights are usually activated at night so 
people with rod monochromacy have to wear very dark sunglasses 

• There are no rods in fovea, so people with rod monochromacy have 
low visual acuity 

• Knut Nordby (1942 — 2005) 

• Cone monochromacy: 
• Most common is blue cone monochromacy: only S cones exist (why?) 

• At mesopic (twilight) vision they might have weak dichromacy

What If Only One Photoreceptor Type Exists?

�27
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Computational Trichromacy 
Reconstruction

https://colorvision.cs.rochester.edu/
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Trichromatic

[L, M, S]

Red!

Dichromatic

Red? Green?

[L, S]

© 1999 Macmillan Magazines Ltd

letters to nature
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colour appearance of tiny, monochromatic light Øashes19,20 because
the relative excitation of different cone classes depends on the
location of the Øash. A related illusion is Brewster's colours, the
perception of irregular patches of pastel colour while viewing
periodic black and white patterns of high spatial frequency1,21.
Similarly, red±green isoluminant gratings with spatial frequencies
above the resolution limit look like chromatic and luminant spatial
noise22. All of these perceptual errors are examples of the aliasing
produced when the three cone submosaics sample the retinal image
inadequately. They are akin to the errors that occur in images taken
with digital cameras that have interleaved pixels of different spectral
sensitivity1. The clumping that results from either the randomor the
aggregated assignment of M and L cones exacerbates these errors.
Both of our subjects have retinal patches of 5 arcmin or more

across that contain only one of the two longer-wavelength-sensitive
cone classes. Although the existence of these patches indicates that
the trichromat may sometimes misjudge the colour appearance of
tiny objects, the patches will be beneÆcial in recovering high-
frequency luminance patterns, because cortical neurons tuned to
high spatial frequency are more likely to be fed by contiguous cones
of the same class. This may explain the observation that, in some
normal trichromats, there is little or no difference in resolution for
gratings seen with only M cones or only L cones, or when both cone
classes operate together23. Only when one cone class is greatly
under-represented, as occurs in some heterozygous carriers for
congenital X-linked protanopia, is resolution clearly mediated by
the more dense submosaic24.
The large individual differences in numbers and arrangement of

cone classes that we have observed indicate that evolution has not
converged on an optimum proportion of M and L cones for the
human eye. Is this because red±green colour vision is a relatively
new feature of vision in old-world primates25,26, or do the statistics
of natural scenes, optical blurring and clever post-receptor proces-
sing make M- and L-cone topography unimportant for visual
performance? The imaging method described here allows us to
address these questions, because it is now possible to assess visual
performance and the circuitry of the retina in eyes for which the
trichromatic mosaic is known. M

Received 16 October; accepted 26 November 1998.

1. Williams, D. R., Sekiguchi, N., Haake, W., Brainard, D. H. & Packer, O. S. in From Pigments to
Perception. (eds Valberg, A. & Lee, B. B.) 11±22 (Plenum, New York, 1991).

2. Williams, D. R., MacLeod, D. I. A. & Hayhoe, M. Punctate sensitivity of the blue sensitive mechanism.
Vision Res. 21, 1357±1375 (1981).

3. Curcio, C.A. et al.Distribution andmorphology of human cone photoreceptors stainedwith anti-blue
opsin. J. Comp. Neurol. 312, 610±624 (1991).

4. Babcock, H.W. The possibility of compensating astronomical seeing. Publ. Astron. Soc. Pacif. 65, 229±
236 (1953).

5. Liang, J., Williams, D. R. & Miller, D. T. Supernormal vision and high-resolution retinal imaging
through adaptive optics J. Opt. Soc. Am. A 14, 2884±2892 (1997).

6. Campbell, F. W. & Rushton, W. A. H. Measurement of the scotopic pigment in the living human eye.
J. Physiol. (Lond.) 130, 131±147 (1955).

7. Rushton, W. A. H. & Baker, H. D. Red/green sensitivity in normal vision. Vision Res. 4, 75±85 (1964).
8. Pokorny, J., Smith, V. C. &Wesner,M. in FromPigments to Perception (eds Valberg, A. & Lee, B. B.) 23±

34 (Plenum, New York, 1991).
9. Cicerone, C. M. & Nerger, J. L. The relative numbers of long-wavelength-sensitive to middle-

wavelength-sensitive cones in the human fovea. Vision Res. 26, 115±128 (1989).
10. Vimal, R. L. P., Pokorny, J., Smith, V. C. & Shevell, S. K. Foveal cone thresholds. Vision Res. 29, 61±78

(1989).
11. Jacobs, G. H. & Neitz, J. in Colour Vision DeÆciencies Vol. XI (ed. Drum, B.) 107±112 (Kluwer

Acedemic, Netherlands, 1993).
12. Jacobs, G. H. & Deegan, J. F. Spectral sensitivity of macaque monkeys measured with ERG Øicker

photometry. Vis. Neurosci. 14, 921±928 (1997).
13. Bowmaker, J. K. & Dartnall, H. J. A. Visual pigments of rods and cones in a human retina. J. Physiol.

(Lond.) 298, 501±511 (1980).
14. Dartnall, H. J. A., Bowmaker, J. K. &Mollon, J. D. Human visual pigments: microspectrophotometric

results from the eyes of seven persons. Proc. R. Soc. Lond. B 220, 115±130 (1983).
15. Yamaguchi, T., Motulsky, A. G. & Deeb, S. S. Visual pigment gene structure and expression in human

retinae. Hum. Mol. Genet. 6, 981±990 (1998).
16. Hagstrom, S. A., Neitz, J. & Neitz, M. Variation in cone populations for red-green color vision

examined by analysis of mRNA. NeuroReport 9, 1963±1967 (1998).
17. Mollon, J. D. & Bowmaker, J. K. The spatial arrangement of cones in the primate fovea. Nature 360,

677±679 (1992).
18. Packer, O. S., Williams, D. R. & Bensinger, D. G. Photoreceptor transmittance imaging of the primate

photoreceptor mosaic. J. Neurosci. 16, 2251±2260 (1996).
19. Holmgren, F. Uber den Farbensinn.Comp. Rend. Congr. Period. Intern. Sci. Med. Copenhagen 1, 80±98

(1884).
20. Krauskopf, J. Color appearance of small stimuli and the spatial distribution of color receptors. J. Opt.

Soc. Am. 54, 1171 (1964).
21. Brewster, D. On the undulations excited in the retina by the action of luminous points and lines. Lond.

Edinb. Philos. Mag. J. Sci. 1, 169±174 (1832).
22. Sekiguchi, N., Williams, D. R. & Brainard, D. H. EfÆciency in detection of isoluminant and

isochromatic interference fringes. J. Opt. Soc. Am. A. 10, 2118±2133 (1993).
23. Williams, D. R. in Advances in Photoreception: Proc. Symp. Frontiers Visual Sci. 135±148 (National

Academy, Washington DC, 1990).
24. Miyahara, E., Pokorny, J., Smith, V. C., Baron, R. & Baron, E. Color vision in two observers with highly

biased LWS/MWS cone ratios. Vision Res. 38, 601±612 (1998).
25. Nathans, J., Thomas, D. & Hogness, D. S. Molecular genetics of human colour vision: the genes

encoding blue, green and red pigments. Science 232, 193±202 (1986).
26. Mollon, J. D. `̀ Tho' she kneeled in that place where they grew...'': The uses and origins of primate

colour vision. J. Exp. Biol. 146, 21±38 (1989).
27. Diggle, P. J. Statistical Analysis of Spatial Point Patterns (Academic, London, 1983).

Acknowledgements.We thank D. Brainard, D. Dacey, J. Jacobs, J. Liang, D. Miller and O. Packer for their
assistance. We acknowledge Ænancial support from the Fight for Sight research division of Prevent
Blindness America (to A.R.) and the National Eye Institute and Research to Prevent Blindness (to
D.R.W.).

Correspondence and requests for materials should be addressed to A.R. (e-mail: aroorda@popmail.
opt.uh.edu).

Figure 3 Pseudocolour image of the trichromatic cone mosaic. Blue, green and

red colours represent the S, M and L cones, respectively. a, b, Subject JW's

temporal and nasal retina, respectively, at one degree of eccentricity. c, Subject

AN's nasal retina, at one degree of eccentricity. We performed a statistical test for

randomness according to Diggle
27
. We compared the distribution of all intercone

distances of the measured M-cone array with 100 simulations derived from the

same mosaic in which the same number of M cones were randomly assigned.

JW's array was no different from random at either location. AN's array showed

signiÆcant clumping of the data (P, 0:01) but, because of optical blur, the

possibility of a random assignment of M cones cannot be ruled out. Scale bar

represents 5 arcmin of visual angle.



 30

Can we restore the missing dimension to 
rebuild trichromacy?



[L, S, 𝚫]

Red? Green?

 31

Dichromatic

Red!

𝚫

“Trichromatic”
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Red!

Trichromatic

[L, M, S]

Red!

Still fundamentally different 
perceptions, but that’s OK!

[L, S, 𝚫]

Dichromatic
“Trichromatic”
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How to shift?

https://colorvision.cs.rochester.edu/rotation-demo



Intuition Behind Rotation

�34

Grey-axis

sRGB 
gamut



Could Rotational Shifts Be the Missing Dimension?

�35

Requirement 1: rotational shifts must have discriminative power 
• That is, originally confusing colors will become distinct through rotation 

Requirement 2: rotational patterns must be easy to learn 
• So that we can associate a pattern with a color name



 36https://upload.wikimedia.org/wikipedia/commons/6/6b/Color_Blind_Confusion_Lines.png
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475

EEW

575

The color a deuteranope 
actually sees

After Brettel, Vie´not, Mollon 1997
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475

575
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475

575

• opposite side of the iso-chrome lines 
→ colors shift in opposite directions
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475

575

• opposite side of the iso-chrome lines 
→ colors shift in opposite directions

• same side of the iso-chrome lines 
→ colors shift in different “speeds”

Confusing colors have unique color shift 
patterns — a third dimension that have 
discriminative power.
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Rotation cycles through different hues, a 
regular pattern that’s easy to learn.

475

575
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Discrimination Task 
(N=16)
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Base color

Discrimination thresholds w/o shifts

Discrimination thresholds w/ shifts
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Deuteranomaly (N=7)
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Longitudinal Naming Task 
(N=6; 9 days)
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………

Matching Training Test

2
0
 tests

!Perfect Score
&& Day 1-3

Y

FinishN

Day 1 Day 2-3 & 9 Day 4-8

…
…

1

4
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Recall performance is significantly 
above chance level (10/20)

Repeated training helps improve 
color naming performance
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Different transmittance spectra

“I have since had a pair of 
spectacles constructed with one 

eye-glass red and the other green. 
These Mr X. intends to use for a 
length of time, and he hopes to 

acquire the habit of discriminating 
red from green tints by their 

different effects on his two eyes.”

J. C. Maxwell, “Experiments on colour, as perceived by the eye, with remarks on colour-blindness,” Trans. R. Soc. Edinburgh 21, 275–298, (Dover, New York, 1855).

Corrective Glasses?

James. C. Maxwell
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Discrimination of binocular color mixtures in dichromacy:
evaluation of the Maxwell–Cornsweet conjecture

Kenneth Knoblauch
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Matthew J. McMahon*

Center for Visual Science, University of Rochester, 274 Meliora Hall, Rochester, New York 14627
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We tested the Maxwell–Cornsweet conjecture that differential spectral filtering of the two eyes can increase
the dimensionality of a dichromat’s color vision. Sex-linked dichromats wore filters that differentially passed
long- and middle-wavelength regions of the spectrum to each eye. Monocularly, temporal modulation thresh-
olds (1.5 Hz) for color mixtures from the Rayleigh region of the spectrum were accounted for by a single,
univariant mechanism. Binocularly, univariance was rejected because, as in monocular viewing by trichro-
mats, in no color direction could silent substitution of the color mixtures be obtained. Despite the filter-aided
increase in dimension, estimated wavelength discrimination was quite poor in this spectral region, suggesting
a limit to the effectiveness of this technique.

Key words: color discrimination, dichromacy, binocular summation.

1. INTRODUCTION

Theories of color vision lead naturally to speculation about
ways to cure or to ameliorate color-vision deficiencies.
Thus Dalton’s hypothesis1 that his own defective color vi-
sion (sex linked and congenital in nature) was due to a
discoloration of his ocular media would predict that one
could be cured of such a condition by viewing the world
through a single color-compensating filter. That this was
not true was demonstrated by Seebeck,2 who studied the
manner in which color filters altered the perceptions of
color-defective individuals and by the postmortem exam-
ination of Dalton’s eye.3

Our current understanding of color vision as being
initiated by absorption in visual photopigments broadly
overlapping in the spectrum and of the most common
color-vision defects as arising in part from alteration of
the absorption spectrum or from loss of one of these
photopigments would not ordinarily suggest a filter-based
approach to treating discrimination losses in color-vision
defects (but see Ref. 4). Under conditions of photopig-
ment (or neural) loss, for example, no filter could restore
the missing sensitivity function.

Whereas no benefit could be gained from viewing the
world through a single filter, one might obtain additional
information about the spectral content of light by looking
through two filters. Maxwell5 first proposed this idea by
noting that red and green lights that appeared identical
to one of his observers could be distinguished by their
differential brightness when alternately viewed through
red and green filters. He noted of this case:

By furnishing Mr X. with a red and a green glass,
which he could distinguish only by their shape, I en-
abled him to make judgements in previously doubtful
cases of colour with perfect certainty. I have since had

a pair of spectacles constructed with one eye-glass red
and the other green. These Mr X. intends to use for
a length of time, and he hopes to acquire the habit of
discriminating red from green tints by their different
effects on his two eyes. Though he can never acquire
our sensation of red, he may then discern for himself
what things are red, and the mental process may be-
come so familiar to him as to act unconsciously like a
new sense.

Rood6 mentions Maxwell’s suggestion in his textbook
on color, but the idea seems to have lain dormant un-
til Cornsweet7 elaborated it in physiological terms. His
idea was that a filter in conjunction with the photopig-
ments of one eye would effectively constitute an addi-
tional set of independent spectral sensitivities with which
to sample the chromatic environment, thus doubling (or
at least increasing) the dimension of color discrimination.

We illustrate this idea in Fig. 1. The top panel shows
the peak-normalized short-wavelength-sensitive- (S-) and
middle-wavelength-sensitive- (M-) cone spectral sensitivi-
ties of a protanopic observer based on the Smith–Pokorny
fundamentals.8 Because of the steep falloff in sensitiv-
ity of the photopigments at long wavelengths, the dis-
crimination of such observers in the fovea is effectively
monochromatic for wavelengths greater than approxi-
mately 540 nm. The middle panel of Fig. 1 shows the
transmission curves of two filters that differentially at-
tenuate light in this region of the spectrum. The bottom
panel shows the product of each transmission curve with
the M-cone spectral sensitivity, giving the effective spec-
tral sensitivity of each eye plus filter. With the filters
in place, two different spectral sensitivities mediate dis-
crimination in this spectral region, where formerly there
was only one. Because it is not necessary, as shown here,
that the filters completely block the part of the spectrum

0740-3232/95/102219-11$06.00 © 1995 Optical Society of America
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Color Vision Evolution 
• Evolution of Trichromacy 

• Genetic basis of CVDs
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�52Lamb, 2013

Jawless 
vertebrates

Two rounds of “whole 
genome duplication”



Photoreceptor Evolution in Vertebrates

• Through many gene duplications, proto-vertebrates (ancestors to 
vertebrates) possessed 4 classes of genes, each coding a pigment class. 

• Originally there was 1, which was duplicated to be three (one for melanopsin expressed 
in ipRGCs, another expressed in RPE, and another called C-opsin). 

• C-opsin is duplicated to form pinopsin and a cone opsin, which is the LWS opsin. 

• The LWS opsin is duplicated multiple times, first to form SWS, and then SWS is 
duplicated to SWS1 and SWS2, and then SWS2 is duplicated to form RHL, so in the end 
porto-vertebrates have LWS, SWS1, SWS2, RHL. Of course these are ancestral genes, 
and their extant variants are different. 

• RHL means “rod like”; it was given the name because its duplicate later evolved to be 
expressed in rhodopsin.

�53Lamb, 2022



Photoreceptor Evolution in Vertebrates

• Then there were two rounds of Whole Genome Duplication (WGD) 
• Happened ~530–500 Mya toward the end of the Cambrian epoch. 

• The two rounds of WGD quadrupled the number of genes, but each duplication was 
followed by extensive loss of genes (so not all 4 copies of a gene remained). 

• WGD led to an explosion of new species (more genes available to be mutated, etc.). 

• Vertebrates appeared after 1R.  After 1R, ancestral vertebrates possessed 
five opsin genes 

• SWS1, SWS2, RH1, RH2, and 1 LWS (not all 4 copies of each gene were retained; 2 
copies of RHL were retained: RH1 and RH2) 

• 1R also duplicated other non-opsin genes important for phototransduction (e.g., G 
proteins, PDEs, cGMPs, etc.)

�54



Photoreceptor Evolution in Vertebrates

• 1R is important for the rod-cone duplex vision in today’s vertebrates: 
• RH1 evolved to become ancestral rhodopsin (pigment for rods). 

• And other non-opsin, phototransduction genes duplicated from 1R also evolved to 
express different isoforms in cone and rod photoreceptors today. 

• Then jawless and jawed vertebrates split. 
• Both jawless and jawed vertebrates possess scotopic and photopic vision (see above). 

• In fact proto-vertebrates had scotopic vision too, but that was mediated by pinopsins.
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Photoreceptor Evolution in Vertebrates

• 2R happened to only jawed vertebrates. 
• 2R introduces a few new genes that allow jawed vertebrates to possess true, modern rod 

photoreceptors. 

• For instance, in jawless vertebrates rods and cones look very similar, but 2R changed the 
morphology of rods in jawed vertebrates so that they look differently than cones. 

• But morphology apparently isn’t important for scotopic vision: northern hemisphere 
lampreys have rods that look like cones but physiologically behave like rods [Morshedian and 

Fain 2015].  Whether you call that a rod or a cone is largely a matter of opinion.

�56

https://www.cell.com/current-biology/pdf/S0960-9822(14)01634-0.pdf
https://www.cell.com/current-biology/pdf/S0960-9822(14)01634-0.pdf


• Some proto-vertebrate already had four classes of genes (through local 
gene duplications) that code four different pigments/opsins 

• A descent of this creature went through two rounds of WGD 
• Whole Genome Duplication; ~530–500 Mya (Cambrian epoch) 

• Each followed by extensive loss of genes (so not all 4 copies of a gene remain) 

• Now five classes of opsins (SWS1, SWS2, RH1, RH2, and LWS)

�57

Mammals

Vertebrates

Reptiles/Birds/Fish

Primates

Old World Monkeys

Apes/Humans

……

(Mostly) Tetrachromatic

(Mostly) Dichromatic

(Mostly) Trichromatic

……

Lamb, 2022



• RH1 gene evolved (~500-430 Mya?) to express rod pigment 
• For life at night & in deep ocean; rod pathway piggybacks on existing cone pathway 

• Early mammals (~age of dinosaurs) are nocturnal so they lost two genes 
• Only LWS and SWS1 genes retained and expressed in cone pigments 

• Trichromacy emerged in Catarrhini (common ancestors of old world 
monkeys, apes, and humans) through gene duplication
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Mammals

Vertebrates

Reptiles/Birds/Fish

Primates

Old World Monkeys

Apes/Humans

……

(Mostly) Tetrachromatic

(Mostly) Dichromatic

(Mostly) Trichromatic

……
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PrimatesOrder

Suborder

Infraorder

Superfamily

Family

Genus

Prosimii Anthropoidea

Lemuroidea Lorisoidea Tarsiioidea

(21) (11) (3)

Platyrrhini Catarrhini

Ceboidea

(41)

Cercopithecoidea Hominoidea

(65)

Hylobatidae

(6)

Pongidae

Pongo GorillaPan

Hominidae

Species

Homo

(1) (2) (1) sapiens

Primate taxonomy using traditional phenetic categories.  Numbers in parentheses denote the approximate number of 
known living species. 

Prosimians New 
World 

monkeys

Old 
World 

monkeys

Gibbons 
Siamangs

Orangutan

Chimpanzee 
Bonobo Gorilla Humans

BIO A 201  Winter 2002  Primate taxonomy handout
* Numbers in parentheses denote the 

approximate number of known living species.

Where LM gene 
duplication took place
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Evolved to be rod pigment

Lost in mammals

Lost in mammals

Five Classes of Cone Pigments in Jawed Vertebrates
Evolved to be S pigment

Evolved to be L and M pigments 
(another gene duplication)

* Predicted normalized pigment absorbance (~absorption using MSP) 
* From extant species; ancestral pigments likely differ



Gene duplication on the X-chromosome

L-cone 
photopigment 

opsin gene

M-cone 
photopigment 

opsin gene

Mammal

Human/ Old world 
primate

�61Rodieck, 1998; Stockman

Gene Duplication on the X Chromosome

Mammals

Old-world 
monkeys / 

humans
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L and M Cone Pigments are Very Similar
because the duplication is recent (~30 Mya)

96% of the amino acids are the same
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FIG. 10

Cone fundamentals. The cone excitation calculations start with the stimulus (scene spectral radiance). The transmission through the lens and
macular pigment combined with the cone absorptance form a spectral function called the cone fundamental. The fundamental is the input-
referred spectral quantum efficiency of the cone. (a) The fundamental is defined using standard values (solid curves) for the lens, macular
pigment and photopigment. There are significant variations (dotted curves) across the population, with the largest variation in the spectrum below
550 nm. (b) There is a reliable difference between the cone fundamentals near the fovea (dashed lines) and periphery because of the macular
pigment (solid lines). (c) The three images give an impression of how the scene spectral radiance (left) is transformed as it passes through the lens
(middle) andmacular pigment (right). The ISETBio implementation includes lens factors as part of the retinal spectral irradiance (oi) computation;
it includes macular pigment factors as part of the cone mosaic (cMosaic) computations.
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Goldfish (Tetrachromatic)

*Also see Figure 8B, Lamb 2022 for 2R WGD
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Mouse (Dichromatic)
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Human (Trichromatic)
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Color Vision Evolution 
• Evolution of Trichromacy 

• Genetic basis of CVDs
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Genetic Basis of Color Vision Deficiency

meiosis

Deuteranope if 
inherits this !

Normal

* Only the first two genes are sufficiently 
expressed to affect pigments [Simunovic 2009]



�68Simunovic 2009; see alsoSharpe et al. 1999

Genetic Basis of Color Vision Deficiency

• L and M genes are tandemly 
arrayed and are subject to 
crossovers during 
recombination, which might 
lead to deletion of a whole 
gene or hybrid genes in a X 
chromosome. 

• Inheriting such an X chromosome 
causes CVD.

L M



The spectral sensitivities of the hybrid photopigments 
vary between those of the M- and L-cones depending 
on where the crossover occurs.
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�69Credit: Stockman



Single-gene dichromats

Protanope

Deuteranope

With a single gene male 
observers must be dichromats

�70Credit: Stockman

Abnormal 
“L” (or “M”) 

cones



Multiple-gene dichromats

Male observers with two 
similar genes may also be 

effectively dichromats
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Anomalous trichromats

Protanomalous

Male observers with two 
different genes are 

anomalous trichromats

Deuteranomalous

Mild

Severe

Severe
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Why is CVD More Prevalent in Males?

• Most CVDs are due to L/M genes cross-overs on X chromosomes 
• Genes for L and M cone pigments lie together on the X chromosome and are thus 

subject to unequal recombination/crossovers 

• Females have two X chromosomes
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Protanomaly Protanopia Deuteranomaly Deuteranopia

Male %

Tritanomaly/ 
Tritanopia

1.0% 1.0% 4.9% 1.1% <0.01%

Female % 0.02% 0.02% 0.38% 0.01% <0.01%

Wyszecki & Stiles, 2ed, Table 1(5.4.2), page 464



Why are S-Cone CVDs Rate?

• Gene for S cone pigment is in a nonsex chromosome (chromosome 7) 
• They are not subject to L/M gene cross-overs 

• Gene mutations causing changes in S-cone pigment are much more rare
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Protanomaly Protanopia Deuteranomaly Deuteranopia

Male %

Tritanomaly/ 
Tritanopia

1.0% 1.0% 4.9% 1.1% <0.01%

Female % 0.02% 0.02% 0.38% 0.01% <0.01%

Wyszecki & Stiles, 2ed, Table 1(5.4.2), page 464



Things to Take Away

• Dichromats miss one class of cone photoreceptors (functionally) 
• Each dichromatic vision has a set of parallel confusion lines 

• Colors on the confusion lines are perceptually the same for a dichromat 

• Confusion lines converge in the xy-chromaticity plot 

• Color matching experiments on unilateral dichromates allow us to estimate what colors 
are correctly perceived by dichromats 

• Computational trichromacy reconstruction 
• Color vision deficiencies in humans are due to erroneous LM gene 

duplication that happened at the basis of old-world primates
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