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Digital Camera Imaging

Color in Nature, Arts, & Tech 
(a.k.a., the birth, life, and death of light)

The Roadmap
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Theoretical Preliminaries

Human Visual Systems

Modeling and Rendering

Applications

Photoreceptors

Introduction and Overview

Color Production

Color Vision and Colorimetry

Light and Dark Adaptation

Retinal Representations
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https://w
w
w.vice.com

/en/article/w
nkq5n/this-picture-has-no-red-pixelsso-w

hy-do-the-straw
berries-still-look-red

Red Without Any Red Pixel
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The Dress

https://en.wikipedia.org/wiki/The_dress
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X
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Wavelength Encoding 
in Photoreceptors



Light Spectrum

�8https://waldina.com/2020/01/04/happy-377th-birthday-isaac-newton/ https://www.shutterstock.com/video/clip-369937-prism---light-dispersion-seamless-loop-hd1080p



Cone Fundamentals (Cornea-Referred Spectral Sensitivity)

�9Wandell et al., 2022

An excitation (isomerization) initiates a sequence of reactions within the outer seg-
ment: the phototransduction cascade. The consequence of these reactions is to open
ion channels in the outer segment membrane, causing a net inward flow of ionic
current. This photocurrent leads to a voltage change in the cone inner segment, mod-
ulating the neurotransmitter release at the synapse. ISETBio implements a model of
this dynamic process for the cones, including a light-level dependency that modifies
the gain and dynamics of the photoreceptor current. The model relies on measure-
ments described in the literature (Angueyra-Aristizábal, 2014; Pugh and Lamb,
1993, 2000). ISETBio includes code to estimate the photoreceptor current, but we
do not describe these methods here.
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FIG. 9

Spectral properties of visual system components that determine the input-referred quantum
efficiency of the cones. (a) The crystalline lens dramatically reduces the fraction of short
wavelength light transmitted to the retina. The optical density of the lens varies between
people and with age. (b) The macular pigment is present in foveal, but not peripheral,
regions of the retina. The pigment density in the fovea varies across people and with
disease. (c) The optical density of the cone photopigment varies between people and
across the retina. In all panels the dark solid curve is the standard and lighter curves are
variations.
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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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Equal-Energy Cone Fundamentals

�10Stockman & Sharpe (2000); Wandell et al., 2022
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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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Equal-Energy Cone Fundamentals

• For S cone, the relative sensitivity 
at 445nm is 1 and the relative 
sensitivity at 428 nm is 0.75. This 
means: 

• Given two lights, one at 445 nm and 
the other at 428 nm, that have the 
same power, the relative photon 
absorption at 428 nm is 75% of that at 
445 nm.

�11Stockman & Sharpe (2000); Wandell et al., 2022
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Spectral Sensitivity of L Cones
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If We Had Only L Cones

• These lights will be 
perceived as the 
same light: 

• 570 nm at 1 W 

• 465 nm at 12.5 W 

• 630 nm at 2.5 W 

• 705 nm at 250 W 

• Because the brain 
will receive exactly 
the same signal

�13

0

0.25

0.5

0.75

1

39
0

40
5

42
0

43
5

45
0

46
5

48
0

49
5

51
0

52
5

54
0

55
5

57
0

58
5

60
0

61
5

63
0

64
5

66
0

67
5

69
0

70
5

72
0

73
5

75
0

76
5

78
0

79
5

81
0

82
5

L 
co

ne
 s

en
sit

iv
ity

1 @ 570 nm

0.004 @ 705 nm

0.4 @ 630 nm

0.08 @ 465 nm



Interlude: Invisible Light

• “Invisible”: Lights (electromagnetic waves) not interacting with cones cells.

�14https://commons.wikimedia.org/wiki/File:EM_spectrum.svg
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Interlude: Invisible Light

• Sunlight has invisible components, 
which don’t interact with retina 
photoreceptors, but interact with 
other kinds of cells. 

• Case in point: skin cancer, where Ultra-
Violet (UV) lights interact with skin cells. 

• Another example: Infra-Red (IR) 
cameras can “see” things we can’t. 

• They use materials that do interact with IR 
lights. More later.

�15https://en.wikipedia.org/wiki/Sunlight#/media/File:Solar_spectrum_en.svg http://www.psicorp.com/content/psis-applied-research-activities-0

https://en.wikipedia.org/wiki/Sunlight#/media/File:Solar_spectrum_en.svg
http://www.psicorp.com/content/psis-applied-research-activities-0
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Total Cone Response

• Given a light 𝚽(𝛌), we can calculate the total responses of the L, M, and S 
cone cells. The three signals are called the tristimulus values of the light.

�16

𝚽(𝛌)

L = ∫λ
Φ(λ)L(λ)dλ

L =
780

∑
λ=380

Φ(λ)L(λ)

In practice both the SPD and the cone 
responses are given at discrete intervals.

Stockman and Sharpe (2000)



Total Cone Response

• Any light could be expressed as a <L, M, S> triplet. 

�17https://en.wikipedia.org/wiki/CIE_1931_color_space
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L =
780

∑
λ=380

Φ(λ)L(λ)

M =
780

∑
λ=380

Φ(λ)M(λ)

S =
780

∑
λ=380

Φ(λ)S(λ)



Brain Receives Only the LMS Signals, not Light!

• A particular LMS combination leads to a particular color sensation. 

• This is a huge dimensionality reduction: the light spectrum is a very high 
dimensional vector (numerous wavelengths), but is transformed by the 
retina to only a three-dimensional vector! 

�18

[L, M, S] 
Signals

Visual 
Cortex

Light Spectrum Eye

https://www.eyeworld.org/research-finds-human-visual-cortex-continues-development-mid-30s

A color sensation!



Visualizing Spectral Lights in the LMS Color Space

�19

Play with an interactive app here: https://horizon-lab.org/colorvis/cone2cmf.html

Spectral Locus



The LMS Color Space

• By expressing any light’s color as a <L, M, S> point, we have inherently 
defined a 3D color space, in which every color is a point. 

• See visualization here: https://horizon-lab.org/colorvis/chromaticity.html. 
• What if we uniformly double the power at each wavelength? How would 

the corresponding <L, M, S> change?

�20



Two Fascinating Questions

• 1. Does any arbitrary point in the LMS space correspond to a color? 
• 2. Will there be multiple lights that correspond to the same point, i.e., 

color in the LMS space?

�21



Recall: Calculating Total Cone Responses
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L =
780

∑
λ=380

Φ(λ)L(λ)

M =
780

∑
λ=380

Φ(λ)M(λ)

S =
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∑
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Φ(λ)S(λ)



Matrix Perspective
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L =
780

∑
λ=380

Φ(λ)L(λ)

M =
780

∑
λ=380

Φ(λ)M(λ)

S =
780

∑
λ=380

Φ(λ)S(λ)

L380, L381, ⋯, L780
M380, M381, ⋯, M780

S380, S381, ⋯, S780

×

Φ380
Φ381

⋮
Φ780

= [
L
M
S ]



Matrix Perspective

• It’s an under-determined 
system of linear equations. In 
general, it has infinitely many 
solutions. 

• In general, there are infinitely 
many lights that correspond to 
the same color. This is called 
metamerism. More on this 
soon.

�24

L380, L381, ⋯, L780
M380, M381, ⋯, M780

S380, S381, ⋯, S780

×

Φ380
Φ381

⋮
Φ780

= [
L
M
S ]

The first matrix is known. Given the [L, M, S] 
vector, can you solve for the 𝚽 vector?

An additional constraint: 𝚽 must all be non-
negative, since there is no negative power!



But Can There Be No Solution?

• One scenario: negative L, M, or S responses. All cone responses are 
physical quantities, which must be positive.

�25



But Can There Be No Solution?

• Another scenario: impossible cone response combinations. 
• E.g., [1, 0, 0]: there is no real light that can produce only L cone response but no 

responses from M and S cones. 

• Except when…

�26
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But Can There Be No Solution?

• Another scenario: impossible cone response combinations. 
• An impossible cone combination still corresponds to a point in the LMS space. We call it 

an imaginary color. It’s not a color that can be produced by physical lights.

�27

LMS

L
M

S

Intuitively, points lies outside the 
“boundary” of the spectral locus are 

not physically realizable colors

Play with an interactive app here: https://horizon-lab.org/colorvis/chromaticity.html



Color Gamut of Human Visual System (HVS)

• HVS Color Gamut: the set of all the colors that human can see. 
• The HVS color gamut encapsulates all the LMS points for which the system 

of linear equations below has a non-negative solution. 

�28

L380, L381, ⋯, L780
M380, M381, ⋯, M780

S380, S381, ⋯, S780

×

Φ380
Φ381

⋮
Φ780

= [
L
M
S ]



Visualizing HVS Gamut

• See visualization here: https://
horizon-lab.org/colorvis/
gamutvis.html. 

• In reality, the gamut has no boundary, 
since we can arbitrarily increase the 
light power and this 3D volume will 
extend to infinity.

�29

S

L

M



Two Fascinating Questions

• 1. Does any arbitrary point in the LMS space correspond to a color? 
• No 

• 2. Will there be multiple lights that correspond to the same point, i.e., 
color in the LMS space? 

• Yes. In fact, there are infinitely many.

�30
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Color Matching Experiments 
and Metamerism



Intuition

• Lights that produce the same LMS signals are perceived by the brain as 
the same “color”, even if their spectra might be totally different! 

• …because retinal processing is a dramatic dimensionality reduction.

�32https://www.eyeworld.org/research-finds-human-visual-cortex-continues-development-mid-30s

[L, M, S] 
Signals

Light Spectrum Eye

Visual 
Cortex

A color sensation!



• The two lights are metamers of each other (i.e., seen as having the same 
color) if their LMS cone responses match.
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Metamerism

�33

𝚽1(𝛌)

𝚽2(𝛌)

∑
λ

Φ1(λ)L(λ) = ∑
λ

Φ2(λ)L(λ)

∑
λ

Φ1(λ)M(λ) = ∑
λ

Φ2(λ)M(λ)

∑
λ

Φ1(λ)S(λ) = ∑
λ

Φ2(λ)S(λ)



Metamerism

• Does metamerism exist? That is, given a spectrum 𝚽, can we always find 
at least one 𝚽’ that is the metamer of 𝚽? Can we find multiple? 

• The answer is yes. We showed earlier how to find metamers by solving 
system of linear equations. But that requires knowing L(𝛌), M(𝛌), and S(𝛌), 
which were not measured until after 1900s 

• we’ve talked before about how they are measured 

• But people were able to find metamers as early as late 19th century, 
through a clever color matching experiment.

�34



Color Matching Experiments

• You are given three monochromatic 
(spectral) lights with known spectra 
pointing to the same point. 

• They are call the primary lights. 

• You are also given a target light with 
unknown spectrum. 

• Tune each primary light’s power so that 
the color of the primary light mix  
matches the color of the target light.

�35

🔦
🔦

🔦

🔦

👁

Target light
Primary lights

James Maxwell

Color matching experiment; circa 1835



Color Matching Experiments

• The three primary lights used in CIE 
1931 standard: 𝛌=435.8 nm, 546.1 nm, 
700 nm; roughly blue, green, and red. 

• CIE 1931 limited viewing angle to be 2° 
so that only the fovea gets light. 

• It swept all the spectral lights in the 
visible spectrum as the target light (at a 
5-nm interval).
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Color Matching Experiments
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Color Matching Experiments By Wright and Guild

• Wright and Guild did 
two separate color 
matching experiments in 
the late 1920s 

• They used primaries and 
white point different from 
the CIE standard. 

• This is the results of Wright’s 
experiment. 

• Their data eventually were 
turned into CIE data.

�38Wright 1928https://yuhaozhu.com/blog/cmf.html



CIE 1931 Color Matching Experiments

�39

Record the units of primary lights and 
normalize them so that they add up to 1.

700435.8546.1

• Y-axis is the “amount” of each of 
the primary. 

• The unit system is so defined that 
mixing equal amount of primaries 
produces the color of the "equal-
energy white”, whose SPD is a 
constant at all wavelengths. 

• Different color spaces can choose 
different white points.  More later.



Negative Color?

�40

To match color of 𝛌=500 nm, we need a bit of 
negative red? What does this mean???

https://en.wikipedia.org/wiki/CIE_1931_color_space

700435.8546.1
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🔦

Negative Values in Color Matching Functions

• No combination of RGB matches the 
target light, but adding some R with the 
target light matches the color of some 
combination of G and B. 

• Color of light 𝛌=540 nm can’t be 
reproduced by R, G, B. Doesn’t mean 
𝛌=540 nm doesn’t exist; it just can’t be 
generated from the three chose primary 
lights. More later (gamut).

�41
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Normalization

�42

700435.8546.1

The plot on the left gives the relative ratio of the primaries, the plot on the right gives the absolute 
amount, scaled from the left to match the luminance at each wavelength. 

See: https://yuhaozhu.com/blog/cmf.html.



The Results are the Color Matching Functions

• For one unit power of each target 
light, how many units of each primary 
light are needed to match the color. 

• RGB values of a target color are 
called the tristimulus values of the 
color in the CIE 1931 RGB color 
space.

�43https://en.wikipedia.org/wiki/CIE_1931_color_space

CIE 1931 2° RGB Color Matching Functions

580
If the target light 𝛌 has a power of 𝚽580, the 
amounts of the primary lights we need are: 
𝚽580 x R580, 𝚽580 x G580, 𝚽580 x B580

R580

G580

B580



Spectral Locus in the CIE 1931 RGB Space
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𝛌=445

𝛌=615 𝛌=525

Spectral locus in CIE 1931 RGB

[-0.007, 0.004, 0.318]

[0.323, 0.026, -0.0002]

[-0.085, 0.191, 0.008]

CIE 1931 2° RGB Color Matching Functions



Expressing Arbitrary Light Using CMFs

• How much total R, G, and B 
primaries are needed to match 
the color of an arbitrary light 𝚽? 

• Calculate it wavelength-by-
wavelength and sum it up.

�45

𝚽(𝛌)

R = ∑
λ

Φ(λ)r̄(λ)

G = ∑
λ

Φ(λ)ḡ(λ)

B = ∑
λ

Φ(λ)b̄(λ)
CIE 1931 2° RGB Color Matching Functions



How To Explain Color Matching Experiments?

• Given a target light 𝚽(𝛌) and the 
primary lights, can we calculate the 
tristimulus values for 𝚽(𝛌) without the 
color matching experiment? 

• Key: the total L, M and S cone 
responses of the three primary lights 
must match the total cone responses 
of the target light.
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Intuition

�47

L cone response of target light = L cone response of primary R 
  + L cone response of primary G 

+ L cone response of primary B

M cone response of target light = M cone response of primary R 
  + M cone response of primary G 

+ M cone response of primary B

S cone response of target light = S cone response of primary R 
  + S cone response of primary G 

+ S cone response of primary B



Matching L Cone Responses

�48

Amount of L cone responses of one 
unit of each primary light

∑ R(λ)L(λ) × r + ∑ G(λ)L(λ) × g + ∑ B(λ)L(λ) × b = ∑ Φ(λ)L(λ)

The L cone response 
of the target light

Amount of primary lights needed (unknown)



Matching All Cone Responses

�49

∑ R(λ)L(λ) × r + ∑ G(λ)L(λ) × g + ∑ B(λ)L(λ) × b = ∑ Φ(λ)L(λ)

∑ R(λ)M(λ) × r + ∑ G(λ)M(λ) × g + ∑ B(λ)M(λ) × b = ∑ Φ(λ)M(λ)

∑ R(λ)S(λ) × r + ∑ G(λ)S(λ) × g + ∑ B(λ)S(λ) × b = ∑ Φ(λ)S(λ)



Equivalent to Solving a System of Linear Equations

• Equivalent to solving the system of linear equations with 3 equations and 
3 variables (r, g, b). The system has a unique solution (generally).
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∑ R(λ)L(λ) ∑ G(λ)L(λ) ∑ B(λ)L(λ)
∑ R(λ)M(λ) ∑ G(λ)M(λ) ∑ B(λ)M(λ)
∑ R(λ)S(λ) ∑ G(λ)S(λ) ∑ B(λ)S(λ)

× [
r
g
b] =

∑ Φ(λ)L(λ)
∑ Φ(λ)M(λ)
∑ Φ(λ)S(λ)



Why Three Primary Colors?

• If only two primary colors, the system of equations has two variables with 
three equations, which generally doesn’t have a solution, i.e., no way of 
finding a match, generally. Over-determined system. 

• More than three primaries: more variables than equations, so there are 
infinitely many ways of combining the primary lights to match the target 
color. Under-determined system.
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Trichromatic Theory of Color

• Conjectured by Thomas Young as 
early as 1801, and expanded by 
Helmholtz and Maxwell in 1860. 

• Color matching experiments empirically 
verified it. 

• Experimental measurement of cone 
sensitivities much later. 

• Pervasive applications: 
• Color reproduction chain: display, print 

• Capture color: camera
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A Note on “RGB”

•There is no one single definition of “red”, “green", and “blue”. 
•Usually “RGB” is just synonyms for “primary lights", which usually are so 
chosen that they look red, green, and blue. 
•Primary lights don’t have to be monochromatic spectral lights.

�53https://www.freepik.com/vectors/visible-spectrum

380nm 780nm



“Amount of Primaries”

• Imagine two color spaces that use the same primary lights, but 
• one where 1 unit of R means 1 W of red light 

• the other where 1 unit of R means 10 W of red light 

• The RGB value of a given light in these two spaces will be different 

• A color space must define what “one unit” of each primary light is. 
• In CIE 1931 RGB color space, the “unit system” is that 1 unit of R, G, and 

B provides the same color as a special light called “Equal-Energy White”, 
which has the same power over all wavelengths. 

• If you are building your own color space, you can choose whatever “white” you want.
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A RGB Color Space

• Given the exact spectra of the “RGB” primary lights R(𝛌), G(𝛌), and B(𝛌), 
we have a color space. 

• What this means is that the color of any arbitrary light 𝚽(𝛌) can be expressed as a point 
in that 3D coordinate system. 

• That is, we can mathematically study colors now — colorimetry.
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∑ R(λ)L(λ) ∑ G(λ)L(λ) ∑ B(λ)L(λ)
∑ R(λ)M(λ) ∑ G(λ)M(λ) ∑ B(λ)M(λ)
∑ R(λ)S(λ) ∑ G(λ)S(λ) ∑ B(λ)S(λ)

× [
r
g
b] =

∑ Φ(λ)L(λ)
∑ Φ(λ)M(λ)
∑ Φ(λ)S(λ)



Geometric Transformation Perspective

• So far we’ve seen two ways to express a color in a 3D space: 
• A color can be expressed as its three cone responses (l, m, s) 

• A color can also be expressed as the amount of primary lights (r, g, b) needed 

• How are the two expressions related?
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∑ R(λ)L(λ) ∑ G(λ)L(λ) ∑ B(λ)L(λ)
∑ R(λ)M(λ) ∑ G(λ)M(λ) ∑ B(λ)M(λ)
∑ R(λ)S(λ) ∑ G(λ)S(λ) ∑ B(λ)S(λ)

× [
r
g
b] =

∑ Φ(λ)L(λ)
∑ Φ(λ)M(λ)
∑ Φ(λ)S(λ)

= [
l
m
s ]



Geometric Transformation Perspective

• Expressing a color from the [l, m, s] coordinates to the [r, g, b] coordinates 
is a geometric transformation. 

• Equivalently, it’s a transformation of the coordinate systems (color spaces)! 
• Because the transformation matrix is constant, metamers in RGB space are metamers in 

LMS space too.
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∑ R(λ)L(λ) ∑ G(λ)L(λ) ∑ B(λ)L(λ)
∑ R(λ)M(λ) ∑ G(λ)M(λ) ∑ B(λ)M(λ)
∑ R(λ)S(λ) ∑ G(λ)S(λ) ∑ B(λ)S(λ)

× [
r
g
b] =

∑ Φ(λ)L(λ)
∑ Φ(λ)M(λ)
∑ Φ(λ)S(λ)

= [
l
m
s ]

Transformation matrix from the RGB space to the LMS space



CIE 1931 RGB ⟷ LMS Spaces
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Spectral lights in the CIE 1931 RGB space
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Subjective Descriptions of Color
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Subjective Descriptions of Color
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Subjective Descriptions of Color
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Subjective Descriptions of Color
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Subjective Descriptions of Color
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Yellow

Blue

RedGreen

Blue-ish Red/ 
Red-ish Blue

Yellow-ish Red/ 
Red-ish Yellow

Yellow-ish Green/ 
Green-ish Yellow

Blue-ish Green/ 
Green-ish Blue

Shevell and Martin, 2018



Red-ish Green?

• Physically if you mix red lights with 
green lights you get yellow, but if 
you stare at a yellow color, would 
you say it has any red or any green?  
Perhaps not. 

• You also wouldn’t say blue has any 
contribution from red or green. 

• Perceptually, it seems like red and 
green can never co-exist in a color.

�65Shevell and Martin, 2018
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Yellow-ish Blue?

• Perceptually: 
• You wouldn’t say green has any blue or 

any yellow. 

• You wouldn’t say red has any blue or any 
yellow. 

• Perceptually, it seems like yellow 
and blue can never co-exist in a 
color.
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Perceptual Color Organization

• Perceptually, there are four unique 
hues: Yellow, Blue, Red, Green. 

• Y-B are opposing hues and R-G are 
opposing hues. 

• No unique hue can be described as a 
combination of other unique hues. 

• This is perceptually rather than physical: 
you can get yellow by mixing green with 
red physically, but if you just stares at 
yellow, they perceptually don’t see a yellow 
color as having red or green contribution.
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Ewald Hering



Perceptual Color Organization

• There is also a light-dark opponent 
process. 

• Any color can be described as a 
combination of three non-opposing 
dimensions: 

• E.g., some amount of yellow + red + 
light
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Ewald Hering
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Some Quantitative Aspects of an Opponent-Colors Theory.
I. Chromatic Responses and Spectral Saturation

DOROTHEA JAmESON AND LEo M. HuRvIcH
Color Technology Division, Eastman Kodak Company, Rochester, New York

(Received January 21, 1955)

Saturation discrimination is assumed to be dependent on the ratio of chromatic to achromatic com-
ponents in the sensory response to a given wavelength. The usual methods of measurement do not, however,
permit independent control of the chromatic and achromatic variables. On the basis of an opponent-colors
theory of vision, a method is described for measuring directly and separately the spectral distributions of the
chromatic components. A series of experiments is reported in which this method was used to obtain measures
of the paired chromatic responses associated with the four primary spectral hues. Results are reported for
two observers, 1 foveal test field, for an equal brightness spectrum (10 mL), and a neutral state of adapta-
tion (10 mL). The measured chromatic responses, together with achromatic (luminosity) functions measured
earlier for the same observers, are used to predict the form of the spectral saturation discrimination function.

INTRODUCTION

THE saturation of a color is related to the perceived
amount of hue in the color sensation. It is easy to

demonstrate that intermixing gradually increasing quan-
tities of white light with pure spectral colors makes the
latter increasingly pale until eventually they become
colorless. Under such circumstances they are said to be-
come less saturated. However, even without the inter-
mixture of white light, it is quite obvious from only a
cursory examination of the spectrum that the various
spectral regions are intrinsically unequally saturated.'
Furthermore, with a large increase in stimulus radiance
saturation is modified so that eventually the spectral
hues are seen as white. 2

Experimentally, a number of different techniques
have been used to determine the functional dependen-
cies between saturation and the associated physical
variables, wavelength and radiance. Most of the data on
spectral saturation in relation to wavelength have been
obtained by measuring changes in colorimetric purity to
produce just perceptible changes in saturation. This
method assumes that the threshold change in colori-
metric purity varies inversely with the ratio of chro-
matic to achromatic excitations in the visual response
to a stimulus of given wavelength. The minimal per-
ceptible change in clorimetric purity has been measured

I L. T. Troland, The Principles of Psychophysiology (D. Van
Nostrand Company, Inc., New York, 1930), Vol. II, p. 147.

2 J. H. Parsons, An Introduction to te Study of Colour Vision
(Cambridge University Press, Cambridge, England, 1924), pp.
3 1-32.

in two ways, either by adding monochromatic to white
light or by adding white light to monochromatic. Data
obtained by adding spectral-lights to white have been
reported by a number of investigators including Purdy;
Priest and Brickwedde; Martin, Warburton, and Mor-
gan; Wright and Pitt; Nelson; Grether; and Chapais.'-'
The results are generally similar: the spectral saturation
function shows maxima in the short and long wave
regions with a sharp minimum in the 560 to 580-mu
region.

Other experimenters have employed other measures
of saturation, all of which are assumed to be either
directly or inversely related to the percentage of hue in
the color response. For a series of spectral colors, Jones
and Lowry stepped off in just noticeable difference steps
the distance between each spectral color and white;
Troland measured the rate at which flicker ceases when
a chromatic stimulus is alternated with white in the
flicker photometer; and Sinden measured the "com-
plementation valence" of spectral lights, i.e., the lu-
minosity ratios of the two monochromatic components

D. M. Purdy, "Chroma as a function of retinal illumination,"
dissertation, Harvard University, 1-190 (1929).

4I. G. Priest and F. G. Brickwedde, J. Opt. Soc. Am. 28, 133
(1938).

5 Martin, Warburton, and Morgan, Med. Research Council
(Brit.), Spec. Rept. Ser. No. 188, (1933).6 W. D. Wright and F. H. G. Pitt, Proc. Phys. Soc. (London)

49, 329 (1937).
7 J. H. Nelson, Proc. Phys. Soc. (London) 49, 332 (1937).
8 W. F. Grether, J. Exptl. Psychol. 28, 419 (1941).
9 A. Chapanis, J. Exptl. Psychol. 34, 24 (1944).
10 L. A. Jones and E. M. Lowry, J. Opt. Soc. Am. 13, 25 (1926).
"L. T. Troland, Trans. Illum. Eng. Soc. (N. Y.) 11, 947 (1916).
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Hue Cancellation Experiment
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Hurvich



Hue Cancellation Experiment: Yellow-Blue

�71

Test Light Cancellation Light

Test light 
wavelength

Goal: adjust the power of the 
cancellation light so that the 

mixture of test and cancellation 
lights looks neither blue nor yellow

https://jtechphotonics.com/?p=36671

588 nm



Hue Cancellation Experiment: Yellow-Blue
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Test Light Cancellation Light

Test light 
wavelength

Goal: adjust the power of the 
cancellation light so that the 

mixture of test and cancellation 
lights looks neither blue nor yellow

https://jtechphotonics.com/?p=36671

467 nm



Hue Cancellation Experiment: Red-Green
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Test Light Cancellation Light

Test light 
wavelength

Goal: adjust the power of the 
cancellation light so that the 

mixture of test and cancellation 
lights looks neither red nor green

https://jtechphotonics.com/?p=36671

490 nm



Hue Cancellation Experiment: Red-Green
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Test Light Cancellation Light

Test light 
wavelength

Goal: adjust the power of the 
cancellation light so that the 

mixture of test and cancellation 
lights looks neither red nor green

https://jtechphotonics.com/?p=36671

700 nm



Overall Results
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• Take the color appearance here with a 
huge grain of salt, since neither paper, 
your laptop, nor the classroom project 
can accurately reproduce the colors of 
single-wavelength, spectral lights.



Light-Darkness: Luminous Efficiency Function
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• Efficiency is inversely proportional 
to how much power you need at 
each wavelength to reach a 
criterion level of brightness 

• Use Heterochromatic Flicker 
Photometry (HPE). 

• Alternate between a test light and a 
reference light at say, 25 Hz 

• Adjust the power of the test light so 
that there is no flickering
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Purkinje Shift
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Photopic/cone V(𝛌)Scotopic/rod V’(𝛌)
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Does Opponent Theory Contradict Trichromacy?

• Trichromacy: any color can be mixed from three primary colors. 
• We know the neural basis for this: we have three classes of cones. 

• We’ve seen the linear system derivation of trichromacy. 

• Opponent theory seems to contradict that: 
• Three unique opponent processes (Y-B, R-G, White-Black) 

• Any color is a constructed from a hue and a lightness (white-black) 

• Any hue can be described as a combination of two non-opposing primary hues
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Does Opponent Theory Contradict Trichromacy?

• The hue cancellation experiment quantitatively solidifies the opponent 
theory, but: 

• Are there any neural/physiological basis for this theory? Yes 

• Are they the same mechanisms behind trichromacy? No (the fact that we have three 
classes of cone can’t explain opponent processes, which involve new neural mechanisms)
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Spectrally-Opponent Cells in LGN (~= RGCs)
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FIG. 9. Mean response curves for +R-G cells to an equal-
energy spectrum. Numbers next to each curve represent log at-
tenuation relative to maximum available. Open symbols and
vertical lines at each point enclose one standard error of the mean.
Dotted horizontal line gives, for this type, the mean firing rate
in the absence of stimulation.

590 nm and does not change significantly with intensity.
The points of maximum excitation and maximum in-
hibition, however, tend to shift systematically with an
increase of radiance. At the low radiance, maximum
firing was produced by light of approximately 630 nm;
at a radiance 1.3 log units higher, the maximum shifted
to 660 nm. The very short wavelengths produced more
and more inhibition at higher radiances, while the region
around 540 nm did not change greatly with radiance.
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FIG. 10. Mean spectral response curves for +Y-B cells.
Details as for Fig. 9.

I R. L. De Valois and A. E. Jones, in The Visual System:
Neurophysiology and Psychophysics, R. Jung and H. Kornhuber,
Eds. (Springer-Verlag, Berlin, 1961), pp. 178-191.
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In a paper published in 1961, De Valois and Jones5
had noted such a shift in point of maximum excitation;
these data verify the shift, which appears to be related
to the Bezold-BrUcke effect. No similar shift in peak
excitation is seen in the +Y-B cells (Fig. 10). The
maximum firing of these cells is at 610 nm regardless of
radiance. In the case of these +Y-B cells, the ex-
citatory phase far outbalances the inhibitory phase, and
the average firing rate is much higher than for the
+R-G cells. At the highest radiance, +Y-B cells
averaged close to 50 spikes/sec, as opposed to some 20
spikes/sec for the +R- G cells.

The +G-R cells (Fig. 11) also show more excitation
than inhibition, but, as in the case of the +R- G cells,
there is no shift in the crosspoints but a decided shift
in the point of maximum excitation as intensity is
changed. The average response curves of the +B-Y
cells (Fig. 12) show a roughly balanced excitatory-
inhibitory relationship, with some evidence for a change
in crosspoint as radiance is changed, as was true for the
+Y-B cells.

Opponent Cells-Spectral Sensitivities

The spectral sensitivity of each type of cell, given
in Fig. 13, was computed from the data presented in
Figs. 9 through 12. Some firing rate was chosen as a
criterion and then the radiance required to produce the
criterion firing rate was determined for each wave-
length. This was done by plotting the mean responses
of each type of cell at each wavelength as a function
of log radiance; assuming that response, over a limited

I
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De Valois et al., 1966

92DE VALOIS, ABRAMOV, AND JACOBS
25

o 20 +R-G CELLS

(dI,

Y 15 /* ° 0.6

to /,!. s'

0 101.
60SPONTANEOUS RATE . A
Z .. ,'.............

...* l. ...... . . . . . . . . . . . .. . .
5 -

4 020 40 60 80 500 20 40 60 80 600 20 40 GO 80 700
WAVELENGTH (miL)

FIG. 9. Mean response curves for +R-G cells to an equal-
energy spectrum. Numbers next to each curve represent log at-
tenuation relative to maximum available. Open symbols and
vertical lines at each point enclose one standard error of the mean.
Dotted horizontal line gives, for this type, the mean firing rate
in the absence of stimulation.

590 nm and does not change significantly with intensity.
The points of maximum excitation and maximum in-
hibition, however, tend to shift systematically with an
increase of radiance. At the low radiance, maximum
firing was produced by light of approximately 630 nm;
at a radiance 1.3 log units higher, the maximum shifted
to 660 nm. The very short wavelengths produced more
and more inhibition at higher radiances, while the region
around 540 nm did not change greatly with radiance.
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In a paper published in 1961, De Valois and Jones5
had noted such a shift in point of maximum excitation;
these data verify the shift, which appears to be related
to the Bezold-BrUcke effect. No similar shift in peak
excitation is seen in the +Y-B cells (Fig. 10). The
maximum firing of these cells is at 610 nm regardless of
radiance. In the case of these +Y-B cells, the ex-
citatory phase far outbalances the inhibitory phase, and
the average firing rate is much higher than for the
+R-G cells. At the highest radiance, +Y-B cells
averaged close to 50 spikes/sec, as opposed to some 20
spikes/sec for the +R- G cells.

The +G-R cells (Fig. 11) also show more excitation
than inhibition, but, as in the case of the +R- G cells,
there is no shift in the crosspoints but a decided shift
in the point of maximum excitation as intensity is
changed. The average response curves of the +B-Y
cells (Fig. 12) show a roughly balanced excitatory-
inhibitory relationship, with some evidence for a change
in crosspoint as radiance is changed, as was true for the
+Y-B cells.

Opponent Cells-Spectral Sensitivities

The spectral sensitivity of each type of cell, given
in Fig. 13, was computed from the data presented in
Figs. 9 through 12. Some firing rate was chosen as a
criterion and then the radiance required to produce the
criterion firing rate was determined for each wave-
length. This was done by plotting the mean responses
of each type of cell at each wavelength as a function
of log radiance; assuming that response, over a limited
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*on macaques; different curves represent different light intensities
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*on macaques; different curves represent different light intensities

92DE VALOIS, ABRAMOV, AND JACOBS
25

o 20 +R-G CELLS

(dI,

Y 15 /* ° 0.6

to /,!. s'

0 101.
60SPONTANEOUS RATE . A
Z .. ,'.............

...* l. ...... . . . . . . . . . . . .. . .
5 -

4 020 40 60 80 500 20 40 60 80 600 20 40 GO 80 700
WAVELENGTH (miL)

FIG. 9. Mean response curves for +R-G cells to an equal-
energy spectrum. Numbers next to each curve represent log at-
tenuation relative to maximum available. Open symbols and
vertical lines at each point enclose one standard error of the mean.
Dotted horizontal line gives, for this type, the mean firing rate
in the absence of stimulation.

590 nm and does not change significantly with intensity.
The points of maximum excitation and maximum in-
hibition, however, tend to shift systematically with an
increase of radiance. At the low radiance, maximum
firing was produced by light of approximately 630 nm;
at a radiance 1.3 log units higher, the maximum shifted
to 660 nm. The very short wavelengths produced more
and more inhibition at higher radiances, while the region
around 540 nm did not change greatly with radiance.
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Neurophysiology and Psychophysics, R. Jung and H. Kornhuber,
Eds. (Springer-Verlag, Berlin, 1961), pp. 178-191.
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In a paper published in 1961, De Valois and Jones5
had noted such a shift in point of maximum excitation;
these data verify the shift, which appears to be related
to the Bezold-BrUcke effect. No similar shift in peak
excitation is seen in the +Y-B cells (Fig. 10). The
maximum firing of these cells is at 610 nm regardless of
radiance. In the case of these +Y-B cells, the ex-
citatory phase far outbalances the inhibitory phase, and
the average firing rate is much higher than for the
+R-G cells. At the highest radiance, +Y-B cells
averaged close to 50 spikes/sec, as opposed to some 20
spikes/sec for the +R- G cells.

The +G-R cells (Fig. 11) also show more excitation
than inhibition, but, as in the case of the +R- G cells,
there is no shift in the crosspoints but a decided shift
in the point of maximum excitation as intensity is
changed. The average response curves of the +B-Y
cells (Fig. 12) show a roughly balanced excitatory-
inhibitory relationship, with some evidence for a change
in crosspoint as radiance is changed, as was true for the
+Y-B cells.

Opponent Cells-Spectral Sensitivities

The spectral sensitivity of each type of cell, given
in Fig. 13, was computed from the data presented in
Figs. 9 through 12. Some firing rate was chosen as a
criterion and then the radiance required to produce the
criterion firing rate was determined for each wave-
length. This was done by plotting the mean responses
of each type of cell at each wavelength as a function
of log radiance; assuming that response, over a limited

I
I

I

I
X
I

III
%
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range, is a linear function of log radiance, the plotted
values were fitted with a straight line. The radiance
corresponding to the criterion response was found by
interpolation. This was done for all of the wavelengths
at which at least the criterion response was attained.
The same procedure was carried out for the inhibitory
responses. To see to what extent there is a shift of the
spectral sensitivity with increased radiance, the spectral
sensitivity curve was separately determined for several
different criterion firing rates. The inhibitory spectral
sensitivity curves could generally be obtained only foi
a single response criterion.

The shift in the peak sensitivity of the +R- G cells,
and to some extent the +G-R cells, can be clearly
seen in Fig. 13. The agreement between the peaks of the
excitatory phase of the +R- G cells and the inhibitory
phase of the +G-R cells is striking, as is the corre-
spondence between the inhibitory peak of the +R- G
cells and the excitatory peak of the + G- R cells. These
two classes of cells thus appear to be mirror images of
each other. The same is true in the case of the +Y-B
and the +B-Y cells, which also are very close to being
mirror images of each other. It was principally on these
grounds that we felt justified in dividing the cells ex-
cited by short wavelengths into two categories using
the same crosspoint cut as for the cells excited by long
wavelengths, even though statistical confirmation of
two distributions was lacking. Furthermore, we can
demonstrate directly that cell types which are mirror
images of each other (e.g., +R- G and +G-R) do in
fact have underlying components of the same spectral
sensitivity. If an intense chromatic adaptation light,
with wavelength chosen so as to affect virtually only
one of the underlying components (e.g., 650 nm), is
used, one of either the excitatory or inhibitory phases is
largely suppressed, allowing examination of the other
phase by itself. Some of the results of such experiments
have already been published by De Valois.' Since such
data are available for only a minority of the cells dis-
cussed here, suffice it to say that the results generally
confirm the statements that +R- G and + G-R types
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FIG. 12. Mean spectral response curves for +B -Y cells.
Details as for Fig. 9.

6 R. L. De Valois, in Contributions to Sensory Physiology, W. D.
Neff, Ed. (Academic Press Inc., New York, 1965), Vol. 1, p. 137.
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FIG. 13. Equal-response spectral sensitivity curves for the ex-
citatory and inhibitory components of each of the four types of
opponent cells. Ordinates are log relative radiance for criterion
response. Curves above wavelength scales are for the excitatory
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portions. I: (+R-G) cells; criteria: excitation, .18 spikes/sec,
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description of methods used to determine these functions.
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Non-Opponent LGN Neurons (~= RGCs)

�83De Valois and Jacobs, 1968; Da Valors et al., 1958

*on macaques

mal human trichromat, small differ-
ences in wavelength are most easily
discriminated in the orange and blue-
green portions of the spectrum; these
are also the spectral regions at which
many cells shift from inhibitory to ex-
citatory responses, or vice versa, and
thus show large differences in firing rate
relative to firing rate in response to
neighboring wavelengths. The relation-
ship has been tested quantitatively in
the macaque (16) by recording the
extent to which single cells can detect
(that is, respond to, by a change in
firing rate) a shift from one wavelength
to another, nearby wavelength. This
corresponds to a visual situation in
which one looks back and forth between
two colored surfaces, stimulating a re-
gion of the retina with first one and
then another wavelength. Such tests
show that the +R-G and +G-R
opponent cells can detect very small
shifts in wavelength in the orange re-
gion of the spectrum but that they do
worse elsewhere; the +Y-B and
+B-Y cells, on the other hand, detect
wavelength shifts best in the blue-green
region. The combined activity of all
these cells accounts for the double-
peaked hue-discrimination curve found
in behavioral tests of macaque monkeys
and shown in Fig. 1B. This result also
provides very strong evidence for the
view that opponent cells are transmit-
ting information about the hue of the
stimulus light.

Similar hue-discrimination studies
have not been made with the squirrel
monkey, but the fact that most of its
opponent cells are of the +Y-B and

Spontaneous

+White

-White

450 nm
(blue)

510 nm
(green)

580 nm
(yellow)

660 nm
(red)

Inhibitor Excitator (+B-Y)

+B-Y variety would lead one to pre-
dict the predominance of the 500-nan-
ometer minimum in the squirrel mon-
key's hue-discrimination curve which
was found in behavioral studies.

Finally, what can be said about the
relationship between these lateral-
geniculate-nucleus cells of various types
and the photoreceptors in the retina?
There is good spectrophotometric evi-
dence for the presence of three different
cone photopigments in the macaque
retina, with maximum absorption at
about 445, 540, and 570 nanometers,
respectively (17). Lateral geniculate neu-
rons reflect the combined activity of
these different types of retinal receptors:
there are no straight-through pathways
to the brain from, say, cones with pho-
topigment having an absorption peak at
540 nanometers ("540-nanometer pig-
ment cones"). Nor should we expect
any, for the multiple interconnections
in the visual pathway are presumably
there to provide for active data process-
ing rather than simple transmission of
information. It seems clear that the
opponent cells reflect an organization in
which the output of one type of cone is
subtracted from that of another through
the interplay of excitation and inhibi-
tion. Our evidence indicates that the
+R-G and +G-R cells receive in-
puts from the 540- and 570-nanometer
pigment cones, and that the +Y-B
and +B-Y cells receive inputs from
the 445- and 570-nanometer cones (18).
No spectrophotometric measurements

have yet been made on the squirrel-
monkey retina, but our recording stud-
ies suggest that in the squirrel monkey

(+G-R) (+Y-B) (+R-G)

Fig. 5. Summary of discharge patterns of the six principal types of macaque lateral-
geniculate-nucleus cells in response to various light flashes. The spike patterns were
drawn to match the average firing rates of the large sample of cells from which record-
ings were made. (+White) Increment in white light; (-White) decrement in white
light.
1 NOVEMBER 1968

the short- and middle-wavelength pig-
ments, with absorption maxima at 445
and 540 nanometers, respectively, are
probably the same as in the macaque
but the long-wavelength pigment is
different from that in the macaque,
having an absorption maximum at a
shorter wavelength.

In the squirrel monkey, as in the
macaque, the +R-G and +G-R cells
respond to the difference between the
outputs of the long- and middle-wave-
length receptors. The +R-G cells, for
instance, show excitation in response to
a light to the extent that that light is
absorbed more by the long-wavelength
than by the middle-wavelength receptor,
and inhibition to the extent that the
converse is true. Inasmuch as the ab-
sorption curves of long-wavelength and
middle-wavelength photopigments are
more similar in the squirrel monkey
than in the macaque, one should ex-
pect less net excitation and inhibition-
that is, lower firing rates. This indeed
appears to be the case: in particular,
the +G-R cells in the squirrel mon-
key show considerably lower firing rates
than the corresponding cells in the
macaque. In addition, RG (+R-G and
+G-R) cells are found proportion-
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ber of spikes) of spikes contributed by
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• De Valois et al. also found LGN neurons that give only ON (or OFF) 
responses to all wavelengths; they are non-opponent cells. 

• Spectrally opponent cells do not respond to white lights (with all wavelengths present).

ing color development with p-dimethyl-
aminobenzaldehyde in HCl. acetone as
well as with nitrosonaphthol in nitrous
acid.
The ability of iproniazid to block the

increased excretion of 5-hydroxyindole-
acetic acid induced by banana suggests
that oxidative deamination of this pre-
cursor of the acid occurs. These increases
in excretion of 5-hydroxyindoleacetic
acid in monkeys and in the two children,
induced by banana feeding, are of the
order observed for certain adult patients
with carcinoid tumors and could lead to
erroneous diagnosis.

JOHN A. ANDERSON
M. R. ZIEGLER

D. DOEDEN
Department of Pediatrics, Medical
School, University of
Minnesota, Minneapolis
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Response of Single Cells in
Monkey Lateral Geniculate
Nucleus to Monochromatic Light
The lateral geniculate nucleus of the

rhesus monkey (and of man) consists of
six layers of cells separated by fiber lay-
ers. Three of these layers receive im-
pulses from one eye, three from the other
eye. Thus the visual fibers from each eye
split three ways in the thalamus.
We have been investigating the func-

tional significance of the lamination of
the lateral geniculate nucleus and, in ad-
dition, the nature of the responses of
color-selective cells at the thalamic level.
The problems of human color vision-
for example, the number of color systems
and their spectral sensitivities-have
been widely debated. The question of
whether the systems operate indepen-
dently, as Helmholtz maintained, or in
opposing, complementary pairs, as sug-
gested first by Hering, has never been
satisfactorily decided. By tapping in on
the visual messages as they are trans-
mitted to the cortex, it should be possi-
ble to answer some of these questions.

Granit and his coworkers (1) have re-
corded from single ganglion cells in the
retinae of numerous subprimate verte-
brates. While the results of these experi-
ments are very interesting and important,
the applicability of the results to prob-
lems of human vision is limited by the
fact that the primate visual system dif-

238

fers in many respects from that of other
vertebrates: the most commonly studied
animal, the cat, is, for instance, nocturnal
and color-blind. It would seem more ap-
propriate to study the mechanisms of
human vision on an animal, such as the
rhesus monkey, whose visual system (in-
cluding color vision) closely approxi-
mates that of man.

Five monkeys have been used in this
experiment (2). The animal, under bar-
biturate anesthesia, is held in a stereo-
taxic instrument. A tungsten microelec-
trode (3) with a tip diameter estimated
to be from 1 to 3 g is lowered by a
micrometer drive until a single cell of
the lateral geniculate nucleus is isolated.
The output of the microelectrode, with
reference to an indifferent point on the
skull, is fed by way of a cathode fol-
lower to a conventional amplifying, re-
cording, and monitoring system.
Each of the monkey's eyes is stimu-

lated by one beam of a dual-beam optical
system; a beam of light from each side
of a ribbon-filament lamp is passed
through a shutter and collimated before
it is passed through monochromatic in-
terference filters and neutral-density fil-
ters. The beams are then focussed on
the eyes. This makes it possible to stimu-
late either eye with any of a number of
different wavelengths of variable inten-
sity and duration. Customarily, we ad-
just the intensity of the light passed by
each monochromatic filter so that equal
amounts of physical energy are trans-
mitted by each filter. The number of
spikes elicited by each monochromatic
light stimulus gives a direct indication of
the spectral sensitivity of the element
under study. The locations of the cells
recorded from are estimated from histo-
logical analyses of electrode tracks and
of coagulation marks made at the end of
each experiment.

A

a

at

B

Fig. 1. Responses of single units in the
lateral geniculate nucleus. (Top) Re-
sponse curves for five different types of
cells in the dorsal layers. (Bottom) Re-
sponse of an intermediate-layer cell to
four different wavelengths of monochro-
matic light.

In an earlier experiment (4) in which
larger electrodes were used, we found
that the patterns of responses from the
laminae of the lateral geniculate nucleus
differed from one another. On-responses
were found in the dorsal layers; in the
most ventral pair we observed a striking
inhibition of spontaneous activity fol-
lowed by an off-response when the light
was turned off. The responses obtained
from the two intermediate layers, al-
though more difficult to interpret, ap-
peared to be a combination of the dorsal
and ventral types, with on- and off-
bursts. Our current single-cell recordings
support these earlier findings on differ-
ent types of responses in the various
layers.
Among the cells in the dorsal pair of

laminae, we have found some that re-
spond to various narrow ranges of wave-
lengths in different parts of the spec-
trum. In our work to date we have
found cells with peaks at five different
points in the spectrum. In Fig. 1A are
shown curves of the spectral sensitivity
of the different types of elements we
have found. These results should be con-
sidered preliminary since we have re-
corded so far from only 66 of the thou-
sands of geniculate cells. The peak at
510 mg corresponds to the sensitivity of
the scotopic system, and presumably it
represents mainly a rod connection. The
other four presumably correspond to the
various color-vision elements. It should
be noted that the "blue" cell has a sec-
ondary peak at 510 m>t; this is true of
all the "blue" cells we have isolated so
far and, together with the secondary
peak in the blue of the 510 mig cell, may
indicate that "blue" receptors and rods
feed into the same neural pathways. In
the case of cells with other sensitivities,
we have also often found ones with mul-
tiple peaks, red and green being a par-
ticularly common combination.
Thus there seems to be a complete

color-vision system represented in the
two dorsal layers of the lateral genicu-
late nucleus. This is in contradiction to
Le Gros Clark's hypothesis (5) that each
pair of laminae receives impulses from
only one of the three classical color re-
ceptors, the top layers, for example,
containing only "red" cells, the middle
"green," and the bottom "blue."

In some ways, the responses recoYded
from certain cells in the two middle
laminae of the lateral geniculate nu-
cleus are even more interesting. Here
we have located cells which fire either
on- or off-responses, depending on the
wavelength of the light. In Fig. 1B is a
record from one of these cells. It can be
seen that the cell gives a large on-re-
sponse to blue light, little response of
any sort to green light, but gives a sub-
stantial off-response to greenish-yellow
light. We have similarly found "red-on,
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A Conceptual, Functional Model
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* Stage Theory in color science parlance
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Photopic Luminous Efficiency Function ~= L + M

�85Stockman and Sharpe, 2000; Judd-Vos modified CIE 1924 Photopic V(𝛌); CIE 1951 Scotopic V'(λ)
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• Photopic luminous efficiency 
function is experimentally fit well 
with a positive linear combination 
of L cone responses and M cone 
responses 

• Usually in an about 2:1 ratio 

• S cone responses seem to make very 
little, if any, contribution to our 
luminance perception



Potential S-(L+M) Pathway
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FIG. 3 Small bistratified cells also gave 
characteristic blue-on, yellow-off responses. 
a, Intracellular recording of response to 4 Hz 
luminance modulation of blue LED. The cell 
showed a sustained on-response with hyper-
polarization of membrane potential to lumin-
ance decrement. b, Off-response of the same 
cell to luminance modulation of a yellow light 
(red and green LEOs modulated in phase). 
The cell was hyperpolarized by a yellow lum-
inance increment and gave a burst of spikes 
with luminance decrement. c, Response of 
the same cell to blue-yellow isoluminant 
chromatic modulation. Blue LED sine wave 
(solid line) is 180° out of phase with the in-
phase modulation of the red and green LEOs 
(dotted line). d, Dendritic morphology of the 
small bistratified ganglion cell whose light 
response is shown in a, band c. This cell was 
located at a lesser retinal eccentricity than 
the cell shown in Fig. 2 and consequently had 
a smaller overall dendritic field size16
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FIG. 4 Camera Iucida tracings 
comparing the dendritic mor-
phology of macaque ganglion 
cell types from the retinal per-
iphery whose axons project to 
the dorsal lateral geniculate 
nucleus. The parasol cells give 
phasic, non-opponent on- or 
off-centre responses and pro-
ject to the magnocellular LGN. 
The midget ganglion cells give 
red-green on- or off-centre 
opponent responses and pro-
ject to the parvocellular LGN. 
The small bistratified ganglion 
cells give blue-yellow opponent 
responses of the blue-on type 
and also project to the parvo-
cellular LGN. The blue-on, small 
bistratified ganglion cells have 
a dendritic field size similar to 
that of the non-opponent para-
sol cells, but differ from the 
parasol cells in the detailed 
shape of the dendritic tree. 
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Small Bistratified RGCs; Blue-On, Yellow-Off here; center only



Potential R-G and Light-Dark Pathways
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50 CHAPTER 3 The biological basis of vision

which as we mentioned corresponds to the distance between two cones. Around 75%
of PC cells have cone-opponent (L vs M) center-surround RFs, with all four combi-
nations of center cone type and ON/OFF input: L+M−, L−M+, M+L−, M−L+.
This type of PC neurons were called Type I by Hubel and Wiesel [3]. Another 10%
of PC neurons are cone opponent but with center only, no surround. For this reason
they are also called single-opponent, because they show colour opponency but not
spatial opponency. Hubel and Wiesel named this kind of cell Type II. The remaining
15% of PC cells are center-surround but show no colour preference; they are called
Type III [3]. See Fig. 3.3.

The MC layers are two and they are located at the bottom of the LGN. MC neu-
rons receive monocular input from parasol RGCs and project to layer 4Cα in V1.
They are larger in size than neurons in the other two types of layers. The conduc-
tion time from the retina to the MC layers is shorter than for PC layers. MC cells
have a faster response to changes in stimulus contrast, and higher sensitivity to high
temporal frequency and low spatial frequency stimuli. Therefore, they respond best
to rapidly changing inputs without too much spatial detail, and for these reasons it’s
assumed that the MC pathway is best suited for motion perception [4]. MC neurons
are all of Type III: they have center-surround RFs and respond to achromatic detail
but have no preference for colour.

Finally, there are six KC layers, one beneath each MC and each PC layer. Neu-
rons in the KC layers project onto the superficial layers 2 and 3 of V1. They receive
input from different types of RGCs, including bistratified RGCs. Some of them have
binocular responses. They can also show orientation and direction selectivity [6].
They carry S-cone colour opponent signals.

FIGURE 3.3 Types of LGN cells according to receptive field and colour properties

From left to right: Type I, Type II, Type III.

The segregation in these three channels is preserved from the retina to the cortex,
and the feedback from the cortex to the LGN is segregated as well. In particular PC
neurons in LGN receive feedback from a sublayer of V1 that is separate from the
cortical sublayer that sends feedback to MC cells.

3.1.3 Colour representation in the LGN
Most LGN cells respond to colour, and for some time the chromatic properties of
PC and KC neurons were thought to correspond closely to the perception of colour,

Most Midget RGCs Some Midget RGCs 
and All Parasol RGCs

All four combinations exist 
(L-M+, L+M-, M+L-, M-L+)



Parallel Pathways For Color?
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Receptive field
The location in visual space 
where a change in light can 
cause a change in neuronal 
activity.

Broadband
Typically used to describe 
visual receptive fields that are 
not colour-opponent. Whether 
a broadband cell is excited or 
inhibited by a stimulus at a 
particular part of its receptive 
field is relatively independent 
of the wavelength of the light.

Cytochrome oxidase blobs
Patches in the upper layers of 
the primate primary visual 
cortex with high concentrations 
of the metabolic enzyme 
cytochrome oxidase.

cause an almost complete loss of colour vision28–30, 
reduce luminance contrast sensitivity for stimuli of high 
spatial and low temporal frequencies27,28,31, and have lit-
tle effect on shape discriminations30,32. These findings 
are consistent with the visual response properties of the 
cells in each pathway and highlight the fact that no single 
pathway seems to have a monopoly over any particular 
set of computations, such as those related to motion or 
shape perception. Ultimately, the key to uncovering the 
role of the early parallel pathways may be a better under-
standing of the relationship between these pathways and 
processing streams in the visual cortex.

V1 and parallel processing strategies
Once the condensed and parallel signals from the retina 
and LGN arrive in the visual cortex, the original compo-
nents of the visual scene must be extracted, elaborated 
on and integrated into a unified percept. The visual 
cortex uses both hierarchical and modular processing 
to accomplish these goals33. Although the basic tuning 
properties of cells do not differ substantially between 
the retina and the LGN, in the first cortical synapses 
of V1 new and more complex information is extracted, 
such as orientation, direction and colour selectivity6. 
These sensory cues (BOX 1) are organized into overlap-
ping functional maps, with a columnar organization 
for orientation tuning, ocular dominance and visual 

space34,35. As visual information passes through V1 and 
on to the extrastriate cortex, the response properties in 
each subsequent area tend to increase in complexity 
and selectivity. New computations are carried out along 
the way, eventually resulting in highly specialized areas 
concerned with object recognition and sensori motor 
integration36. Information flow in this hierarchical net-
work is not unidirectional, and dense feedback con-
nections provide a substrate for recurrent processing37. 
However, the functional details of this feedback system 
remain largely unknown and are beyond the scope of 
this Review.

Most visual information from the LGN passes 
through V1 before being processed further in the extra-
striate visual cortex. Different strategies might be used 
in V1 to transfer parallel input signals into multiple out-
put streams (FIG. 3a). One possibility is that the parallel 
inputs stay separate in the cortex and continue on past 
V1. A second possibility is that the parallel inputs con-
verge indiscriminately in V1 and lack any organization 
or relationship with processing streams in the extrastri-
ate cortex. A third possibility, which current evidence 
favours, is that the parallel inputs converge in V1 but do 
so in an organized and specific way so that new parallel 
streams of information are systematically conveyed to 
the rest of the visual cortex.

Originally, it was thought that the early parallel 
pathways might maintain strict segregation in V1 and 
underlie separate processing streams in the extrastriate 
cortex6,38 (FIG. 3b). The distinctive laminar organization 
of V1 and the alternating light and dark staining for the 
mitochondrial enzyme CO in the superficial layers39, 
which reflects the level of metabolic activity in those 
regions (with the darker-stained areas correlating to 
areas of direct thalamic input), suggested a high degree 
of processing modularity and the possibility that paral-
lel inputs to V1 remain well segregated. Furthermore, 
the functional parcellation of the extrastriate cortex into 
separate processing streams (discussed further below), 
which suggested magnocellular- and parvocellular-like 
segregation of function well beyond V1, led Livingstone 
and Hubel6 to propose that the parvocellular pathway 
forms the basis for colour and form processing in the CO 
blobs (dark staining) and interblobs (light staining) in 
layer 2/3, and that the magnocellular pathway forms the 
basis for motion- and depth-related processing in layer 
4B. This scheme was attractive in its simplicity and was 
supported by early studies that suggested there is a clean 
anatomical segregation of magnocellular and parvocel-
lular inputs to layers 4B and 2/3, respectively40, as well 
as a functional segregation of fast, achromatic responses 
in layer 4B and colour-opponent or orientation-selective 
responses in blobs and interblobs, respectively41–43. More 
recent studies, however, have called into question such a 
strict segregation44.

Although the concept of modular function in V1 has 
stood the test of time, it is now clear that, rather than 
maintain strict segregation, the early parallel pathways 
converge significantly in the first few synapses in V1 
(FIG. 3c). This is most evident in the connections from 
layer 4C to the CO blobs and interblobs of layer 2/3, 

Figure 2 | Parallel pathways from the retina to the cortex. Midget, parasol and 
bistratified ganglion cells are well characterized and have been linked to parallel 
pathways that remain anatomically separate through the lateral geniculate nucleus (LGN) 
and into the primary visual cortex (V1). Midget ganglion cells project to parvocellular 
layers of the LGN and on to layer 4Cβ of V1 (red). Parasol ganglion cells project to 
magnocellular layers of the LGN and on to layer 4Cα of V1 (yellow). Small and large 
bistratified ganglion cells project to koniocellular layers of the LGN and on to the 
cytochrome oxidase-expressing patches (or blobs) of layer 2/3 (blue). Although these 
ganglion cell types are numerically dominant in the retina, many more types are known to 
exist and are likely to subserve important parallel pathways that are yet to be identified.
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FIG. 3 Small bistratified cells also gave 
characteristic blue-on, yellow-off responses. 
a, Intracellular recording of response to 4 Hz 
luminance modulation of blue LED. The cell 
showed a sustained on-response with hyper-
polarization of membrane potential to lumin-
ance decrement. b, Off-response of the same 
cell to luminance modulation of a yellow light 
(red and green LEOs modulated in phase). 
The cell was hyperpolarized by a yellow lum-
inance increment and gave a burst of spikes 
with luminance decrement. c, Response of 
the same cell to blue-yellow isoluminant 
chromatic modulation. Blue LED sine wave 
(solid line) is 180° out of phase with the in-
phase modulation of the red and green LEOs 
(dotted line). d, Dendritic morphology of the 
small bistratified ganglion cell whose light 
response is shown in a, band c. This cell was 
located at a lesser retinal eccentricity than 
the cell shown in Fig. 2 and consequently had 
a smaller overall dendritic field size16
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FIG. 4 Camera Iucida tracings 
comparing the dendritic mor-
phology of macaque ganglion 
cell types from the retinal per-
iphery whose axons project to 
the dorsal lateral geniculate 
nucleus. The parasol cells give 
phasic, non-opponent on- or 
off-centre responses and pro-
ject to the magnocellular LGN. 
The midget ganglion cells give 
red-green on- or off-centre 
opponent responses and pro-
ject to the parvocellular LGN. 
The small bistratified ganglion 
cells give blue-yellow opponent 
responses of the blue-on type 
and also project to the parvo-
cellular LGN. The blue-on, small 
bistratified ganglion cells have 
a dendritic field size similar to 
that of the non-opponent para-
sol cells, but differ from the 
parasol cells in the detailed 
shape of the dendritic tree. 
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Caveat 1: Correlations are Weak
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FIG. 9. Mean response curves for +R-G cells to an equal-
energy spectrum. Numbers next to each curve represent log at-
tenuation relative to maximum available. Open symbols and
vertical lines at each point enclose one standard error of the mean.
Dotted horizontal line gives, for this type, the mean firing rate
in the absence of stimulation.

590 nm and does not change significantly with intensity.
The points of maximum excitation and maximum in-
hibition, however, tend to shift systematically with an
increase of radiance. At the low radiance, maximum
firing was produced by light of approximately 630 nm;
at a radiance 1.3 log units higher, the maximum shifted
to 660 nm. The very short wavelengths produced more
and more inhibition at higher radiances, while the region
around 540 nm did not change greatly with radiance.
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FIG. 10. Mean spectral response curves for +Y-B cells.
Details as for Fig. 9.

I R. L. De Valois and A. E. Jones, in The Visual System:
Neurophysiology and Psychophysics, R. Jung and H. Kornhuber,
Eds. (Springer-Verlag, Berlin, 1961), pp. 178-191.
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In a paper published in 1961, De Valois and Jones5
had noted such a shift in point of maximum excitation;
these data verify the shift, which appears to be related
to the Bezold-BrUcke effect. No similar shift in peak
excitation is seen in the +Y-B cells (Fig. 10). The
maximum firing of these cells is at 610 nm regardless of
radiance. In the case of these +Y-B cells, the ex-
citatory phase far outbalances the inhibitory phase, and
the average firing rate is much higher than for the
+R-G cells. At the highest radiance, +Y-B cells
averaged close to 50 spikes/sec, as opposed to some 20
spikes/sec for the +R- G cells.

The +G-R cells (Fig. 11) also show more excitation
than inhibition, but, as in the case of the +R- G cells,
there is no shift in the crosspoints but a decided shift
in the point of maximum excitation as intensity is
changed. The average response curves of the +B-Y
cells (Fig. 12) show a roughly balanced excitatory-
inhibitory relationship, with some evidence for a change
in crosspoint as radiance is changed, as was true for the
+Y-B cells.

Opponent Cells-Spectral Sensitivities

The spectral sensitivity of each type of cell, given
in Fig. 13, was computed from the data presented in
Figs. 9 through 12. Some firing rate was chosen as a
criterion and then the radiance required to produce the
criterion firing rate was determined for each wave-
length. This was done by plotting the mean responses
of each type of cell at each wavelength as a function
of log radiance; assuming that response, over a limited
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The psychophysical R-G curve has two zero crossings; we 
need neurons that exhibit L-M+S to explain the positive R in 

short-wavelength, but no neuron seems to have that property

The R-G opponent neurons have only one 
zero crossing, so they can’t explain why 

humans see red in low-wavelength lights



• No single neuron population’s profile perfectly matches behavioral results 
• These neurons contribute to opponent process, but no one directly causes it

Caveat 1: Correlations are Weak
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tenuation relative to maximum available. Open symbols and
vertical lines at each point enclose one standard error of the mean.
Dotted horizontal line gives, for this type, the mean firing rate
in the absence of stimulation.

590 nm and does not change significantly with intensity.
The points of maximum excitation and maximum in-
hibition, however, tend to shift systematically with an
increase of radiance. At the low radiance, maximum
firing was produced by light of approximately 630 nm;
at a radiance 1.3 log units higher, the maximum shifted
to 660 nm. The very short wavelengths produced more
and more inhibition at higher radiances, while the region
around 540 nm did not change greatly with radiance.
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In a paper published in 1961, De Valois and Jones5
had noted such a shift in point of maximum excitation;
these data verify the shift, which appears to be related
to the Bezold-BrUcke effect. No similar shift in peak
excitation is seen in the +Y-B cells (Fig. 10). The
maximum firing of these cells is at 610 nm regardless of
radiance. In the case of these +Y-B cells, the ex-
citatory phase far outbalances the inhibitory phase, and
the average firing rate is much higher than for the
+R-G cells. At the highest radiance, +Y-B cells
averaged close to 50 spikes/sec, as opposed to some 20
spikes/sec for the +R- G cells.

The +G-R cells (Fig. 11) also show more excitation
than inhibition, but, as in the case of the +R- G cells,
there is no shift in the crosspoints but a decided shift
in the point of maximum excitation as intensity is
changed. The average response curves of the +B-Y
cells (Fig. 12) show a roughly balanced excitatory-
inhibitory relationship, with some evidence for a change
in crosspoint as radiance is changed, as was true for the
+Y-B cells.

Opponent Cells-Spectral Sensitivities

The spectral sensitivity of each type of cell, given
in Fig. 13, was computed from the data presented in
Figs. 9 through 12. Some firing rate was chosen as a
criterion and then the radiance required to produce the
criterion firing rate was determined for each wave-
length. This was done by plotting the mean responses
of each type of cell at each wavelength as a function
of log radiance; assuming that response, over a limited
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• HVS is sensitive to blurring in dark-light channel 
• Basis for chroma subsampling in model video codec (later in the class) 

• But this also means Parasol RGCs alone can’t explain luminance, since Parasol cells have 
large receptive fields (low-pass filters).

Caveat 2: Parasol Pathway != Luminance Channel

�91Wandell, 1995

Blur dark-light channel Blur red-green channel Blur yellow-blue channel



Caveat 2: Parasol Pathway != Luminance Channel
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Parasol RFs

All Parasol RGCs

50 CHAPTER 3 The biological basis of vision

which as we mentioned corresponds to the distance between two cones. Around 75%
of PC cells have cone-opponent (L vs M) center-surround RFs, with all four combi-
nations of center cone type and ON/OFF input: L+M−, L−M+, M+L−, M−L+.
This type of PC neurons were called Type I by Hubel and Wiesel [3]. Another 10%
of PC neurons are cone opponent but with center only, no surround. For this reason
they are also called single-opponent, because they show colour opponency but not
spatial opponency. Hubel and Wiesel named this kind of cell Type II. The remaining
15% of PC cells are center-surround but show no colour preference; they are called
Type III [3]. See Fig. 3.3.

The MC layers are two and they are located at the bottom of the LGN. MC neu-
rons receive monocular input from parasol RGCs and project to layer 4Cα in V1.
They are larger in size than neurons in the other two types of layers. The conduc-
tion time from the retina to the MC layers is shorter than for PC layers. MC cells
have a faster response to changes in stimulus contrast, and higher sensitivity to high
temporal frequency and low spatial frequency stimuli. Therefore, they respond best
to rapidly changing inputs without too much spatial detail, and for these reasons it’s
assumed that the MC pathway is best suited for motion perception [4]. MC neurons
are all of Type III: they have center-surround RFs and respond to achromatic detail
but have no preference for colour.

Finally, there are six KC layers, one beneath each MC and each PC layer. Neu-
rons in the KC layers project onto the superficial layers 2 and 3 of V1. They receive
input from different types of RGCs, including bistratified RGCs. Some of them have
binocular responses. They can also show orientation and direction selectivity [6].
They carry S-cone colour opponent signals.

FIGURE 3.3 Types of LGN cells according to receptive field and colour properties

From left to right: Type I, Type II, Type III.

The segregation in these three channels is preserved from the retina to the cortex,
and the feedback from the cortex to the LGN is segregated as well. In particular PC
neurons in LGN receive feedback from a sublayer of V1 that is separate from the
cortical sublayer that sends feedback to MC cells.

3.1.3 Colour representation in the LGN
Most LGN cells respond to colour, and for some time the chromatic properties of
PC and KC neurons were thought to correspond closely to the perception of colour,

Midget RFs

• Parasol RGCs clearly contribute to luminance perception, but luminance 
perception also requires high spatial resolution, which parasol RGCs don’t 
have but Midget RGCs do: likely multiple mechanisms are involved.



Key Things to Take Away

• The cone cells are the first stage of color encoding, where they turn 
spectral power distribution in light to cone responses 

• Since there are three cone classes, color vision is trichromatic 
• Light spectrum is encoded into a three-dimensional space, so any color can in theory be 

produced from mixing three other colors (subject to gamut limit) 

• Metamerism: lights having different spectra but the same color. 
• This is because color encoding by photoreceptors is a huge dimensionality reduction 

• Metamerism explains color matching experiments, which is an experimental 
demonstration of trichromatic theory of color
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Key Things to Take Away

• The opponent processes are the second stage of color encoding, where 
cone responses seemingly are turned into a red-green channel, a yellow-
blue channel, and a dark-light channel 

• Our brain seems to perform a perceptual color mixing using the three 
opponent channels 

• While color trichromacy has a perfect neural basis, there is no single 
pathway that explains any of the three opponent processes; still an open 
research question 

• although there are definitely neurons that seem to have what it takes to serve the R-G, Y-
B, and light-dark opponent processes. 
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