
Lecture 21: Color
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Announcements
• PS9 and PS10 deadlines extended to April 21  
• Graduate grading policy:  

https://rackham.umich.edu/covid-19/

https://rackham.umich.edu/covid-19/


Today
• Color physics 
• Color perception 
• Color constancy
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Why does a visual system need color?  
(an incomplete list…)

• To tell what food is edible. 

• To distinguish material changes from shading 
changes. 

• To group parts of one object together in a 
scene. 

• To find people’s skin. 

• Check whether a person’s appearance looks 
normal/healthy.

Source: W. Freeman4



color
Color
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Color names for cartoon spectra
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Spectrum

• Light characterized by spectrum: amount of energy in each wavelength. 

• This is a distribution. One value per wavelength.

Source: W. Freeman and F. Durand
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Homemade spectrograph

Source: W. Freeman
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Additive color mixing
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Yellow!

When colors combine by 
adding the color spectra.  
Example color displays that 
follow this mixing rule:  CRT 
phosphors, multiple projectors 
aimed at a screen.

Source: W. Freeman10



Subtractive color mixing

When colors combine by 
multiplying the color spectra.  
Examples that follow this 
mixing rule:  most 
photographic films, paint, 
cascaded optical filters, 
crayons.
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How does light interact with surfaces?
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[Horn, 1986]

The interaction of light with surfaces

Spectral radiance: power in a specified direction, per 
unit area, per unit solid angle, per unit wavelength.

Spectral irradiance: incident power per unit 
area, per unit wavelength

13
Source: W. Freeman



Effect of BRDF on sphere rendering

https://marmoset.co/posts/physically-based-rendering-and-you-can-too/ 

Diffuse reflection
14

Source: W. Freeman

https://marmoset.co/posts/physically-based-rendering-and-you-can-too/


Simplified rendering models: 
BRDF      reflectance

For diffuse reflections, we replace the BRDF 
calculation with a wavelength-by-wavelength 
scalar multiplication (i.e. pointwise 
multiplication)

=

Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995

�
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Today
• Color physics 
• Color perception 
• Color constancy
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© Stephen E. Palmer, 2002

Cones
   cone-shaped  
   less sensitive 
   operate in high light 
   color vision

Two types of light-sensitive receptors

cone

rod

Rods  
   rod-shaped 
   highly sensitive 
   operate at night 
   gray-scale vision 

Source: J. Tompkin17



Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995

Human photoreceptors

18 Source: W. Freeman



© Stephen E. Palmer, 2002
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Human eye photoreceptor spectral sensitivities

Foundations of Vision, by Brian Wandell, Sinauer Assoc., 199520 Source: W. Freeman



Cone distribution

From [Fairchild, “Human Color Vision”, 2005]
21Source: W. Freeman



What artifacts does this lead to?

• Color spatial artifacts.  

• Under-sampling in spectra. Only three receptors! 
22 Source: W. Freeman



Spatially offset color sampling in cameras

Sensor sampling pattern

Color fringes

23 Source: W. Freeman



How we sense light spectra

test light
project

Cone sensitivities

L, M, S responses

Biophysics:  integrate the response over all wavelengths, 
weighted by the photosensor’s sensitivity at each 
wavelength. 

Mathematically:  take dot product of input spectrum with the 
cone sensitivity basis vectors.  Project the high-dimensional 
test light into a 3D space.

24 Source: W. Freeman



Cone response curves as basis vectors in a 3D 
subspace of light power spectra

Subspace of sensor responses

3D depiction of the high-
dimensional space of all 
possible power spectra

Spectral sensitivities of L, M, and S cones

25
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Color matching experiment

Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995
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Color matching experiment
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Color matching experiment

p1     p2      p3 29



Color matching experiment

p1     p2      p3 30



Color matching experiment

p1     p2      p3 

The primary color 
amounts needed 
for a match
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“Color matching functions” let us find other basis vectors for 
the eye response subspace of light power spectra

p1 = 645.2 nm 
p2 = 525.3 nm 
p3 = 444.4 nm

Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995
32

Source: W. Freeman



Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995

Other color matching functions

33
Source: W. Freeman



Using the color matching functions to predict 
the primary match to a new spectral signal

We know that a monochromatic light of 
wavelength will be matched by the 
amounts 

of each primary. 

And any spectral signal can be thought of as a linear 
combination of very many monochromatic lights, with 
the linear coefficient given by the spectral power at 
each wavelength.

34
Source: W. Freeman



Using the color matching functions to predict 
the primary match to a new spectral signal

Store the color matching functions in the rows of the matrix, C

Let the new spectral signal be described by the vector t.
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Color metamerism:  different spectra 
looking the same color 

Two spectra, t and s, perceptually match when 

where C are the color matching functions for some 
set of primaries.

C C
Graphically,
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Metameric lights
Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995
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• Classical case: 1 type of cone is missing (e.g. red)  

• Makes it impossible to distinguish some spectra 

• There are also tetrachromats, who have 4 cones!

Color blindness

Differentiated Same responses

S M L

Source: F. Durand38



Lab color components

L

a

b

A rotation of the color 
coordinates into directions 
that are more perceptually 
meaningful:  

L: luminance, 

a: red-green, 

b: blue-yellow

How sensitive are we to spatial frequency in these dimensions?39



Blurring the “L” component

L

a

b
original processed
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original

L
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b
processed

Blurring the “a” component
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original

L

a

b
processed

Blurring the “b” component

• Suggests that we are less sensitive to spatial position of color!  
• Easy way to compress images (used in JPEG).
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Application: image colorization

Training data
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Input x Output y

[Zhang et al., ECCV 2016]
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f2F

NX

i=1

L(f(xi),yi)
<latexit sha1_base64="meXqh9itr2VQWrenJY7WuR6klEQ="></latexit><latexit sha1_base64="meXqh9itr2VQWrenJY7WuR6klEQ="></latexit><latexit sha1_base64="meXqh9itr2VQWrenJY7WuR6klEQ="></latexit><latexit sha1_base64="meXqh9itr2VQWrenJY7WuR6klEQ="></latexit>
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Color information: ab channelsGrayscale image: L channel

f
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[Zhang et al., ECCV 2016]

x 2 RH⇥W⇥1
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y 2 RH⇥W⇥2
<latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit><latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit><latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit><latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit>
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[Zhang et al., ECCV 2016]
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Grayscale image: L channel Color information: ab channels

x 2 RH⇥W⇥1
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y 2 RH⇥W⇥2
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Input Output Ground truth

Choosing loss and representation

L(f(x),y) = kf(x)� yk22
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[Zhang et al., ECCV 2016]46



y 2 RH⇥W⇥2
<latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit><latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit><latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit><latexit sha1_base64="eQPL4M/wqhooYqbHvJHDnEkIvrQ="></latexit>

y 2 RH⇥W⇥K

<latexit sha1_base64="o/CYE9JWc1DkgxoiLYObuUUzEXY="></latexit><latexit sha1_base64="o/CYE9JWc1DkgxoiLYObuUUzEXY="></latexit><latexit sha1_base64="o/CYE9JWc1DkgxoiLYObuUUzEXY="></latexit><latexit sha1_base64="o/CYE9JWc1DkgxoiLYObuUUzEXY="></latexit>

one-hot representation of K discrete classes

[Zhang et al., ECCV 2016]
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Success cases

[Zhang et al., ECCV 2016]
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Instructive failure

50



Instructive failure

51



[from Reddit /u/SherySantucci]

[Zhang et al., ECCV 2016]
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[Recolorized by Reddit ColorizeBot]

[Zhang et al., ECCV 2016]
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Photo taken by 
Reddit /u/
Timteroo, 
Mural from street 
artist Eduardo 
Kobra

[Zhang et al., ECCV 2016]
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Recolorized by 
Reddit 

ColorizeBot

[Zhang et al., ECCV 2016]
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Today
• Color physics 
• Color perception 
• Color constancy
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Light sources

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

57

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


Same scene under different illuminations

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

58

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


White balancing

Is this a green light and a white object, or a green object and a white light?59



White balancing

[Barron, “Convolutional Color Constancy”,  2015] 60



Color constancy

Dale Purves, R. Beau Lotto, Surajit Nundy, "Why We See What We Do.”
61



The dress

Two interpretations
62



Next class: light and shading
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