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Why does a visual system need color?

http://www.hobbylinc.com/gr/pll/pll5019.jpg



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.

•
•

•
•
•



Lecture outline

Color physics.
Color perception.

•
•
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Color physics.
Color perception.
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color

www.popularpersons.org



Spectral colors

http://hyperphysics.phy-astr.gsu.edu/hbase/vision/specol.html#c2



Horn, 1986

Radiometry
for color

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



Simplified rendering models:
BRDF      reflectance

For diffuse reflections, we replace the BRDF
calculation with a wavelength-by-wavelength
scalar multiplier

.* =

Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995
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Simplified rendering models:  transmittance

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



Two illumination spectra

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

Blue sky Tungsten light
bulb



Spectral albedoes for
several different leaves,
with color names
attached.  Notice that
different colours
typically have different
spectral albedo, but that
different spectral
albedoes may result in
the same perceived color
(compare the two
whites).  Spectral
albedoes are typically
quite smooth functions.
Measurements by
E.Koivisto.

Forsyth, 2002

Some reflectance spectra



Color names for cartoon spectra
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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, Polachrome slide film.



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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Cyan and yellow (in crayons,
called “blue” and yellow)
make…
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Overhead projector demo

Subtractive color mixing



Low-dimensional models for color spectra

How to find a linear model for color spectra:
        --form a matrix, D, of measured spectra, 1 spectrum per column.
        --[u, s, v] = svd(D)  satisfies  D = u*s*v‘
        --the first n columns of u give the best (least-squares optimal)
                n-dimensional linear bases for the data, D:



Macbeth Color Checker
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My Macbeth Color Checker Tattoo

I think I have all the other color checker photos
beat...

Yes, the tattoo is real.
No, it is not a rubik's cube.

THIS PHOTOGRAPH IS COPYRIGHT 2007
THE X-RITE CORPORATION!

A photograph from this session can be viewed
on the X-Rite Website:
www.xrite.com/top_munsell.aspx



Basis functions for Macbeth color checker

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



Fitting color spectra with low-dimensional linear models

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

n = 3

n = 2

n = 1



Lecture outline

Color physics.
Color perception.

•
•



Color standards are important in
industry





Color trademarks

25

MARK/COLOR(S)/OWNER:

BANK OF AMERICA 500
blue, red & grey
Bank of America Corporation

NATIONAL CAR RENTAL
green
NCR Affiliate Servicer, Inc.

FORD
blue
Ford Motor Company

VISTEON
orange
Ford Motor Company

76
red & blue
ConocoPhillips Company

VW
silver, metallic blue, black and white
Volkswagen Aktiengesellschaft Corp.

CURRENTLY REGISTERED COLOR TRADEMARKS

A color trademark is a non-conventional trademark where at least one color is used to identify the commercial origin of a product
or service. A color trademark must meet the same requirements of a conventional trademark. Thus, the color trademark must either
be inherently distinctive or have acquired secondary meaning. To be inherently distinctive, the color must be arbitrarily or
suggestively applied to a product or service. In contrast, to acquire secondary meaning, consumers must associate the color used on
goods or services as originating from a single source. Below is a selection of some currently registered color trademarks in the
U.S. Trademark Office:

THE HOME DEPOT
orange
Homer TLC, Inc.

HONDA
red
Honda Motor Co., Ltd.

M MARATHON
brown, orange, yellow
Marathon Oil Company

M MARATHON
gray, black & white
Marathon Oil Company

COSTCO
red
Costco Wholesale Membership, Inc.

TEENAGE MUTANT NINJA TURTLES MUTANTS &
MONSTERS
red, green, yellow, black, grey and white
Mirage Studios, Inc.

TARGET

http://blog.patents-tms.com/?p=52



What we need from a color measurement system

Given a color, how do you assign a number to it? 
Given an input power spectrum, what is its numerical

color value, and how do we control our
printing/projection/cooking system to match it?

•
•
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What’s the machinery in the eye?



Eye Photoreceptor responses

(Where do you think the
light comes in?)



Human Photoreceptors

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



Human eye photoreceptor spectral sensitivities

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



Lecture outline

Color physics.
Color perception

part 1:  assume perceived color only depends
on light spectrum.
part 2:  the more general case.

•
•

–

–



The assumption for color perception,
part 1

We know color appearance really depends on:
The illumination
Your eye’s adaptation level
The colors and scene interpretation surrounding the

observed color.

But for now we will assume that the spectrum of
the light arriving at your eye completely determines
the perceived color.

•
–
–
–

•
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test light
project

Cone sensitivities

L, M, S responses



Cone response curves as basis vectors in
a 3-d subspace of light power spectra
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2-d depiction of the 3-d
subspace of sensor responses

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

Spectral sensitivities of L, M, and S cones



Color matching experiment

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



Color matching experiment 1



Color matching experiment 1

p1     p2     p3



Color matching experiment 1

p1     p2     p3



Color matching experiment 1

p1     p2     p3

The primary color
amounts needed
for a match



Color matching experiment 2



Color matching experiment 2

p1     p2     p3



Color matching experiment 2

p1     p2     p3
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Primary light 1

Primary light 2

sensor response
to target light

Match the sensors’
response to the target
light to the sum of
responses to the
primary lights

Color matching with positive
amounts of the primaries



Color matching with positive
amounts of the primaries

44



45

Primary light 1

Primary light 2

Match sensors’ response to
the target light plus some
amount of primary light 1
to the response to some of
primary light 2

Color matching with a negative
amount of primary 1



Color matching experiment--handle
negative light by adding light to the test.

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



Color matching experiment 2

p1     p2     p3p1     p2     p3

We say a
“negative”
amount of p2

was needed to
make the match,
because we
added it to the
test color’s side.

The primary color
amounts needed
for a match:

p1     p2     p3



Color matching superposition
(Grassman’s laws)

48

If A1 matches B1

and A2 matches B2

then A1

+A2

matches B1

+B2



To measure a color

Choose a set of 3 primary colors (three power spectra).
Determine how much of each primary needs to be added

to a probe signal to match the test light.

1.
2.
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What we need from a color measurement system

Given a color, how do you assign a number to it? 
Given an input power spectrum, what is its numerical

color value, and how do we control our
printing/projection/cooking system to match it?

•
•
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http://www.roobaroo.net/2006/06/25/how-to-clean-and-repair-projection-tv/



“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



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.



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

Then the amounts of each primary needed to
match t are:

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

Let the new spectral signal be described by the vector
t.



Comparison of color matching functions with
best 3x3 transformation of cone responses

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



CIE XYZ color space

Commission Internationale d’Eclairage, 1931
(International Commission on Illumination).
“…as with any standards decision, there are some

irratating aspects of the XYZ color-matching functions as
well…no set of physically realizable primary lights that by
direct measurement will yield the color matching
functions.”
“Although they have served quite well as a technical

standard, and are understood by the mandarins of vision
science, they have served quite poorly as tools for
explaining the discipline to new students and colleagues
outside the field.”

•

•

•

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



CIE XYZ: Color matching functions are positive everywhere, but primaries are
“imaginary” (require adding light to the test color’s side in a color matching
experiment).  Usually compute x, y, where         x=X/(X+Y+Z)                                 
                                  y=Y/(X+Y+Z)

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



A qualitative rendering of
the CIE (x,y) space. The
blobby region represents
visible colors.  There are
sets of (x, y) coordinates
that don’t represent real
colors, because the
primaries are not real lights
(so that the color matching
functions could be positive
everywhere).

Forsyth & Ponce





Pure wavelength in chromaticity
diagram

Blue: big value of Z, therefore x and y
small

•
x=X/(X+Y+Z)     
y=Y/(X+Y+Z)



Pure wavelength in chromaticity
diagram

Then y increases•
x=X/(X+Y+Z)     
y=Y/(X+Y+Z)



Pure wavelength in chromaticity
diagram

Green: y is big•
x=X/(X+Y+Z)     
y=Y/(X+Y+Z)



Pure wavelength in chromaticity
diagram

Yellow: x & y are equal•
x=X/(X+Y+Z)     
y=Y/(X+Y+Z)



Pure wavelength in chromaticity
diagram

Red: big x, but y is not null•
x=X/(X+Y+Z)     
y=Y/(X+Y+Z)



CIE chromaticity diagram

Spectrally pure colors lie
along boundary

Weird shape comes from
shape of matching curves
and restriction to positive
stimuli

Note that some hues
do not correspond to 
a pure spectrum 
(purple-violet)

Standard white light

•

•

•

•

C



CIE color space

Can think of X, Y , Z          
as coordinates
Linear transform from typical

RGB or LMS
Always positive

(because physical spectrum is
positive and matching curves are
positives)
Note that many points in XYZ  

               do not correspond to
visible colors!

•

•

•

•



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,



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

2-d depiction of the 3-d
subspace of sensor responses

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



Concepts in color measurement

What are colors?  
Arise from power spectrum of light.

How represent colors: 
Pick primaries
Measure color matching functions (CMF’s)
Matrix mult power spectrum by CMF’s to find color as

the 3 primary color values.
How share color descriptions between people?

Standardize on a few sets of primaries.
Translate colors between systems of primaries.

•
–

•
–
–
–

•
–
–



Another psychophysical fact:
 luminance and chrominance

channels in the brain

From W. E.
Glenn, in
Digital
Images and
Human
Vision, MIT
Press, edited
by Watson,
1993



NTSC color components: Y, I, Q
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NTSC - RGB



Spatial resolution and color
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Blurring the G component

R

G

B

original processed



Blurring the R component

original processed
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Blurring the B component

original
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B
processed



From W. E.
Glenn, in
Digital
Images and
Human
Vision, MIT
Press, edited
by Watson,
1993



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



Blurring the L Lab component
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original processed



original

Blurring the a Lab component
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Blurring the b Lab component
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L

a

b
processed



Lecture outline

Color physics.
Color perception

part 1:  assume perceived color only depends
on light spectrum.
part 2:  the more general case.

•
•

–

–



Color constancy demo

We assumed that the spectrum impinging on your eye
determines the object color. That’s often true, but not
always.   Here’s a counter-example…

•



Class project idea: time-lapse
photography temporal color filtering

Some colors change slowly over time and we can’t easily perceive
those long-term changes.
Take photographs over time of imagery you want to analyze, and

include a color calibration card in the scene.
From the measurements over the card, you can pull out the

illumination spectrum for each photo, and show each image as if they
were all taken under the same illumination.
Then color differences between images should correspond to true

surface color changes.  Temporally filter the color-balanced time-
lapse imagery to accentuate the color changes of your subject over
time.  This will give you a color magnifying glass to exaggerate color
changes over time.

•

•

•

•
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Other color references

Reading:  
Chapter 6, Forsyth & Ponce
Chapter 4 of Wandell, Foundations of Vision,

Sinauer, 1995 has a good treatment of this.

•
–
–


