
Light is Electrom
agnetic Radiation

•
Visible spectrum

 is 
“tiny” 

•
W

avelength range: 
380-740 nm



Color != W
avelength

But rather, a com
bination of wavelengths and energy



Photoreceptors
R

ods•
Approxim

ately 100-150 m
illion rods. 

•
Non-uniform

 distribution across the retina 

•
Sensitive to low-light levels (scotopic vision) 

C
ones•

Approxim
ately 6-7 m

illion cones. 

•
Sensitive to daytim

e-light levels (photopic 
vision) 

•
Detect color by the use of 3 different kinds: 

•
Red (L cone) : 564-580nm

 wavelengths 
(65%

 of all cones) 

•
G

reen (M
 cone) : 534-545nm

 (30%
 of all 

cones) 

•
Blue (S cone) : 420-440nm

 (5%
 of all cones)



Color and Perception



Cones (SM
L) 

(short, m
edium

, long)

space.In
this

chapter,a
num

ber
of

color
spaces,designed

for
different

purposes,are
discussed.C

om
plex

transform
ations

are
som

etim
es

required
to

convertfrom
one

color
space

to
another,

but
they

are
all

three
dim

ensional,
and

this
three-dim

ensionality
derives

ultim
ately

from
the

three
cone

types.This
is
the

reason
w
hy

there
are

three
dif-

ferent
colors

of
liquid

crystalin
a
television

screen—
red,green,and

blue—
and

this
is

the
reason

w
hy

w
e
learn

in
schoolthatthere

are
three

prim
ary

paint
colors—

red,yel-
low

,and
blue.Itis

also
the

reason
w
hy

printers
have

a
m
inim

um
ofthree

colored
inks

for
color

printing—
cyan,

m
agenta,

and
yellow

.
Engineers

should
be

grateful
that

hum
ans

have
only

three
color

receptors.Som
e
birds,such

as
chickens,have

as
m
any

as
12

differentkinds
ofcolor-sensitive

cells.A
television

setfor
chickens

w
ould

require
12

types
ofdifferently

colored
pixels!

Figure
4.2

show
s
the

hum
an

cone
sensitivity

functions.The
plots

show
how

light
of

different
w
avelengths

is
absorbed

by
the

three
different

receptor
types

(S,M
,L).It

is
evident

that
tw

o
of

the
functions,

L
and

M
,
w
hich

peak
at

540
nanom

eters
and

580
nanom

eters,
respectively,

overlap
considerably;

the
third,

S,
is

m
uch

m
ore

distinct,
w
ith

peak
sensitivity

at450
nanom

eters.The
short-w

avelength
S
receptor

absorbs
light

in
the

blue
part

of
the

spectrum
and

is
m
uch

less
sensitive,w

hich
is

another
reason

(besides
chrom

atic
aberration,

discussed
in

C
hapter

2)
w
hy

w
e
should

not
show

detailed
inform

ation
such

as
text

in
pure

blue
on

a
black

background.

Because
only

three
differentreceptor

types
are

involved
in

color
vision,itis

possible
to

m
atch

a
particular

patch
of

colored
light

w
ith

a
m
ixture

of
just

three
colored

lights,
usually

called
prim

aries.Itdoes
notm

atter
thatthe

targetpatch
m
ay

have
a
com

pletely
different

spectral
com

position.
The

only
thing

that
m
atters

is
that

the
m
atching

pri-
m
aries

are
balanced

to
produce

the
sam

e
response

from
the

cone
receptors

as
the
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Figure
4.2

C
one

sensitivity
functions.The

colors
are

only
rough

approxim
ations

to
spectrum

hues.A
bbreviations:S

,short-w
avelength

cone
sensitivity;M

,m
edium

-
w
avelength

cone
sensitivity;L,long-w

avelength
cone

sensitivity.

Trichrom
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Hunters



G
atherers



Trichrom
acy

•
O

ur 3 cones cover the visible spectrum
 

•
Theoretically, all we need are 2 though 

•
M

ost birds, som
e fish, reptiles, and insects have 4, 

som
e as m

any as 12 (M
antis Shrim

p) 

•
This is a “reason” why m

any of our color spaces 
are 3D



M
antis Shrim

p

16 Photoreceptors, 12 for color sensitivity!



Idea: Perception of Color

Ultim
ately, color is a perceptual phenom

enon, we all see it differently



Color M
odels



Term
inology

•
C

olor M
odel 

•
Is an abstract m

athem
atical system

 for representing color. 

•
Is often 3-dim

ensional, but not necessarily. 

•
Is typically lim

ited in the range of colors they can represent and 
hence often can’t represent all colors in the visible spectrum

 

•
G

am
ut or C

olor Space 

•
The range of colors that are covered by a color m

odel.





W
hat are the prim

ary colors?

1.
Red, G

reen, Blue

2.
Red, Yellow, Blue

3.
O

range, G
reen, Violet

4.
Cyan, M

agenta, Yellow



W
hat are the prim

ary colors?

1.
Red, G

reen, Blue

2.
Red, Yellow, Blue

3.
O

range, G
reen, Violet

4.
Cyan, M

agenta, Yellow

5.
All of the above



Light M
ixing

•
A

dditive m
ix of colored lights 

•
Add up wavelengths of 
light to m

ake new colors 

•
Prim

ary: RG
B 

•
Secondary: CM

Y 

•
Neutral = R + G

 + B 

•
Com

m
only used by m

onitors, 
projectors, etc.

G
reen

Blue

Red



Ink M
ixing
•

Subtractive m
ix of transparent 

inks 

•
Start with white and other 
wavelengths are selectively 
filtered. 

•
Prim

ary: CM
Y 

•
Secondary: RG

B 

•
~Black: C + M

 + Y 

•
Actually use CM

YK 
to get true black

Cyan
M

agenta

Yellow



Paint M
ixing

•
Physical m

ix of opaque 
paints 

•
Prim

ary: RYB 

•
Secondary: O

G
V 

•
Neutral: R + Y + B 

•
Additive or Subtractive?

Blue
Red

Yellow



Color Spaces



RG
B Color Space

•
Additive, useful for com

puter m
onitors 

•
Not perceptually uniform

 

•
For exam

ple, m
ore “greens” than “yellows”

m
ixture

of
the

red,
green,

and
blue

(rR
,
gG

,
bB)

prim
aries

look
identical.

Figure
4.4

illustrates
the

concept.Three
projectors

are
setup

w
ith

overlapping
beam

s.In
the

fig-
ure,the

beam
s
only

partially
overlap

so
thatthe

m
ixing

effectcan
be

illustrated,butin
a
color-m

atching
experim

ent
they

w
ould

overlap
perfectly.To

m
atch

the
lilac-colored

sam
ple,the

projectors
are

adjusted
so

thata
large

am
ountoflightcom

es
from

the
red

and
blue

projectors
and

a
sm

aller
am

ount
of

light
com

es
from

the
green

projector.

(a)
(b)

G
+

B
+

R

Figure
4.4

A
color-m

atching
setup.(a)W

hen
the

light
from

three
projectors

is
com

bined
the

results
are

as
show

n.Y
ellow

lightis
a
m
ixture

ofred
and

green.P
urple

lightis
a
m
ixture

of
red

and
blue.C

yan
light

is
a
m
ixture

of
blue

and
green.W

hite
light

is
a
m
ixture

of
red,

green,and
blue.(b)A

ny
other

color
can

be
m
atched

by
adjusting

the
proportions

of
red,

green,and
blue

lights.

R

G

B

(r, g, b)

Figure
4.5

The
three-dim

ensionalspace
form

ed
by

three
prim

ary
lights.A

ny
internalcolor

can
be

created
by

varying
the

am
ount

of
light

produced
by

each
of

the
prim

aries.

C
olor

M
easurem

ent
99



Converting from
 RG

B to 
CM

Y
•

Assum
ing RG

B values are norm
alized (all channels 

between [0,1]), the exact sam
e color in CM

Y space 
can be found by inverting:



Converting from
 CM

Y to CM
YK

•
Assum

ing CM
Y values are norm

alized (all channels 
between [0,1]), the exact sam

e color in CM
YK is 

•
K is a m

easure of the ‘blackness’ of the color and 
essentially serves as an offset after which the 
rem

aining am
ounts of cyan, m

agenta and yellow 
are ‘added’



(H,C/S,L/B/V) Color Space
•

Hue - what people think of 
as color 

•
Saturation - purity, 
distance from

 grey 

•
Also called Chrom

a  

•
Lightness - from

 dark to 
light 

•
Also Brightness or Value



HSV by 
Projection of RG

B
•

This decom
position is m

ore 
natural for how we sense 
color, decom

poses 
brightness com

ponent from
 

color. 

•
M

ore natural for artists, 
regardless of which variant 

•
Note that H is cyclical 

•
H=0 is the sam

e as H=1.
http://en.wikipedia.org/wiki/HSV_color_space



Conversion from
 RG

B to 
HSB

•
Assum

ing RG
B values are norm

alized (all channels between 
[0,1]), the exact sam

e color in HSB space can be found by first 
figuring out which channel (R,G

, or B) has the m
ax intensity

Note: returns 
H as a value 
between 0° 
and 360°



Tristim
ulus Experim

ent
•

Color M
atching Experim

ent in 1931 

•
CIE = International Com

m
ission on Illum

ination 
(Com

m
ission internationale de l'éclairage) 

•
Since som

e weighting factors for R,G
,B lights 

are negative, they com
puted a new set of 

weights for a new of com
ponents X,Y,Z

RG
B W

eights
XYZ W

eights



Converting from
 CIE XYZ to 

xyY

•
To build a system

 which separates lum
inance (Y) 

from
 chrom

aticity (xy) we can do an operation 
sim

ilar to converting CM
Y to CM

YK: 

x = X / (X + Y + Z) 

y = Y / (X + Y + Z) 

Y = lum
inance



CIE Space
Note: Colors outside the triangle 
cannot be accurately displayed



CIELab/Luv
•

Perceptual uniform
 

transform
ation of XYZ 

•
L approxim

ates 
lum

inance or Y in XYZ 

•
(a,b) & (u,v) 
approxim

ate 
chrom

aticity or M
-to-G

 
and Y-to-B channels 
(the XZ in XYZ)

©
 Pfister/M

öller

L
a
b

 C
o

lo
r S

p
a
c
e

•
Perceptually uniform

•
L approxim

ates 
hum

an perception of 
lightness

•
a, b approxim

ate R
/G

 
and Y

/B
 channels

•
a, b called chrom

a

C
IE

LA
B

 1976

55



A Com
parison of Color 
Spaces



Exam
ple RG

B Color Space

Source
R
ed

G
reen

Blue



Exam
ple CM

Y Color Space

Source
C
yan

M
agenta

Yellow



Exam
ple HSV Color Space

Source
H
ue

Saturati
on

Brightness



Exam
ple CIELab Color Space

Source
L

a
b



Understanding Color 
Perception



RG
 Color Blindness



BY Color Blindness





Color Illusions



Physiology of the Eye
T

he Eye

LEN
S

R
ET

IN
A

Text

N
ot like a cam

era



Color Illusions
•

Prim
ary cause: the 

Retinal G
anglion 

Response 

•
Triggered by light in 
the center, suppressed 
by light in the surround 

•
Causes selective 
sensitivities to 
discontinuities in color 
as well.





Herm
ann grid effect 

(Brightness Adaptation)

Annie Prud’hom
m

e-G
énéreux



M
ach Banding

•
The eye rapidly scans across the field of view while com

ing to m
om

entary rest 
at each point of particular interest.  

•
At each of these points the eye adapts to the average brightness of the local 
region surrounding the point of interest.    

•
This phenom

ena is another type of (local) brightness adaptation.  

•
The eye over-shoots/under-shoots at edges where the brightness changes 
rapidly.  This causes ‘false perception’ of the intensities



Cornsweet Illusion



Cornsweet Illusion



Cornsweet Illusion



Sim
ultaneous Contrast

18
http://persci.m

it.edu/_m
edia/gallery/checkershadow

_double_full.jpg

SIM
U

LTA
N

EO
U

S C
O

N
T

R
A

ST

http://persci.m
it.edu/_m

edia/gallery/checkershadow_double_full.jpg

•
Perceived color is 
highly context 
dependent 

•
Variable lighting 
and background 
conditions affect 
what we see.



Sim
ultaneous Contrast

18
http://persci.m

it.edu/_m
edia/gallery/checkershadow

_double_full.jpg

SIM
U

LTA
N

EO
U

S C
O

N
T

R
A

ST

http://persci.m
it.edu/_m

edia/gallery/checkershadow_double_full.jpg



Sim
ultaneous Contrast



Sim
ultaneous Contrast



Sim
ultaneous Contrast



Sim
ultaneous Contrast



Sim
ultaneous Contrast



Sim
ultaneous Contrast



Chrom
atic Induction

P. M
onnier



Chrom
atic Induction

P. M
onnier



Chrom
atic Adaptation



Chrom
atic Adaptation

W
hat is the color 
of the flower?



Chrom
atic Adaptation

W
hat is the color 
of the flower?



Chrom
atic Adaptation

W
hat is the color 
of the flower?



Successive Contrast



Lec06 Required 
Reading



•
House Ch. 7 

•
Recom

m
ended: 

Brinkm
ann, The Art 

and Science of 
Digital Com

positing


