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CmpE 464 Week 2

Light and Color
Human Visual System

Color Models
Quantization and Dithering

Color Models Color Models 

� Light property

� Human Visual 
System

� Light property

� Human Visual 
System
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• Wavelength
-- electromagnetic spectrum

• Wavelength
-- electromagnetic spectrum

Visible Electromagnetic SpectrumVisible Electromagnetic Spectrum

Light propertyLight property
� Visible light   ((wavelength in Nanometers = 10^(-7) cm)

violet color � red color  (approximately 400 nm – 700nm)

� Visible light   ((wavelength in Nanometers = 10^(-7) cm)

violet color � red color  (approximately 400 nm – 700nm)

Gamma
Rays X-rays Ultra-

Violet
Infra-
red

Micro-
wave

TV Radio

.001nm           1nm               10nm                        .0001ft           .01ft             1ft           100ft
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What is Color

Color is energy in the visible EM spectrum 
as perceived by a human

Violet red

400 nm 700 nm

Human Visual System (HVS)

HVS Consists of the Eyes and the Brain
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Retina has photoreceptors

� Rods: ~100 million
scotopic vision
low illumination

� Cones ~ 6.5 million
photopic vision
high illumination
3 types

� The concentration of rods 
and cones is not uniform

Retina and FoveaRetina and Fovea
• Retina is covered by photoreceptors: cones and rods  
• Fovea contains cones only (most vision acuity)
• Outside fovea, the retina is mostly covered by rods

• Cones:  primarily responsible to color perception
Long-cones (more sensitive to long wavelength � red light)

called red-cones
Medium-cones (more sensitive to medium wavelength � green light)

called green-cones
Short-cones (more sensitive to short wavelength � blue light)

called blue-cones

• Rods: highly sensitive to intensity and black/white vision, responsible for vision 
under dark-dim condition

• Retina is covered by photoreceptors: cones and rods  
• Fovea contains cones only (most vision acuity)
• Outside fovea, the retina is mostly covered by rods

• Cones:  primarily responsible to color perception
Long-cones (more sensitive to long wavelength � red light)

called red-cones
Medium-cones (more sensitive to medium wavelength � green light)

called green-cones
Short-cones (more sensitive to short wavelength � blue light)

called blue-cones

• Rods: highly sensitive to intensity and black/white vision, responsible for vision 
under dark-dim condition
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Distribution of rods and cones

Rod response
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Photoreceptor response 

S

M

L

Absorption spectra of  the pigments found in cones
results in three different responses to the same light stimulus

Vision propertyVision property
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• Brightness adaptation

-- There are a range of intensity levels that human 
eye can adapt

- photopic: 10^(-3) (mL) – 10^(3) (mL)
- scopotic: 10^(-3) (mL) – 10^(-1) (mL)

-- Human eyes have brightness adaptation level, 
they cannot adapt the whole range 
simultaneously

• Brightness adaptation

-- There are a range of intensity levels that human 
eye can adapt

- photopic: 10^(-3) (mL) – 10^(3) (mL)
- scopotic: 10^(-3) (mL) – 10^(-1) (mL)

-- Human eyes have brightness adaptation level, 
they cannot adapt the whole range 
simultaneously

Vision property (cont’d)Vision property (cont’d)

Brightness adaptation
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• Brightness discrimination

-- The ability to discriminate different intensity level

- Weber ratio: just noticeable difference of 
intensity versus the background intensity

-- The intensity defined in the digital image is not 
the real intensity. It is a contrast scale (e.g., gray 
scale)

• Brightness discrimination

-- The ability to discriminate different intensity level

- Weber ratio: just noticeable difference of 
intensity versus the background intensity

-- The intensity defined in the digital image is not 
the real intensity. It is a contrast scale (e.g., gray 
scale)

Vision property (cont’d)Vision property (cont’d)

• Contrast
-- Absolute contrast

C = Bmax / Bmin

where Bmax is the maximum brightness intensity
Bmin is the minimum  brightness intensity

-- Relative contrast
Cr = (B – B0) / B0

B is the brightness of object; B0 is the 
background  brightness

-- Mach Band: over-shooting effect

• Contrast
-- Absolute contrast

C = Bmax / Bmin

where Bmax is the maximum brightness intensity
Bmin is the minimum  brightness intensity

-- Relative contrast
Cr = (B – B0) / B0

B is the brightness of object; B0 is the 
background  brightness

-- Mach Band: over-shooting effect

Vision property (cont’d)Vision property (cont’d)
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• Spatial discrimination (SD)
-- minimum view angle which can discriminate two 

points on the object to be viewed

d/(2 * Pi * L) = theta / 360

• Spatial discrimination (SD)
-- minimum view angle which can discriminate two 

points on the object to be viewed

d/(2 * Pi * L) = theta / 360

Vision property (cont’d)Vision property (cont’d)

d

L

theta
eye
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• Spatial discrimination (SD)

-- low illumination (SD decreases)

-- low contrast (SD decreases)

-- too high illumination (SD does not increase too much)

-- SD of color is weaker than SD of brightness

-- projection on fovea (SD increases)

• Spatial discrimination (SD)

-- low illumination (SD decreases)

-- low contrast (SD decreases)

-- too high illumination (SD does not increase too much)

-- SD of color is weaker than SD of brightness

-- projection on fovea (SD increases)

3. Vision property (cont’d)3. Vision property (cont’d)

Optical Illusions
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Color Models Color Models 

Color representationColor representation
� Primary colors (Principal color)

� Red, Green, Blue
� 2 – 3 colors produce other a wide range of colors

� Complementary colors (secondary colors)
� two complementary colors combine to produce white color

Red        �� Cyan      (= green + blue)
Green     �� Magenta (= red + blue)
Blue        �� Yellow    (=red + green)

Note: the combination of the limit number of primary colors cannot produce ALL possible 
visible colors

� Primary colors (Principal color)
� Red, Green, Blue
� 2 – 3 colors produce other a wide range of colors

� Complementary colors (secondary colors)
� two complementary colors combine to produce white color

Red        �� Cyan      (= green + blue)
Green     �� Magenta (= red + blue)
Blue        �� Yellow    (=red + green)

Note: the combination of the limit number of primary colors cannot produce ALL possible 
visible colors
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Color representation (cont’d)Color representation (cont’d)
� Color generation on CRT screen

-- three primary color from each phosphor triad are “mixed” together

� Color generation on CRT screen

-- three primary color from each phosphor triad are “mixed” together

Color representationColor representation
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Color productionColor production
� Addition: primary colors: R, G, B  (e.g., TV monito r)

Red + Blue = Magenta
Green + Blue = Cyan
Red + Green = Yellow

(Secondary colors: Magenta, Cyan, Yellow)

� Subtraction (absorb primary color and reflect other s, e.g., printer)

white – green = Magenta
white – red   = Cyan
white – blue = Yellow

White - red – green – blue  = black = Magenta + Cyan + Yellow

white = red + green + blue

� Addition: primary colors: R, G, B  (e.g., TV monito r)

Red + Blue = Magenta
Green + Blue = Cyan
Red + Green = Yellow

(Secondary colors: Magenta, Cyan, Yellow)

� Subtraction (absorb primary color and reflect other s, e.g., printer)

white – green = Magenta
white – red   = Cyan
white – blue = Yellow

White - red – green – blue  = black = Magenta + Cyan + Yellow

white = red + green + blue

Red-Green-Blue

• Most commonly known color space

– used (internally) in every monitor

– additive

Color production (Cont’d)Color production (Cont’d)
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Cyan-Magenta-Yellow

• Used internally in color printers

• Subtractive

• Complementary to RGB:

•C=1-R

•M=1-G

•Y=1-B

• Also CMYK (black)

– mostly for printer use

Color production (Cont’d)Color production (Cont’d)

Color propertyColor property
� Chromatic light quantity: Radiance, luminance, brightness

� Radiance – energy flows from light source
� Luminance – energy that the observer perceives from light source 
� Brightness – perceived intensity of the light (notion of intensity)

� Chromaticity refers to Hue and Saturation
� Hue (dominant color of the light  -- dominant frequency/wavelength)
� Saturation (purity) – a measure of the degree to which a pure color is 

diluted by white light

� Chromatic light quantity: Radiance, luminance, brightness
� Radiance – energy flows from light source
� Luminance – energy that the observer perceives from light source 
� Brightness – perceived intensity of the light (notion of intensity)

� Chromaticity refers to Hue and Saturation
� Hue (dominant color of the light  -- dominant frequency/wavelength)
� Saturation (purity) – a measure of the degree to which a pure color is 

diluted by white light
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Color property (cont’d)Color property (cont’d)
� Saturation and Luminance� Saturation and Luminance

Color property (cont’d)Color property (cont’d)
� Example

- fully saturated color: red, green, …  (pure spectrum color)
- less saturated color: pink (=red + white), ….

� Example

- fully saturated color: red, green, …  (pure spectrum color)
- less saturated color: pink (=red + white), ….

Color hue :Dominant wavelength

Intensity

Purity (saturation)
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Color model (space)Color model (space)
� XYZ: CIE standard (international commission on illumination)
� RGB: (additive primaries), monitor, video camera 
� CMY: (subtractive primaries), printer, copier 
� HSI (HSV, HSL): better for human vision interpretation
� YIQ and YUV (intensity, chromatic components) for 

composite video signal

� L*a*b model: refined CIE model

� XYZ: CIE standard (international commission on illumination)
� RGB: (additive primaries), monitor, video camera 
� CMY: (subtractive primaries), printer, copier 
� HSI (HSV, HSL): better for human vision interpretation
� YIQ and YUV (intensity, chromatic components) for 

composite video signal

� L*a*b model: refined CIE model

XYZ color modelXYZ color model
� XYZ: CIE standard (international commission on illumination)

three primaries (X, Y, Z). 

all visible colors are in a “horseshoe” shaped cone in the
XYZ space or the normalized x-y space

- the curve boundary represents pure colors
- white is at about the position (1/3, 1/3)
- when added, any two colors produces a point on the line 
between them

� XYZ: CIE standard (international commission on illumination)

three primaries (X, Y, Z). 

all visible colors are in a “horseshoe” shaped cone in the
XYZ space or the normalized x-y space

- the curve boundary represents pure colors
- white is at about the position (1/3, 1/3)
- when added, any two colors produces a point on the line 
between them
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xyz representationxyz representation
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Why can’t I ever get the same 
color?

CIE chromaticity diagramCIE chromaticity diagram
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RGB model and CMY modelRGB model and CMY model

CMYK

• K is for blacK

• Save on color inks, by using black ink preferably

• K = min(C,M,Y)

• C = C-K

• M = M-K

• Y = Y-K
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If R,G, and B are represented with 8 bits (24-bit RGB 
image), the total number of colors is (28 )3=16,777,216

The RGB color cube
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RGB model Example for CRT 
display
RGB model Example for CRT 
display

L*a*b modelL*a*b model

Luminance: L
Chrominance: a- range from green to red

b – range from blue to yellow

Used by Photoshop
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Color model in videoColor model in video
� YIQ color model is used in color TV (NTSC) broadcasting

Y (luminance) is the CIE Y primary
I is the red-orange axis, Q is roughly orthogonal to I 
Eye is most sensitive to Y, next to I, next to Q

Y = 0.299R + 0.587G + 0.114B
I = 0.596R – 0.275G – 0.321B
Q = 0.212R – 0.528G + 0.311B

� YIQ color model is used in color TV (NTSC) broadcasting

Y (luminance) is the CIE Y primary
I is the red-orange axis, Q is roughly orthogonal to I 
Eye is most sensitive to Y, next to I, next to Q

Y = 0.299R + 0.587G + 0.114B
I = 0.596R – 0.275G – 0.321B
Q = 0.212R – 0.528G + 0.311B

Color model in videoColor model in video
� YUV color model (CCIR601 standard for digital video)

- Uses the Y, Cb, Cr color model

Y = 0.299R + 0.587G + 0.114B
Cb = B – Y
Cr  = R - Y

- Scaled and filtered versions of the B-Y and R-Y color difference signals 
are used to modulate subcarrier in the U and V axes respectively

U = 0.492(B-Y)
V = 0.877(R-Y)

Y = 0.299R + 0.587G + 0.114B
U = -0.169R – 0.331G + 0.500B
V = 0.500R – 0.419G - 0.081B

� YUV color model (CCIR601 standard for digital video)

- Uses the Y, Cb, Cr color model

Y = 0.299R + 0.587G + 0.114B
Cb = B – Y
Cr  = R - Y

- Scaled and filtered versions of the B-Y and R-Y color difference signals 
are used to modulate subcarrier in the U and V axes respectively

U = 0.492(B-Y)
V = 0.877(R-Y)

Y = 0.299R + 0.587G + 0.114B
U = -0.169R – 0.331G + 0.500B
V = 0.500R – 0.419G - 0.081B
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Example of YUV imagesExample of YUV images

Original    Y

U             V

HSI modelHSI model
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� Convert RGB � HSI

H = theta            if  B<=G
H = 360 – theta  if B > G

H is in the range [0°, 360°] (which can be normaliz ed to the range [0,1] by dividing by 
360°)

theta =

S = 1 – [min(R, G, B) / I]

I = (1/3) (R+G+B)

� Convert RGB � HSI

H = theta            if  B<=G
H = 360 – theta  if B > G

H is in the range [0°, 360°] (which can be normaliz ed to the range [0,1] by dividing by 
360°)

theta =

S = 1 – [min(R, G, B) / I]

I = (1/3) (R+G+B)

HSI modelHSI model

� Convert HSI � RGB

H is in the range [0°, 360°]

In the case of RG sector:  0°<= H < 120°
B = I (1-S);
R = I [ 1 + ((S cos(H) / cos(60° - H)) ]
G = 3I – (R+B)

� Convert HSI � RGB

H is in the range [0°, 360°]

In the case of RG sector:  0°<= H < 120°
B = I (1-S);
R = I [ 1 + ((S cos(H) / cos(60° - H)) ]
G = 3I – (R+B)

HSI modelHSI model
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� Convert HSI � RGB

In the case of GB sector:  120°<= H < 240°
H = H - 120°

R = I (1-S)
G = I [ 1 + (S cos(H) / cos(60° - H) ]
B = 3I – (R+G)

� Convert HSI � RGB

In the case of GB sector:  120°<= H < 240°
H = H - 120°

R = I (1-S)
G = I [ 1 + (S cos(H) / cos(60° - H) ]
B = 3I – (R+G)

HSI modelHSI model

� Convert HSI � RGB

In the case of BR sector:  240°<= H < 360°
H = H - 240°

G = I (1-S)
B = I [ 1 + (S cos(H) / cos(60° - H) ]
R = 3I – (G+B)

� Convert HSI � RGB

In the case of BR sector:  240°<= H < 360°
H = H - 240°

G = I (1-S)
B = I [ 1 + (S cos(H) / cos(60° - H) ]
R = 3I – (G+B)

HSI modelHSI model
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HLS modelHLS model
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HSV modelHSV model

HSV sampleHSV sample
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HSV sampleHSV sample

All color modelsAll color models



14.10.2007

29

Quantization and Dithering

Quantization
� Reduce the number 

of colors to a limited 
set of colors

� Old graphics cards
� Printed media
� Portable devices: 

phones, handhelds

Dithering
� Create the illusion of 

more colors

Use Dithering to get true color

� Quantization: Reduces the number of 
colors

� Dithering uses lower spatial resolution to 
get the illusion of more colors

Quantization Dithering
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Color Quantization

� True color image: millions (16M) of colors: 
8 bit per channel

� Typically reduce this to 16K or 256
� Uniform quantization: example: 8 bits: 3 

bits for red, 3 bits for green, 2 bits for blue.
� Median cut: do this adaptively based on 

colors in image.

Color Image Quantization
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Median-cut for color quantization
� Recursively threshold r,g and b exes at the median of the colors

� Decide which group to split by looking at cmax-cmin where c is r,g,b

rmin
rmax

rmed

More than two segments

� Two options
� Recursively split each side to get a tree, 

continuing till the eigenvalues are too small
� Use the other eigenvectors
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BTS for color quantization

� Recursively apply PCA to the colors and split with planes 
perpendicular to the principal axis passing through the 
mean

K-means for color quantization
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Iterative K-means clustering

K-means results
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Halftoning

Dithering (Halftoning): uses lower spatial resolution to get 
the illusion of more colors

Halftoning methods

Traditional halftoning Digital halftoning

Analog Screen Ordered 
dither

Blue 
Noise

Error 
diffusion

Model based 
halftoning
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Ordered dither

(clustered dot) (dispersed dot)

4 5 6 1

12 13 14 7

11 16 15 8

3 10 9 2

1 9 3 11

13 5 15 7

4 12 2 10

16 8 14 6

Error diffusion

Error diffusion spreads the error encountered in quantizing 
a pixel to its neighbors

Q

filter

+

-



14.10.2007

36

Model based halftoning

CRT screens Offset printing 

Model based halftoning

Overlapping dot model for inkjet color printers
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Examples

Classical screens Model based
dot-on-dot rotated screen blue noise

Examples

Error diffusion  MB adaptive MB sharpened
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Pseudo-color image processingPseudo-color image processing
� Intensity slicing

-- from intensity to color 

-- assign different colors to different gray levels

-- for example: increase the visibility in X-ray images, cloud-
map, defect detection, etc.

� Intensity slicing

-- from intensity to color 

-- assign different colors to different gray levels

-- for example: increase the visibility in X-ray images, cloud-
map, defect detection, etc.

Color image processingColor image processing
� Color image 

-- Histogram 

-- Smoothing

-- Sharpening

-- Segmentation

-- Compression

-- Transformation

� Color image 

-- Histogram 

-- Smoothing

-- Sharpening

-- Segmentation

-- Compression

-- Transformation
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Pseudocolor images: Color slicing

Pseudocolor
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Color image processing (cont’d)Color image processing (cont’d)
� Color vector � Color vector 
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-- RGB model
mask operation: three spatial masks

-- HIS model
mask operation on I component,  H and S remain unchanged

Color image processing (cont’d)Color image processing (cont’d)
� Color image enhancement � Color image enhancement 

-- E.g.,  Histogram

RGB � HSI

I � histogram equalization I’

Then HIS’ � R’G’B’

-- E.g., Smoothing

Perform the smoothing on RGB each channel individually.
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Color Enhancement

Color image processing (cont’d)Color image processing (cont’d)
� Color image enhancement (cont’d) � Color image enhancement (cont’d) 

-- E.g.,  Sharpening

For RGB model:

For HSI model:

�
�
�

	




�
�
�

�




Ñ

Ñ

Ñ

=Ñ

),(

),(

),(

)],([
2

2

2

2

yxB

yxG

yxR

yxC

)],([2 yxIÑ



14.10.2007

42

Color 
Balancing

Color image processing (cont’d)Color image processing (cont’d)
� Color image segmentation � Color image segmentation 

-- Example:

• Make use of the key components: Hue and Saturation

• Measure the EGB vector space – similarity measurement 
using Euclidean distance
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Color Image Segmentation in HSI 
Space

Color image processing (cont’d)Color image processing (cont’d)
� Color image edge detection� Color image edge detection

-- Example:

• We can use the gradient to measure the change of intensities 

|||||| BGR Ñ+Ñ+Ñ
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Color Edge Detection

Color image processing (cont’d)Color image processing (cont’d)

� Color component compression

-- Example:

• Chromatic components can be compressed in both spatial 
domain and frequency domain. 

• The UV components are in low frequency domain, detail 
information are more sensitive to gray scale image than   
chromatic image


