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 Visual Ergonomics: 

 “Color does not occur in the world but in the mind.”









-D. Ackerman
  


Image from Kodak, digital learning center:

http://www.kodak.com/US/en/digital/dlc/book3/chapter2/digColorM1_1.shtml
Physical Model of color
What we perceive as a “color” is a mixture of light frequencies.  

When light is incident upon an object, some frequencies are reflected and some are absorbed by the object.  We see the frequencies that are reflected.

different surfaces absorb different wavelengths of light thereby transmitting others thus giving off a color.  

“An Apple is everything but  Red.”   -D. Ackerman

Light, or  electromagnetic waves, have different frequencies and wavelengths. Recall that the equation for speed of the light is: 
 
                 
c = f(  = 3 x 108 m/s

Where f is the frequency and ( is the wavelength. The diagram below shows where visible wavelengths lie in the electromagnetic spectrum:
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[Below, we follow convention, drawing the visible spectrum in increasing (, from short (violet) to long (red)]

a. A color can be represented with a spectral energy distribution, (a curve).     there is an uncountable number of such curves.  (and hence an uncountably infinite number of colors).


Energy Density



400                              
    700               (
Violet                           
      Red

A Color is a distibution of spectral energies

(figure on right from david forsyth)

Examples:

Energy Density


                                       White
400                                    700               (
Violet                                Red

Energy Density


                                       “RED”

400                                    700               (
Violet                                Red

Energy Density

                                       Black
400                                    700               (
Violet                                Red

( is the visible spectrum, from 400-700nm

|(| = width of visible spectrum = 300 nm 

Let f() be a color: a distribution over the spectrum (
This is a bit unwieldy, so colors are often parameterized with three values. 

                      EH
                      Ew   = E AVG

Hue = dominant frequency, peak of distribution

H = arg max f()

EH = Energy Density at dominant Frequency

EH = max f()

Intensity = Value, brightness, luminance = area under curve.

I = (f (d

EW = Average Energy Density = "White"-Level Energy

EW = Intensity / (width of spectrum)

Ew  = I / |(|

Saturation = Purity=

ranges from 0% to 100%  (0% = all white)
S =  (EH – Ew)/ EH   
For the color white:

S = (EH – Ew) / EH  = 0



                                  White
                                                 (
Note:   HIS values do not uniquely determine a color:  there are infinitely many colors with the same HIS values.  Proof:  Consider any color distribution with peak (Hue) at the middle frequency.  
Flipping this distribution about the central axis will yield another distribution with the same HIS values.


Additive vs. Subtractive Color   


Roger Mayer at Brown University:
http://www.cs.brown.edu/courses/cs092/VA10/HTML/start.html

Aside:

For light, colors are additive: adding colors increases saturation

For pigments, colors are subtractive: adding color decreases saturation 

Mixing Pigments: start with a “pure” red, adding “white” will decreases saturation, adding “black” will decrease intensity. 

(changes reflectance properties accordingly)

II. Tri-Stimulus Theory of Color (Young – Helmholtz, 1802)

This purely speculative theory holds that the human Retina has 3 types of "receptors." 

(
(red) 

(
(green) 

(
(blue)

and that these respond as follows to different wavelengths as follows:

                        Sensitivity



“Red”

                                                                                                                         “Yellow”





“Green”



“Blue”




      400                               500  600                 700

We now know that the human eye has 3 types of "cones", Small, Medium, and Large, they respond as shown below:   

But the YH model had great influence!
Color Matching:  Based on Subjective Human Tests

• Show a split field of two colors to human subjects:

· Left side shows the light whose color one wants to measure, 

· Right a weighted mixture of primary colors (fixed lights)
· Human adjusts Primary Energy Levels until Teh two colors subjectively "match".  The output is
· m(T) = A p1 + B p2 + C p3
· Repeat for many human subjects, and for each T, take average values for A,B,C

(image from David Forsyth)

For some Colors, it is impossible to find a positive set of numbers A,B,C to obtain a match.  

In such cases it may be possible to add some primary to T to get a match, That is:

m(T) + A p1 = B p2 + C p3
This is equivalent to:

· m(T) = - A p1 + B p2 + C p3
· This would mean that we effectively need to SUBTRACT some amount of Primary p1 to obtain a match.
Color Match Function:

Sample pure hues from 400 to 700, ie  T = 400, T= 410, T= 420, ...

Consider 3 primary colors:  Red, Green, Blue 

When we do the color matching experiments, we find the  following "color-match" functions:
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source:  escience.anu.edu.au/lecture/ cg/Color/printNotes.en.html
Note!: we need to SUBTRACT the Red component to obtain colors near 500 nm (dark blue-green)  (ie, we need to add red to the 500nm wavelength hue to obtain a match with this color using a mixture of the basic  blue and green primaries. 

III. Color Standards
1931:  Commission Internationale L’Eclairage (CIE) 

 (L’Eclairage: lighting/lumination)

               Defined 3 imaginary Primary Colors (X,Y,Z) such that their color match functions are everywhere positive:       
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source:  escience.anu.edu.au/lecture/ cg/Color/printNotes.en.html
NOTE!:  This is the color-match function for these "imaginary" primaries!

There is no positive color distribution corresponding to X! 

CIE used these to establish an additive color space defined by 3 orthogonal vectors, x,y,z, where color is a vector:

 c(X,Y,Z) =  X x + Y y + Z z

We can consider normalized values:

x = X / X+Y+Z

y = Y / X+Y+Z

z = Z / X+Y+Z

such that x+y+z = 1, this corresponds to the plane/triangle:
z


                    y



                      x

We now consider the new 2D space formed by projecting that triangle down to the

(x,y) plane:

and when we plot the (x,y) positions of the pure hues, we get this spectral locus:  ie, a pure hue of 700nm (red) corresponds to this mixture of CIE  x and y  components.
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source:  escience.anu.edu.au/lecture/ cg/Color/printNotes.en.html:

The visible spectrum maps onto spectral locus (around top).

NOTE:  Colors outside this locus are "imaginary".

Spectral Locus (bold curve) with hue of 520nm at peak

white correspond to a point in the middle (marked with W)

Note: Any color C is a linear combination of points = white + spectral colors 

Consider some color, indicated by the point C

For any color point C, construct line from W out to the spectral locus 

hits at  C(    = dominant wavelength  (Hue)
y

                                   C(              Distance between C( and C : d C(
                                         Distance between C and W : d WC
                                     •  C
                                  • W                        
                                                        red (700nm)

                                         non-spectral color 

                                                  (need to subtract spectral colors from white)

                violet (400nm)                                                          x
Saturation (Purity) =            d WC             
                                 
 d C( + d WC
      (becomes 100% as point reaches C( )
Recall the "color wheel":
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RGB Color Space   defined by National Television Systems Committee (NTSC)

Chose 3 representative colors in the CIE xy space based on available phosphors for TV:

Call them R,G,B (loosely related to pure red, green, blue)

Dominant Wavelengths:    645.2 nm= R , 526.3 nm = G , 444.4 nm = B
we can specify any color in the triangular interior from a linear (positive) combination:
  c(r,g,b) =   r  R  +  g G +  b B
0 <= r, g, b <= 1



                                   (x2, y2) = (0.21, 0.71) = G

                     X          •
                                                     •          (x1, y1) = (0.67, 0.33) = R


                                       (x3, y3) = (0.14, 0.08) = B










  

Note:  Colors such as  X  cannot be generated.


RGB Space can be represented with a CUBE:  Point at origin is Black, Point Furthest from origin is White.

               G


(0,0,0) = Black





(1,1,1) = White




  Yellow (1,1,0)




        

  Cyan

(0,1,1)






    

 


      R







 

   B    

       Magenta (1,0,1)
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source:  escience.anu.edu.au/lecture/ cg/Color/printNotes.en.html:
YIQ Color Space

  used for TV, a linear transform of RGB space, such that Y is pure brightness (compatible with  Black and White and Color TVs)

CMY Color Space


Cyan, Magenta, Yellow, colors used for printing (subtractive model): 

 [CMY] = [1 1 1] - [R G B]

HSV Color Space  (Hue, Saturation, Value)
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source:  escience.anu.edu.au/lecture/ cg/Color/printNotes.en.html:




H = 0-360
V=1










S = 0-1

























Human eye can distinguish:









H
128  levels









S
130  levels




0 <= V, S <= 1


V
23    levels




0 <= H <=360


Total: 82,000 – 350,000 colors

V=0     Black

Terminology for Mixing Pigments:

for example, consider tones related to the Red hue:

             White                 Tints

Red















       Grey        Tones






Shades

Black
Gamut:  Range of Colors:
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source:  escience.anu.edu.au/lecture/ cg/Color/printNotes.en.html:
Colors and Computers

Colors  can be represented with bits:



Bits


H
7
=
128 levels





S
3
=
8 levels





V
4
=
16 levels




       14 bits ( 16,000 colors

Today:  8 bits each for Red,  Blue and Green:   24 bits = 16 million colors


(recall only 350,000 colors can be discriminated by the human eye).

A computer monitor has 3 smaller “sub-pixels” within each pixel  

Example of HyberText Markup Language (HTML) color coding:
<body bgcolor=#0033FF>    <! -- 00 = digits for red, 33 = digits for green, FF = digits for blue) -- >

Hexidecimal:  0 - F = 16 values = 4 bits each digit 

24 Bits define the color

Eg. #FF0000 = very red, while #FFFFFF = white

Color Choosers:  For example, in MS Word, Click on Font Color, then choose Customize.

Compare RGB with HSV, also note that you cannot obtain dark blue-green!
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Industrial Design- Color
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