5.2 Color Theory

1

Reading

Suggested:

� Glassner, Sections 1.7, 2.1, 2.2, 3.6

� F oley et al., Sections 13.2{13.6

F urther reading:

� Mic hael Wilco x. Blue and Y el low Don

’t Make

Gr e en. North Ligh t Bo oks, Cincinnati, 1987.

� Gerald S. W asserman. Color Vision: A n

Historic al Intr o duction. John Wiley & Sons, New

Y ork, 1978.

� John E. Kaufman, ed. IES Lighting Handb o ok:

R efer enc e V olume. Illuminating Engineering

So ciet y , New Y ork, 1981.

2

Ov erview

1. Ph ysics of ligh t

2. Historical dev elopmen t of color theory

3. The CIE X Y Z color system

4. Color spaces for computer graphics

3

Theories of ligh t

Man y theories ha v e b een adv anced:

� W a v e theory [Ho ok e, Huygens, 1600’s]

Ligh t transmitted through the \aether" in w a v es.

� Corpuscular theory [Newton, 1600’s]

Ligh t propagated as min ute particles, ejected

in termitten tly in straigh t lines.

� Electromagnetic theory [Maxw ell, 1888]

W a v es again, propagated b y coupled electric and

magnetic �elds: � = c�

� Quan tum theory [Planc k, Einstein, 1900]

P articles again: Q = h�

� Uni�ed theory [De Broglie, Heisen b erg, 1913]

Both: W a v es and particles!

4

The radian t energy sp ectrum

The w a v e theory allo ws a nice arrangemen t of electromagnetic radiation (EMR) according to w a v elength:

The EMR sp e ctrum (IES, 2-1)

Note:

� All EMR tra v els at same sp eed in a giv en medium.

� Energy prop ortional to frequency . 5

Emission sp ectra

A ligh t source can b e c haracterized b y an emission sp ectrum:

The sp ectrum describ es the energy at eac h w a v elength.

6

Newton’s exp erimen ts on color

Newton w as the �rst to p erform scien ti�c exp erimen ts on color, in 1666.

Built a simple colorimeter:

� Hole in a sh utter

� Prism to disp erse white ligh t in to sp ectrum

� Com b-shap ed ap erture to manipulate sp ectrum

� Con v erging lens to recom bine sp ectrum

7

Newton’s exp erimen ts, con t. Newton de�ned t w o t yp es of ligh t: � Simple: Ligh t that cannot b e further disp ersed b y a prism (no w called mono c hromatic).

� Comp ound: Ligh t that can b e disp ersed.

He called the colors of simple ligh ts primaries.

[This term has man y other meanings to da y .]

8

Newton’s baro cen tric mo del

Newton

’s b ar c entric mo del (Wasserman, 2-1)

Newton prop osed a \baro cen tric mo del of color vision": � F actored out brigh tness

� Iden ti�ed the endp oin ts of the sp ectrum

� Placed white in the cen ter � Ga v e a qualitativ e mo del of ligh t mixture

Q: Wh y did Newton c ho ose sev en divisions, or \tones"? 9

Subtractiv e mixtures

Two examples of subtr active c olor mixtur e (Wasserman, 2-2)

Newton also c haracterized the di�erence b et w een additiv e and subtractiv e color mixtures.

Subtractiv e color mixtures:

� Due to selectiv e absorption b y pigmen ts. � Di�cult to c haracterize in general. 10

Additiv e mixtures

Newton p osed a fundamen tal question that to ok almost t w o cen turies to answ er: Q: Ho w man y primaries do es it tak e to pro duce a p erfect white?

A: (Newton) De�nitely more than 2; and 4 or 5 su�ce.

In 1852, Helmholtz answ ered a generalized form of this question:

Q: Ho w man y primaries do es it tak e to pro duce the entir e sp ectrum?

A: (Newton) 7.

A: (Y oung, 1802) 3.

A: (Helmholtz) 5.

11

T riv arian t mixtures

Il lustr ation of trivariant c olor mixing (Wasserman, 2-3)

In 1856, Maxw ell rescued the notion of triv arian t color mixing b y applying Newton’s baro cen tric mixing more rigorously . Q: Ho w man y primaries are required b y Maxw ell’s mo del?

Q: In what sense can three primaries pro duce all colors? 12

Maxw ell’s imaginary primaries

A c olor sp ac e asso ciate d with imaginary primaries

(Wasserman, 2-5)

Maxw ell observ ed that with three \imaginary" primaries, y ou no longer need to use one as a desaturan t. Q: But ho w do y ou select these imaginary primaries? (L ast 100 y ears dev oted to answ ering this.) 13

W righ t’s exp erimen ts In the late 20’s, W righ t found that the colors of all w a v elengths could b e repro duced with com binations of 3 primaries at 460, 530, and 650nm:

R elative luminanc es for metameric matches

(Wasserman, 3-3)

Q: Wh y is there a double p eak for the red primary?

Q: Supp ose y ou c hange the set of primaries. Is there a w a y to a v oid rep eating the exp erimen t? 14 T ransforming primaries T r ansforming primaries (Wasserman, 3-6)

A transformation of primaries can b e describ ed as a simple c hange of basis. . . . Giv en: Color X in the AB C system:

X = aA + bB + cC

Find: Color X in the D E F system:

X = dD + eE + f F 15

T ransforming primaries, con t. Solution: W rite A; B ; C in terms of D ; E ; F :

16

The X Y Z system

In 1931, the CIE (Commission In ternationale de l’Eclairage) adopted the X Y Z system, whic h has the follo wing prop erties:

� Ev ery color can b e made with p ositive com binations of primaries called X, Y, Z.

� The X; Y; Z primaries are imaginary .

17

The CIE color-matc hing functions

Here are the color-matc hing functions x; y ; z :

The c olor-matching functions (1.41)

Note: By design, the y curv e is just the \luminous e�ciency curv e." 18 Computing CIE co ordinates

The X ; Y ; Z co ordinates are computed b y: X = Z I (�)x(�)d� . . . F rom these, the c hromaticit y co ordinates x; y ; z are computed b y: x = X

X + Y + Z . . . Note: x; y ; z are all on the X + Y + Z = 1 plane. 19

The CIE c hromaticit y diagram

The CIE c hromaticit y diagram is the pro jection of the

X + Y + Z = 1 plane on to the (X ; Y ) plane:

The chr omaticity diagr am (1.42) Eac h p oin t of the diagram giv es a c hromaticit y v alue, whic h dep ends on:

� the \dominan t w a v elength" or \h ue" | red, y ello w, etc.;

� the \excitation purit y" or "saturation" | closeness to grey

. 20

The CIE diagram, con t.

The CIE diagr am (1.42)

� Dominant wavelengths go around the outside of the diagram.

� Excitation purity is giv en b y the ratio AC =B C , where

� C is white ligh t; � A is color b eing tested;

� B is extrap olation of C A to curv e | i.e., the dominan t w a v elength. 21

The CIE diagram, con t.

The CIE diagr am (1.42)

� \Complemen tary colors"

� Colors that can b e mixed to pro duce white ligh t. � Lie on opp osite sides of C .

� \Nonsp ectral colors"

� Lie on w edge that do es not pro ject to an y dominan t w a v elength.

� Reds, magen tas, purples 22

P erceptual uniformit y The X Y Z space is not p erceptually uniform:

A r e as of c onstant c olor (enlar ge d) (2.1)

23

P erceptually-uniform color spaces

Some p erceptually-uniform spaces include:

� L� u� v �

� L� a� b�

� \F arnsw orth’s non-linear transformation"

The �rst t w o of these in v olv e taking cub e ro ots, etc. F orm ulas for L� u� v � and L� a� b� in terms of X Y Z are giv en in [Glassner].

Main p oin t is that Euclidean distance is supp osed to w ork b etter in these spaces.

24

Other color spaces

Other color spaces commonly used in computer graphics include: � R GB | most natural for CR Ts � HSV | more in tuitiv e for users

� CMY | used for hardcop y � YIQ | used for TV broadcasting 25

R GB Y ou’re already familiar with this one:

Q: Where are the greys? 26 HSV A more in tuitiv e color space.

Think of sho w er con trols. . .

Most naturally represen ted b y a cone:

� \Hue" | red, y ello w, etc.

� \Saturation" | Distance from grey

� \V alue" | Distance from blac k Note : V alue is not p erceptually-based, so colors of the same v alue ma y ha v e sligh tly di�eren t brigh tnesses. 27

CMY A subtractiv e color space, used for prin ting. In v olv es three subtractiv e primaries:

� Cy an | subtracts red

� Magen ta | subtracts green � Y ello w | subtracts blue

Mixing t w o pigmen ts subtracts their opp osites from white.

Prin ters often use black ink rather than equal amoun ts of all three. 28

YIQ Used in TV broadcasting. Exploits useful prop erties of the visual system:

� Uses most bandwidth for Y , the luminance

� Exploits abilit y to judge relativ e luminance b etter than h ue and saturation c hanges

� Allo ws b&w TVs to just lo ok at Y c hannel

� I c hosen as ma jor axis of remaining visual color space

� Q is the remaining axis

� Relativ e bandwidth ratios are 8:3:1

29