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Figure 1: Reflectance function of an aspen leaf and a petGlask et al., 2003.
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Color Vision

Thel,M,Scone responses to colorare the in-
ner products of the spectral distribution of color
C and the threeone spectral sensitivity func-
tions:

c(C) = [ SR
n(C) = [ SaAICH)AA
(C) = [ SMCAAA



Metamers

Two spectral distributions; andC’, such that
[sacmdr = [sACHdr
[ SChdr = [ SaC(A)dA
[sMemdr = [ s

will be perceived to be the same color by a hu-
man observer. Such colors are termaatiamers.



2.5

15

0.5

350 400 450 500 550 600 650 700 750

Figure 2: Cone spectral sensitivity functioBgA ), Sn(A), andSs(A). Stiles and Burch, 1955.



Color Vision (contd.)

Figure 3: Thd_,M, Scone responses to col@,



Linearity

If the M cone response to a light sourceis
CalLa) = [ Su(M)La(h)dA

and to a lightsourcés is
CalL2) = [ Su(M)L2(h)dA

then (by linearity) theM cone response to a
mixture of two light sources;L;+ ;Lo IS

Cm(Vil:+Wolo) =

Vi [ S LA+ vz [ SiA)L(A)AA
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Figure 4: The_,M, Scone respones to col@rcan be matched by a weighted sum of three linearly
independent source distributions.



Color Matching

The color,C, can be matched by a mixture of
three light sources with linearly independent spec-
tral distributions,L;, Ly, andLy by solving the
following linear system for the appropriate color
mixtures,v;, Vg, andvy:

Cy nn mfg Myp

Cn | =Vr | My | Vg | Mg | Vo | Mo

| Gs | My | My | My
wheremJ = fS( J)Lj(A)dA. Written sllghty

differently,

My Myg Myy Vi Cy

My mmg Mo Vg — | Cm

My My Mgy | [ Vb | | Cs
we see that

v=M"lc



Pure Sources

Things are simpler when pure sources are used:

Li(A) = O(A—Ar)
Lg(A) = 3(A—Ag)
Lo(A) = O(A —Ap).
The CIE standard primary sources ake =

700 nm,Ag = 5461 nm, A\, = 4358 nm. The
color matching equations become:

My Myg Myy Vi Cy
My Mg M Vg | = | Cm
My My My | |V Cs

wherem; = [ S(A)d(A —-)\j)-d)\ :_S ():,-).

LCommission Internationale de L'Eclairage.
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Figure 5: TheL, M, S cone respones to col@ can be matched by a weighted sum of three pure
source distributions.



Metamers (contd.)

Consider three functionS,, §,, and$; related
to the cone spectral sensitivity functio8s S,
andS; as follows:

i S(()\) ] ) Ayx aﬁy dyz 171 Sé()\) |
SA) | = | @ amy amz | | Sn(A)
_Sz()\)_ | dsx Agy Ay | _Ss()\)_

We will show thatC andC’ will be metamers
with respect tdy, Sy, andSsif they are metamers
with respect td5,, S, andsS,.



Metamers (contd.)

If C andC’ are metamers with respect$p S,
andS, then

/ S(ACA)DA = / S(A)C/(A)dA
/ S(MCA)dA = / S,(A)C’(A)dA
/ S(A)CA)dA = / S,(A)C’(A)dA.

It follows that

> & / Si(A)C(A)dA =

je{xy.z}

> & / S;(A)C'(A)dA.

je{xy.z}



Metamers (contd.)

Rearranging things a bit we see that

/ T a;S(\) | CA)dA =
|jeixy.z}

/ T &S\ [C/\dA.
_jE{X,y,Z}
Now, because

S(N) = anSdA) +ayS/(A) +-aS,(A)

it follows that
/ S(MCA)A = / S(A\C (VA

Similar arguments apply t&,, andS;. Conse-
guently,C andC’ are metamers with respect to

S, Sy, andS.




Color Matching Functions

e |t follows that it is possible to do color match-
Ing with any three functions related to the
actual cone spectral sensitivity functions by
a linear transformation.

¢ Suitable functions were first deduced empir-
ically by Wright in 1929 and adopted by the
CIE as a standard in 1931.



Color Matching Function Deduction

Given six pure sources at wavelengthg, A,
the values of three color matching functidgs

S, andS,, can be deduced at these six wave-
lengths by repeatedly performing a simple color
matching task:

e Randomly choose; (Ci), v2(C), andvs(G).

e Adjustv,(C/), v5(C/), andvg(C') until C/ has
the same appearance@s



Color Matching Function Deduction (contd.)

This yields three linear equations and eighteen
unknowns:

Sc(A1) S(A2) S(As) | | va(G)

S(AM1) S(A2) S(Aa) | | v2(Ci)
S(A1) S(A2) S(As) | | vs(C)

 Sd(Aa) SdAs) SdPe) | [ va(C)

S(A1) §(As) S(Ae) | | Vs(C)
S(A1) S(As) S(Ae) | | Ve(C) |

Repeating the color matching task six times yields
a system of eighteen equations and eighteen un-
kowns which can be solved by Gaussian elimi-
nation.
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Figure 6: CIE 1931 color matching functioBgA),S,(A), andS;(A). Wright, 1929.
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Tristimulus Values

Thetristimulus values for color C are the inner
products of the spectral distribution of color
and the three CIE 1931 color matching func-
tions:

X(C) = / S(MCOV)dA
Y(C) = / S,(M\C(A)dA
Z(C) = / S,(MC(V)dA.

The tristimulus values for white ar&(W) =
YW)=2W)=1.



Chromaticities

Thechromaticities for colorC are computed by
normalizing the tristimulus values by their sum:

X(C)

XC) = e v©e) Tz
_ Y(C)

Y€)= X©) TV (©) +Z(C)
_ Z(C)

2AC) = X © 1Y (©) 1 Z©)

Since the chromaticities for any coldt, al-
ways sum to onex(C) +y(C) +z(C) = 1, only
two of the three chromaticities,g., X andy, are
Independent. Plotting the set of visible colors In
X andy coordinates results in thehromaticity
diagram.



Hue, Saturation and Intensity

Another useful coordinate system is HSI, where
HSI stand forhue, saturation, andintensity.

e Hue is an angular quantity which correlates
closely with wavelength. For example, as
hue varies betweert @nd 360, the perceived
colors move through the visible spectrum,
l.e,, red — orange— vyellow — green—
blue — Indigo — violet — red.

e Saturation represents the purity of a color,
I.e., the absence of white. For example, red
IS more saturated than pink.

e Intensity is a measure of the overall bright-
ness. Black is zero intensity.
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Figure 7: Chromaticity diagram. CIE, 1931.
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Figure 8: Converting from RGB to HSI.



Hue, Saturation and Intensity (contd.)

The following equations allow us to convert from
RGB coordinates to HSI coordinates:

3[(R-—G)+(R—B)]

0=-cos?
_\/(R—G)2+ (R—B)(G— B)_
o 0 if G>B,
| 2m—6 otherwise.
3 .
— 1_
S R+G+Bmm(R’G’B)

| = R+G+B



Hue, Saturation and Intensity (contd.)

The following equations allow us to convert from
HSI coordinates back to RGB coordinates. For
0°<H <120:

o _ | [ Scos(H) ]
V3 COS(GOO—H)
G = \@ ~R-B
B = \ﬁu—S)
For 120 < H < 240
I
R = %(1—5)
G — I Scos(H —120)

\@, 005(180>—H)
B=+V3-R-G



Hue, Saturation and Intensity (contd.)

For 240 < H < 360:

R = \@l ~G-B
G = ﬁ(l—S)
I Scos(H — 240)

B=—|1
V3 " cog 300 —H)




