Color Measurement

 Quantification of eye response
e Chromaticity diagram

« Spectrometers for color measurement
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Terminology

Radiometric Spectral Photometric
Power Spectral Density Luminous Flux
(Watts) (Watts-nm-?) (Lumens)

Irradiance Spectral Irradiance [lluminance
(W-m-2) (W-m-2-nm-1) (Lux=Lumens-m-?)
Radiant Intensity Spectral Intensity Luminous Intensity
(W-srl) (W-sri-nm1) (Candela=Lumens-sr?)
Radiance Luminance
(W-m-2-srl) (nit=Lumens-m-2 —sr?)
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Normalized Eye Response

1924 CIE Spectral Luminous Efficiency Function
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1931 and 1978 CIE Eye Sensitivity Functions
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Luminous Efficacy
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Fig. 16.8. Relation of maximum pos-
. " sible luminous efficacy (lumens per
o000k Pllanckian optical Watt) and chromaticity in the

i i — QTS CIE 1931 x, y chromaticity diagram

; J'“”“K, 1000K (adopted from MacAdam, 1950).
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RGB Color Matching

O % X
Color D Color ©
M = .

53 G20 & EE0nm7T00

0 420 460 500 B4D 630D
RGB Color-matching functions
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 View an arbitrary monochromatic color, D
* Mix monochromatic RGB colors to match
 RGB wavelengths: 435.8, 546.1, 700.0 nm
* Negative R values: R must be added to

color D to match with G,B. Then

D+R = G+B, or

D =G+B-R
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CIE Tristimulus Values

2.0 -
X=k|o)xr)da

) v A
" ro Y = k[ d()5(2)dA

JA
Z=k|dznyda,

0.0 74

350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 2 — CIE 1931 XYZ color matching functions.
Revised to eliminate negative values; RGB —» XYZ
d(L) = spectrum to be matched ; k=normalization eg. 683 Im/W
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Color Coordinate Transformation
e XYZ = linear comb. of RGB

* Colors exist in 3D space
* Project onto 2D plane by
demanding coordinates

X+y+z=1

RGB base vectors and color cube in XYZ

2D visualization for RG and XY
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Chromaticity Diagram
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X =
X+Y+Z

y = Y
X+Y+Z

o X=tristimulus value

X = color coordinate



Color Gamut

1.0
I
y
RGB ITU-R BT.709 pri i —
0.9 > Fleltjjsesﬁreen Blue pr‘:thailtr;es N * GamUt - range Of COIOrS
x 064 030 015 03127
25 y 033 060 0.06 023290 - -
08 30535 AdobeRGB(98) uses Red and Blue || ¢ Thls dISplay does nOt ShOW
54“545 like SRGB and Green like NTSC
07 550 CIE-RGB are the primaries for color ||
- matching tests: 700/546.1/435.8nm fuu ClE 1931 gamut

0.6 560
. bbb -

e Various standards shown
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0.5 sRGB _—
585 .
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1931 and 1976 Chromaticitv Diaarams
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a)C 31 (x, ¥ -omaticity diagr - T
(a) CIE 1931 (x, ¥) chromaticity diagram (b) CIE 1976 (u’,v") chromaticity diagram

» 1931: “MacAdams ellipses of uniform color are nonuniform
« 1976: u’, v’ derived from x,y to improve uniformity

1931 version seems to be preferred
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Correlated Color Temperature

(3 TR T
n%ﬁ
0

o CCT compares color to that

of a black body radiator
e CCT = value of closest point
on black body (Plankian) curve
e Standard illuminants, eg.
o [lluminant A (CCT 2856) ~ light bulb
e D65 ~ daylight, CCT 6504K
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Standard Hluminants

[Muminant A
(xx, ) = (0.4476, 0.4074)
(Incandescent source, 7= 2856 K)

0.8

0.7 Mluminant B

(x,y) = (0.3484,0.3516)

0.6 (Direct sunlight, 7= 4870 K)

[luminant C
(x,» = (0.3101,0.3162)

e (Overcast source, 7= 6770 K)

[uminant Dgs
S ; (x,» = (0.3128, 0.3292)
“““““ =DgsAn | o e — (Daylight, 7= 6500 K)

£ !

_-==""_410000K ¢

-
\ . -
A

[Mluminant E (equal-energy point)
(x,») = (0.3333, 0.3333)

y - chromaticity coordinate
=
o

2 ; oy :
0 Fig. 18.3. Chromaticity dia-
480nm' Location of planckian gram showing |?Ia|1ckia]1 lo-
0.1 ' black-body radiators cus, the standardized white I1-
- igg Em (planckian locus) luminants A, B, C, Dgs. and
0.0 i A N T N T NN S N E. and their color temperature

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 (after CIE, 1978).
x - chromaticity coordinate
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Relative Power

Spring 2010
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Plankian Locus In (u’,v’) Diagram
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490n 8000K y
0’4 /J |
E /’ [ Fig. 18.4. CIE 1976 (u', v")
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g AR gram calculated using the
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5 0.2 /" CIE 1976 server and planckian lo-
*é AR ol s cus.
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= || L y | chromaticity
j} b 460 nm\Q / diagram
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Chromaticity coordinate y (-)

CCT In (u’,v’) coordinates

dodi YTTr 1T 11 "/r° T Y A N
A E YN | Plancki
wergl a g 5 s & locus
L o W wy -+ =) éb
0.40 o 4
o [ @4" éi( i Fig. 18.5. Lines of constant correlated
i ! ~ ﬁ? i color temperature in the (x, y) chro-
036 - C‘-’jw . maticity diagram. Whereas the corre-
0.34 L © ] leted color temperature follows from
= E ] the minimum distance to the planck-
0.32 - . ian in the (u’, v*) diagram, this is not
0.30 Ty AW by . ] the case in the (x,y) diagram (after

03 032 034 036 038 04 042 044 046 Duggal, 2004).
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Color

Difference in 3D (u’,V’,L) space

Color
‘ % difference 0.6 : _
£ ' N 0.5 -
= v'- chromaticity d — =5 —
o coordinate 4 e = —
2 03" L R
< 0.2 . = s Fig. 19.7. Illustration of color dif-
| e j/’ - ference in a three-dimensional
0.L" 4 T = e = :
. _ ;,rf L e color space consisting of the hori-
e — zontal chromaticity plane and the
0.1 02 0.3 0.4 0.5 0.6 vertical brightness/lightness axis.
u' - chromaticity coordinate
wwwy, Lightf I org
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Color Rendering Index

AL*1=_100 * Yet another color space related to
(white)
RGB, defined by axes L*, a*, b*

ellowish
¥ b*

greenish ]
€ * Difference AE,, between colors:
. > reddish
* * 2 * 2 * 2
e AE"w = (AL f +(aa"f +(ab")
blueish .
L*=0 CRI, =100—-4.6AE
(black)
where i refers to some standard,
Figure 4 — CIELAB color space.
eg. D65
Spring 2010 Mat 288S Optoelectronic 18

Measurements



Color Difference in (u’,v’) coordinates

520 530 540 ~Planckian locus

Chromatmtt_y of object — ]
when illuminated with |
reference light snurqe ﬁ680nm

T
— ]R;ference — -
! I s__ource_ P
ST\ I s

Chmmatlclty Uf{}b_]ect Fig. 19.6. Chromaticity differ-
when illuminated with ence resulting from the illumi-

e hghs.ozume. nation of an object with a ref-
' erence and a test light source.
In the CIE 1976 #', v' uniform
chromaticity diagram, the
color difference is directly
| I proportional to the geometric
CIE 1976 distance. The reference light

~ light source |

- 470 nmY | «.v' uniform source is located on the
0.1 chromaticity planckian locus at the corre-

v'- chromaticity coordinate
=
[

d?agrgm lated color temperature of the

test light source.

0.0 0.1 0.2 0.3 0.4 0.5 0.6

u' - chromaticity coordinate ling Diog imbridge
www. LightEmittingDiodes.org
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CRI Test Method

Test Method

[edit]

The CRIis calculated by comparing the color rendering of the test source to that of a "perfect” source which is a black body radiator for sources with correlated color ternperatures under
5000 K, and a phase of daylight otherwise (e.g. DBS). Chromatic adaptation should be performed so that like quantities are compared. Specified in (Mickerson & Jerarme 1965) and
republished in (CIE 1995), the Test Method (also called Test Sample Method or Test Color Method) needs only colorimetric, rather than spectrophotometric, information.

1.
2.

[ o T s |

1

Using the 2° standard observer, find the chromaticity co-ordinates of the test source in the CIE 1960 color space.[
Determine the correlated color termperature (CCT) of the test source by finding the closest point to the Planckian locus on the (v
chromaticity diagram.

. lfthe test source has a CCT<5000 W, use a black body for reference, otherwise use CIE standard illuminant D. Both sources should

have the same CCT.

. Ensgure that the chromaticity distance (DC) of the test source to the Planckian locus is under 5. 4=107% in the CIE 1960 UCS. This

ensures the meaningfulness of the result, as the CRIis only defined for light sources that are approximately white. &

DC = ‘ﬁ‘u.v = \/(ur - ut)g + ('U,— - UE)Z

. lluminate the first eight standard samples, from the fifteen listed below, alternately using both sources.

. Usging the 2° standard observer, find the chromaticity co-ordinates of the light reflected by each sample in the CIE 1954 calor space.
. Chramatically adapt each sample by a von Kries transform.

. For each sample, calculate the Euclidean distance A&y between the pair of co-ordinates.

. Calculate the special {i.e., particular) CRI using the formula & = 100 — 4.6 A8 FIF]

. Find the general CRI (Ra) by calculating the arithmetic mean of the special CRIs.

Maote that the last three steps are equivalent to finding the mean color difference, &E‘va and usging that to calculate &g
Rﬂ == 100 — 4.6&.5“[}1:;1;

Chromatic adaptation [edit]

(CIE 1995) uses this von Kries chromatic transform equation to find the corresponding color (W v ;) for sample i;

Ve i

Upi =

10.872 + 0.404(c, /e )ces — A(dy/dy)dy
16518 + 1A8L(c,/ce)ceq — (dy/de)des
5.520
16.518 + 1.481(¢, /e )eri — (dy/dy)ds s

c= (4.0 —u—10.0v) /v
d= (1.708v — 1.481u + 0.404) /v

where subscripts rand t refer to reference and test light sources, respectively.
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CIE 1960 UCS . Planckisn locus snd &

co-ordinates of several iluminants shaven in
illustration helow:.

(,%) chromaticity disgram with several &3

CIE illuminants.
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CIE Test Colors for CRI

Name Appr. Munsell Appearance under daylight| Swatch 0.8

TCE017 5 R BA
TCS02|5 Y B
TCS03 |5 GY B/
TCE04 125 G RE
TCE05 10 B BA
TC=06 5 FBE BES
TCS07 1256 P BA
TCS08 10 P B
TCS0R 45 R 413
TCE10(5 ¥ 80
TCS11 |45 G548
TCE1213 PBE 3411
TCE13 5 ¥R B4
TCS14 16 GY 444
TCS151 YR EA
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Dark greyish yellow
Strong yellow green
hoderate yellowish green
Light bluish green
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Light reddish purple
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Asian skin
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Credits

. and associated links

* Ohno, Y., CIE Fundamentals for Color Measurement

IS&T NIP16 Conference, VVancouver, Canada, Oct 160-20, 2000
e Hoffmann, G., CIE Color Space

Spring 2010 Mat 288S Optoelectronic
Measurements

22


http://www.ecse.rpi.edu/~schubert/Light-Emitting-Diodes-dot-org
http://en.wikipedia.org/wiki/Colorimetry
http://en.wikipedia.org/wiki/Color_rendering_index
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