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Abstract: In this work, the method of the ISO Guide to the Expression of uncertainty in measurement
are applied to derive analytical expressions for uncertainty in u, v (CIE 1960 uniform chromaticity
scale coordinates ); w*,u*,v* (CIE 1964 uniform chromaticity color space coordinates); color shift,
special color rendering (R;) and at last the general color rendering (R,). The results of calculation
show that the uncertainty in (u, v) is the lowest one which the highest is that for R,, One example
is given for calibration of incandescent lamp (100 watt). An uncertainty in general color rendering
index for which has been obtained as a fraction of unit. The spectral irradiance of the lamp has been
measured using spectroradiometer, the maximum error of which within the spectral range (380-780)
is 47 %.
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INTRODUCTION

Experience has shown that the value of the color rendering index (CRI) may be influenced by the
following factors:

The spectrum range (e.g. 400-700nm, 380-780nm, 360-830nm). A spectrum range 380-780 nm will provide
adequate results

Spectral interval of 10 nm have been shown to be satisfactory for fluorescent lamps, but intervals of
almost 5nm are recommended for use in the case of metal halide lamps

The most significant factor which affects the value of (CRI) is the precise determination of the spectral
power distribution of the light sources

In this work attention has been paid to determine the uncertainty of (CRI) according to such factor.

The ISO Guide (International Organization for Standard, 1993) describes consistent method by which
uncertainties of measurement are to be calculated. Color rendering index usually estimated according to the
CIE method (CIE, 1964). Here we determine the uncertainty of (CRI) from spectral irradiance measurements
by calculation of the value of the color rendering index, and hence its standard uncertainty which should also
be calculated by the ISO method. The calculation is complex as the relation between the color rendering and
chromaticity coordinates is a complex one, and the coordinates themselves are based on experimentally
determined response functions and which are also correlated.

Following a brief outline of color measurement this paper derives expression from which the standard
uncertainty of (CRI) may be determined. One example of source is considered, calculating the uncertainty in
(CRI) in terms of a constant relative uncertainty in relative spectral irradiance.

The derivation of the special and hence the general color rendering indices shall be based on a general
comparison of length of color difference vectors in the CIE 1964 uniform color space ( CIE,1964 )

MATERIALS AND METHODS

Sequence of derivations must be carried out to derive the uncertainty in color rendering measurement
according to C.L.E publication (Gardner,2000) one must carry out the derivation of the uncertainties in (u, v);
(uniform chromaticity scale coordinate )

(u', v, w") (C.LE 1964 uniform color space coordinate); AE (the resultant color shift), R, special color
rendering and finally R, (the general color rendering).

2-CIE 1960 (u, v) coordinates for any light sources or colored objects are defined as ( C.LLE,1960).

Uy = 4X, /(X + ]5Yk,i + 3Zk,i) (1)
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Vii = 06X, / (X + 15Y,, + 32,;) (2)

Where X ;.Y ,; and Z ,, are the tristimulus response values founded by convolving the color-matching
functions (Casimer,1997) showing in Fig .1. with spectral irradiance distribution of the source or the spectral
distribution of the light reflected from the object.

According to the ISO guide, the standard uncertainty in U(u) and U/(v) are given in terms of the
uncertainty in irradiance as follows(Gardner and Frenkel,1999) and (Gardner,2000).
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Fig. 1: the CIE color matching functions

()= (u—42)ZUj(EM)xj+u2[2252U3(E%,,)y§+9ZU3(EMJ.)Z,%]+ A/
o 30u(u—4)ZUf(El’k’i)xlyﬂ+6u(u—4)ZUf(EM’i)xlzl+90uZZUf(EM’i)ylzﬁ.
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And similarly
1
0. ()= 9(5v—22)ZUf(ELk’,.)yﬁ+v2[ZUf(EMJ)x§+9ZUCZ(EMJ.)Z§]+ A/
o 6v(5v=2) Y U (E, ) x,0, 6V D U (E,y ) x,z, +18v(5v=2) Y U (E,, ),z
(X B, +150E, v, +3) E, .7, )

Where E,;; is the reflected irradiance of the sample (k,i) and x,y and z are the color matching function
at wavelength A.

In this work we use the suffices r and k to indicate that the parameters X,Y, Z, u and v are related to the
reference illuminant and test lamp respectively. Also the suffices (7,7) and (i,k) to indicate that such parameters
related to the i Munsell sample illuminated by the reference and tested sources respectively.

3-Consideration of Adaptive Color Shift(Meshkove,1981):

To account for the adaptive color shift due to the different state of chromatic adaptation under the lamp
to be tested k and the reference illuminant r, there are formula which can be applied to obtain the values of
the chromaticity coordinates U,,, V', of a test color i" sample after consideration of the adaptive color shift
obtained by moving the light sources to be tested to the reference illuminant, i,e U, = U,, V', =V..

However, if the chromaticity difference between the lamp to be tested and the reference illuminant ( c)
< 1.107 > 54* 107, then according to the table (5)(C.LE,1964) the diference between (u',,, u;,) and (V'y;, v;.))
can be neglected.
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4- Transformation into C.i.e 1964 Uniform Color Space Coordinates(C.1.E,1964):
Colorimetric data must be transformed into C.ILE uniform color space coordinates by using the following
formula:

W:,,- 225(1/,,,-)1/3—17; WZ,,- :25(Yk_,')1/3_17
U, =13w,(U,,~U,) Uy, =13w,,(U,,-U,) 6)
U:,i :l3W:,i(Vr,i _Vr) Vk*t :13W;=i(Vkai _Vr)

The values Y,; and Y,; must be normalized so that

Y, =Y, =100 . . .
According to the ISO method the uncertainty of the three variable VVk ; U v; and V,”. can be given
by the following formula

. \2
ow, ,
Uz (we,)= aY,: Uz (., (©)
As (Yk,) = ;Elk,[ V= ;Elk,[ "V (7

Considering the concept of relative uncertainty U B (E Ak i)) =a-FE axi (Where a is a constant).
Then we have

Ucz (Ykz) = UCZ(EM,I' )yi = Zaz 'E/li,i 'ylf,i = azykz’i ®)
7
UCZZ(E/Lk,i 'yl) - ZUCZ (E/l,k,i)'yﬁ = ZazE;,k,i 'yﬁ =a’Y’

2
Uz (w,) =(§) (%, )% o ©)

U2 (), )= (13w, YU (U )+ {13 ()} U2 Lw;,jﬁu

1

. (10)

Ou, ; Ou,,
Wy Uy aw:i GUZ, Uc( kz)'Uc (ukz)
Where
ou,
aw:,, =13w(u,w uk)
T

ow,, Ou,, ou, ’ ou, , ’
L :;%—LaE#Uf (E,l,k,i)/ ;[aE—k] .Uf (Ez,k,,-) ;[GE—I(] Uf (Ez,k,;) (11)

Adei OE ki Ak A
ow, _

ki EYA ) 7 y,

OoE, .. 3
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Oty

oF = (43% _uk,it/l)/ZEﬂ,,k,itl
Ak

Where 7, =x, +15y, +3z

Similarly

Ucz (Vk*t) = (13W;,i )2 Ucz (Vk,i)+ {13(vk,i Vi )}2 Uf (WZ,i)+

ov, " v, ” (12)
We,iVii Wkk,z?kk,; ’ UL’ (Wk:i )U‘ (vk”')

Where

o

8:1/]:; :13W(Vk,, vk)

M 13y,

ov,, i

2 2
_ awk,,' avk,i avk,i . aVlc,i
B, = ;—OEM(J —@EM”. Uf (El,k,i)/ ; a—ELk’i U: (Eﬂ,,k,i) ; aE_/M’i Uf (Ez,k,i) (13)
oV

aE)_,k,,' = (6)/,1 _Vti)/zEA,k,iti

6-the Determination of the Resultant Color Shift:

To calculate the difference between the perceived color of a test color sample illuminated by the light
source to be tested k and that of the same sample illuminated by the reference illuminant » and considering
the above mentioned condition

¢ =1.1*107 the C.LLE 1964 color difference formula [1] shall be used.

* x \2 * + \2 * x \2
AE,; = \/(ur,i - ”k,i) + (vr,i - Vk,i) + (Wr,i - Wk,i) (14)

Where w,; =25(Y,)""-17 .and. .w,, =25(Y,)"*-17
7-calculation of the Color Rendering Indices:

The special color rendering index R £,i based on E £,i obtained from the formula (15) for any individual
test color sample, is to be derived by the use of the following formula:

R, = 100- 4.6 E,; (15)

The general color rendering index R, is to be derived as the arithmetic mean of the eight special color
rendering indices Rk,i for the C.I.LE /Tc 32 test color samples No., 1....8
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R,==> R, (16)

8-uncertainty in the Determination of Color Rendering Indices:
From equation (15) & (16) the uncertainty in determination of R, equals the arithmetic means of the
uncertainties of the 8 uncertainties of Rk,i for the Munsell samples. From equation (15) Rk,i depends on E ki

. . . . * * *
which in its turn depends on the three variables u, ; , V,, and W,

Then applying the ISO method, the standard uncertainty of Ek,i can be given by

2
3 OAE, .
Uc2 (AEk,i) = au;’ Ucz (”k,i)
OAE,, ) 0AE, Y

+ W:ﬁl Ucz (Vz,i)+ awzl:l Ucz (WZ,I-)

OAE, ; OAE,, . .
+| 2r,, au,t]i . av,ti c(uk,i)Uc (vk‘,.) (7)

. .OAE,, OAE,, . . :
+| 2ru w VI{V{IUC (le’i)Uc (Wk,i)

. «OAE, ; OAE,, . .
+| 2rv w au,jli .Vinc(vk’i)Uc(wk’i)
Putting ¢/ :(“:,i_”;i )2 +(v:,i—v;l. )2 +(w:’i—w;l. )2 (18)

Then we have

6AEU(J = (”Z,i _”:,i)/\/;'

8u;i
8AEZ,/{,1' * * '

OAE, , . . .
o,

The correlation factors can be given by the following formulae

2 2

ou oV ou’ 0
ru*,v* = Z ‘ ‘ U; (Eﬂ,k,i)/ Z 8Eu Uf (E/l,k,i) OEL Uc2 (Eﬂ,k,i)
Aok, Aok,

aE')p,k,i aE'/l,k,i ‘
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3 ou’  ow ou 2
Pow = Z aE/l,k,; aELk,i U. (Ezkz)/ Z aEﬂ,k,i U, (Eﬂ,k»i)

ov )
2|2 (e.0)
2
ow' )
aEJ/"L,I{ i 8E‘/i,k,i UC (E;V’k’i)

o' ow o'
r"*’w* - Z 5E/1,k,i 8E,1,k,i Uc2 (Ei’k’i)/ Z p Uf (El’k'i)

From equations ( 5 ) we have.
u =13w (u—u,)

5

ou =13 (Uk ;U ) o +13w —auk’i - —auk
aEﬂ.,k,i ’ aE'ﬂv,k,i aE'Z.,k,i aE&,k,i
Similarly

* * . a )

O 13(vy, v ) 13w | i P
aEi,k,i ’ aE/i,k,i az;ﬂv,k,i aE/l,k,i

o =13(w,, —w,) o +13w" Oy oW
aE'Z.,k,i H ‘ aE‘ﬂ»,k,i aE‘ﬂ»,k,i aE‘/i,k,i

From equation (15) the uncertainty in special color rendering
U,(R,,)=4.6xU(AE,,)

Then the uncertainty in general color rendering
8
UR)= KD UAR,,)
i1

9-Sequence of Calculation:
1- Calci\ulation of X.Y.Z and hence u,v coordinates for the tested source
2- Calculate the X,Y,and Z for Munsell sample

(20

@n

(22)

(23)

24)

(25)

3- Calculating the chromaticity coordinates (u,;, v;;) for the Munsell samples illuminants by the tested

lamp

4- The chromaticity coordinates (u,; v,,;) for the Munsell sample illuminated by the reference illuminant

can be given from table ( 4 )in[ 1 ]

5-Calculate the uncertainty of u,; ,v,; using equations ( 1 ) and ( 2)

6- Calculating ", , v,;’and w",, for the Munsell samples using Equation
7-Calculate the uncertainties of u",; , V', and w’,

(5)

8- Calculating the uncertainties u,; ,v,; and , ; using equations ( 3 ), ( 4 )and ( 6).
Then according to equations (17) and (24) calculating the U, ( E,;) and hence U/(R,;) from equation (24).
The uncertainty of R, from equation (25) is the arithmetic mean of R; for the eight Munsell samples.

RESULTS AND DISCUSSION

-In this work we apply the above mentioned method to obtain the uncertainty in the general color
rendering index for an incandescent lamp (100 watt) using Spectroradiometer for which the maximum error

in irradiance measurement with the spectral range (380-780) is 4.7 %.
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The reference illuminant is selected to be the absolute radiator at color temperature 2650 K from C.LLE
publication its chromaticity coordinates U, = 0.2671, V, = 0.3522. Then the chromaticity difference between
the reference and test illuminant is found to be 3*10™. Then we can apply the approximation mentioned before
ie. Uy, = U, and V, = V,, . Also the values of U",,, V', and W,, have been obtained from reference [1]
The results of calculations are represented as follows

Table (1) illustrates the tristimuls values of tested source

Table (2) illustrates the (X, Y, Z) of Munsell samples

Table (3) illustrates the uncertainty in (u, v,)

Table (4) Chromaticity coordinates (u”, v', w” of Munsell's samples and their uncertainties under tested
source.

Table (5) uncertainties of color shifts, special color rendering and general color rendering (1964 system)
of Munsell's samples and its uncertainties under tested source.

2-Expression has been given for the uncertainty in measuring general color rendering Index measurement
according to method of the ISO guide. Achieve such expression a sequence of derivation, the uncertainties in

(U 5V, 1), (uZ i,v,t i WZ ;) coordinates, the color shift AE and hence the special color rendering R; for each

Munsell's samples have been obtained. One cane notice that the values of the uncertainties rise from step to
the other when transfer.

The uncertainty of R, "the general color rendering" is the arithmetic mean of the uncertainties in special
color rendering indices for the eight Munsell's samples. The result of uncertainty of Rais a fraction of the unit
of measuring R,

Table 1: Traistimulus values of tested source
Source X, Y, Z,
Incandescent 100 Watt 112.9715 100.000 30.237

Table 2: Traistimulus values of Munsell's samples under tested source
Sample X,

Y, Z

ki ki ki
1 43.965 33.141 6.759
2 36.582 30.764 4.422
3 30.462 30.392 3.161
4 23.138 26.595 6.636
5 23.138 27.764 11.471
6 28.120 26.929 15.804
7 38.106 29.932 14.004
8 48.222 34.337 12.042
Table.3: Chromaticity coordinates of Munsell's samples and its uncertainties under tested source.
Sample U, V. U.(u,) U.(v.)
1 0313 0.354 0.00092 0.00008
2 0.286 0.361 0.00009 0.00096
3 0.246 0.368 0.00016 0.00009
4 0.209 0.361 0.00004 0.00082
5 0.209 0.349 0.00012 0.00002
6 0.235 0.337 0.00111 0.00012
7 0.288 0.339 0.00007 0.00002
8 0.322 0.344 0.00008 0.00015
Table 4: Chromaticity coordinates (1964 system) of Munsell's samples and its uncertainties under tested source.
Sample U, v w, U. (U,) U. (v',) Umw',)
1 35.817 1.046 63.302 0.259 0.026 1.077
2 12.822 6.713 61.335 0.731 0.774 1.044
3 -19.773 12.277 61.018 0.141 0.110 1.015
4 -46.022 5.922 57.624 0.197 0.632 0.995
5 -46.022 -3.531 58.701 0.187 0.032 1.009
6 -26.697 -13.425 57.934 0.831 0.141 0.998
7 14.374 -11.699 60.622 0.095 0.055 1.034
8 43.580 -8.363 64.257 0.226 0.134 1.082

Table 5: Uncertainty of color shifts, special color rendering and general color rendering (1964 system) of munsell's samples and its
uncertainties under tested source.

Sample 1 2 3 4 5 6 7 8

U* (AE) 0.046 0.774 0.018 -0.385 0.029 0.558 0.003 0.011
U* (Ri) 0.212 3.559 0.084 -1.772 0.134 2.569 0.016 0.051
U*(Ra) 0.607
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Conclusion:

The lowest value of the uncertainties is that of the (u,v). While the highest one is the uncertainty of R,.
The uncertainty of R, is a fraction of unit which is reasonable since the value of R, for incandescent lamp near
100.
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