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I. Introduction _

The only way to‘mgz color of cathode ray tube screens used at
present 1s in the form of spectrophotometric curves. This is a etriotly
physicel method end such curves have no direot relation to an observer's
eye. Another method, used in production scontrol, is comperison of soreen
color with a sample, which may be either a standard screen tube .or a ught.
source with appropriete filter. This is a purely phychological method dee

ponding on an individual visual response; results cannot be expressed

~adequately in numerical terms.

4 third method, "Tristimulus Colorimetry® is proposed in this deta

folder. This method expresses ocolor in torms of the response of the

normel observer as defined by the International Commission on Illuminetion

(1. C. I.) in 1931, It permits exprossion of physically messured deta in

~ph§'ohologicany significant numerical terms.

The Cqmmitteo on Colorimetry of the American Opticsl Society is
ot present issuing o "Report on Colorimetry®. Chapter VII (see
Jl. Opt. Soc. Am. 34, 633, 1944) contains numorous definitions, tebles
grapha, end references relating to quantitative colorimetry by the
I. C. I. system.
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The method and its applicetion to surfece colors and color
filtere is also described in “Handbook of Colorimetry* (llassachusetts
Institute of Technology Press, 1936) end in "Fhotoelectric
Tristimulus Colorimetry with Three Filters® (R. S. Hunter; -

National Bureau of Standards Circular C429, 1942). The latter
contains @ complete bibliography of thc subjeot.

The system is used {or measurement of color and specification
of tolerances in flucrescent lamps (see for instance B. T, Barnes,
Jlo Opt. Soc. Am. &. “8. 1939% QW\WM‘Q/WV”._L@_ ,-’37" 'ﬁqz‘

The I. C. I. system is based on the fact that light of any given
color can be produced by mixing red, green and blue light of suiteble
character in the correct péoportionl. The relative amounts of these
, throosooloro required to match visually rediant energy of the various
wavelengths are called the X, y and 3 stimuli. The y occefficients
are the I. C. I. standard visibility factors (eye response function).

Integration of the speotral radiant flux of a source (E;{). multiplied
by theéo respective distribution coefficlents give

%

(1) X2 'xEB d,

(2) Y= /yB dn

) (3) g = % Ej_' d/\.

/
X, ¥, and 2 are known as the tristimulus values of the source in question,

whore Y serves as & brightness characteristic.

The characteristics of color apart from its brightness are known as
its chromaticity and can be represented by a peint in a two-coordinate
system (chromaticity diagrem). Its coordinstes, known es trichromaetic
coefficients cen be obteined from this tristimulus volues by a aimple
transformetion. !

Tolerances of color are specified by marking a region of the chrometicity

dlagram within which e sample point must }1e,
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'I'here.am two methods for determining tristimulus vel ues.

From thoe spectrophotometric curves by rathematioal integration
according to equations (1), (2) and (35.

This integration can be porformed autometically end withou®
knowledge of the spectrophotometric curves by moasuring the
respense of & phototube or photocell through § red, green and

blue filter of suitable spectrel transmission. The thrée readings
correspond approximetely to the tristimulus velues.

This date folder discusses the theoretical besis of the I. C. I.

systom in some detail and describes the calculation of factors for

a three filter system.

e are at present collecting data on color of cathode ray tubes,

usmg both methods, with the aim of determining the necessery degree of

ecouracy of measurements end of setting tolerances in a chromaticity

diagrom, especielly for whito television tubos.

(1)

IT. Generel Discussion.of Methods of Color. Spesificatien,
There are three methods of specifying color:
In_terms of spectrophotometric curves. The relative energy distribution
over the spectrum gives a cohplete picture of color in & physical
sense, but has no comnection with an observer since the sye parcebives
only the integral of :he energy over the wavelength range. Familiarity
vwith spectrophotometric curves mekes it possible to predict color

approximately from the shape of the ocurves, but they do not represent

a usenble system of specification of tolerances (see page 5 e
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These systems consist in a
logicel arrangemént and numbering of color samples according %o
brightness, hue, and saturetion.
Brightness is that attribute of color which serves

to classify it as equivalent in visusl stimulus to some

member of a series of grays raanging from black to white.

Hug is that attribute which permits it to be classed

as red, green, etc. Sgturation (or strength, purity) is

that attribute which determines its difference {rom a
gray of the same brightness.

(3) In torms of tristimulus velues. A normel observer can duplicate
the effect of any oolor stimnlus by mixing 1tght from three suitable
color sources (primary stimuli), for instence a red, & blus end & sFeon.
A tristimulus designation for an unknown color connilﬁa of the
anounts of three primary stimuli required to produce a color maton
for it. Since there are differences between individusl observers,
& proup of selected observers was chosen to detormine certain basioc
color mixture data, In 1931 the Internationel Commission of Illumination
(1. C..I.) used these data to define a Standard Qbserve
detcermining the relativé amounts of three primary stimuli required by
such an observer to color match & unit quantity of radiant energy
at any jart of the spootrum. These stinmull as functions of wavelengths
are given in sbridged form in Table I and in Fig. I. They are used '
in conjunction with spectrophotometric data to compute for any test
semple the average tristimulus values that would have been observed

by the seleoted observers. (See pageG e
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I1IX. Color 8 fice thode b

Spegtrophotometris curves are used widely to designate color of

C. R, T. soreens. These give a compleote specification for a screeng
that is, two sorcems with the same spectral distribution curve
heve, of course, the same color, However, two soreens with widely
differont curves do not ppgossarily have different colors as perceived
by t%ae eye. This is specially 1npo;tnnt in white television tubes.
At prosont all white emitting phosphors are mixtures of two or more
complomentary colors (see Page 10) like blue end yellow or greenish
blue aﬁd'orango.- Spectrel distridution curves of two screens of this
type are given in Fig. II. lIn spite of the difference between the two
curves, theso two tupea bAVQ very similer color to an average observer.
This difficulty can be ovorcome by specifying the tristimulus values
of the screen color. These ere obtained by multiplying the spectral
aistribution funotion, in turn, with the threo 1. C. I. functions
¥, T and T aud teking the integral over the three products. This
operation can be performed by eny of the well known integration methods,
such as selecﬁed ordinate method, equel ordinate method, or by |
mechanical integration. (A mechenicel integrator developed especially
for transforming spectrophqtometrio ourvee into tristimulus velues is
atailable in the Oeneral Engineering Laboratory).

4 semple caloulation, using fif'teen equally spruced ordinates cen

be found on Table II,



-l
—

=G=

Definitione & Symbsls.- The symbols of the "Handbook of Colorimetry®

are used here, although they are mot vor; logical and the use of
the same lettors of the alphabet to denote funotions, individual
ordinates and integrated values introduces the poseibility of errore.

.i.?. E

Y

X, Y, 2

VA

Xy Jo 2

 source.

are tristimulus velues of spectrum colors as functions
of wavelengths.

are the ordinates of these functions at various wavelengths.
are the tristimalus veluss of eny *unknown® color sample,

where
o ﬁEA 4

T .J/y E) 4,

28 ﬁmhah

i used to designate spectrum radient flux of & light
The symbol i1s used both for individuel ordinates

and for values Integrated over the speotrum.

is wavelength

are the trichromatic coeff'icients both of spectrum colors
and of *unknown® color samples. For spectrum colors these
coeff'icients are defined by

x

xe T+ §+7
Y

ve X+ T2
- Z

t= X+ V-7

and for ®unknown® color stimuli by
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X & &
X+ Y +2

4
Yy Xv Y+ 2

2z
Xe T4+ 2

Since x.y+~ 3 ® 1, usually only x and y are given as
e specification. ‘

There are two edventages of trichromatic ocefficients over tristimulus
values: |
(1) The tristimulus values X, ¥, 2 are, of course, relative depending on
the scale and number of the ordinates used, whereas the trichromatic

coefficients give a complete specificetion of color.

(8) To represent the tristimmlus values graphically would require a

three-dimensionul system, vwhereas the trichromatic coefficients

can be plotted on @ two=dimensional diagram (ohron;tiolty diegrem,

gee below).

One of the funotions (Y) of the I, C. I. Standard Observer was chosen
to correspond exectly with the eo oéllod visibility fhno@ion of the normal
eye. This funotion indicates the relative brightness of oqual amountis
(energy basis) of spectrum colors of the various wavelengthe. Thus, the

value of Y will give a reletive measure of the brightness of the sample

to the 8ye.
(3) Grephicel Representation of Chromaticity

In Pig. III the trichromatic coefficients of the spectrum colors
(from Table III) are.plotted. Point C represents the trichromatic coefficients

(x = 3101 end y = .3163) of Illuminant C (average white daylight).



In order to facllitate photometric eand colorimetry mensuremcnts
the I. C, 1. has desi nated three standard light sources, Illuminents A,
B, and C. Illuminant A 18 a tungsten lamp operating at e temperature
of 2048°K. Illuminents B and C use the same lamp plus certain liquid
filters which raisc the color temperature. Illuminant C is the accepted
representative of averape white deaylipght. Spectral distribution of
ener;y from these illuminents is given on pages 19-22 of Handbook
of Colorimetry.

The choice of Illuminent C as *"vhite® point of comperison for
ligcht sources is arbitrary. It vould be more logisal to seleot an
“ideal® white light emitting equal energy throughout the spectrum.

Such e source is roprosonted on the chromaticity diegrem by a point
with the coordinates x = ,3333 end y = .3333,

411 real ocolors lying within the solid line but ebove the dotted line
of Fig. III can be considered as mixtures of Illuminant C and spectrum lirht
of a corteain wavelength. [For instance the color of a television tube
indica.ed by point T (Fig; 111) whose trichrometic coefficients erc x = .289
and y = .32]1 1s shown to be & mixture of Illuminant C and spectyum lirht
heving, a wavelen;th of 493 mu. This wavelength 18 known as dominant
wavelength. Lvidentally this tube is not so pure a blue as the corresponding
spectrum color. A numerical specification for‘;ta purity can So achieved
by detcraining on the chromati&ity diagram the relative distences of T and
the corresponding spectral point from the illuminant point C. The distence
of T from the illuiinant point is 9.5, of the distance of the spectrum locus
from the illuminent point. The tube is therefore aaid to have a dominant

wavelength of 493 mu and o purity or saturation of 9.5,

The portions of the diagram lying within the solid line but
below the dotted line in Fig. III represent the purples. For a disocussion
of the use of the concepts of dominant wavelength and purity to
purples see landbook of Colorimetry p.ll. _

In.order to feacilitate the determination of dominant wavelength and
purity from trichromatic coefficient it ie conveniont to draw lines of

constent dominent wavelength radiating from the illuminant point C. (Fig. IV)
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This chart contains also'oontour lines of conatent purity. nDNominant
wavel&ngth end purity of an unknown semple may now 50 interpolated directly
from the chart. Large soale drawings of the I. C. x.Iohro-ntinity diagram
are found in Handhook of Colorimetry. |
Tolerances for cathode.rey tube colors can bo given h& specifying
& cervain arca on the chart, within vhioch all aoceptable tubes must fell.
This mothod is used for instence in the Lemp Dovelépmént Laboratory at
Hela Park for fluorescent lamps.
The two television tubes, whose spectral dlstribution ourves are
given in Fig. 11 have the ;riohronnxio coefricien&c.

X & .389 - = .269
vs ® .32 o ’;g- +300

From the chromatioity diegrems in Handbook of Colorimetry the dominent
wavelengths are found to be

Az 493 m amd A 4ol m
and the saturation

8 = 9,583 and Sp = 9%
Thue the I. C. I. m specifiocations adequateiy exprose the fact thet
the two tubes haveV@ﬁirégﬁa coler for the no;ﬁal eyo. |

A chromaticity diegrem is of preat value in oconnection with additive

mixtures of two or more colors. (For detérminutioﬁ of subtractive mixtures
however, spectrophotometric curves must be used). In Fig. V, suppose
that a certa;n blue is located at B (x; = 018 and y3, # +21) and a certein
orange at 0 (x, = .42 and yp ® .45). Regardless of the proportions in
which these oolors are additively mixed, the reauitant color will always‘b
lie on the line joining B and O,



»l 0w

Obviously white light can be obtalned by suitable mixtures of
any two colors which arc joined by & lino passing through point C.
' The dominant wavelengths of euoh colors are said to be complementary.
h liet of complementery wavelengths is given in Handbook of
Colorimetry P, 31. ‘

If e and b are the relative proportion of the two colors indicated
by points B and O end Y3 and Yo are the rclative brightneseses, then the

resulting mixture will have trichrometic coefficlents

, 2
p-.li, -/‘ + bxly&

X =
- \54 + Y
ay bn
\7 - CJV. :ir + L)Eégu
GY,'T +b¥§

The preceding method of computing trichromatic coefficients from
spectrel distribuﬁion curves furnished accurate and universally reproducible
specificetions for color in cathode ray tubes. However tho method is tedious
and not appliceble to production control. FPhotoelectric tristimulus colorimetry
is a nuch more direct and repid method. Tho liéht enitted by the sample is
measured with rilter-photocell or filtor phototube combinations vhich

spectrally duplicate as nearly as possible the three distribution functions

-

w

‘s ¥ and T charecterizing the standard observor. The rcsult of integration
with recpect to vavelength 1s thus found automatiocally. The limitation of
the method is due to the fuot thut the best avallable £iltor-coll combinations

ere not exactly spectrally equivaelent to the I. C. I. standard observer.

-
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Ve used a three color system, consisting of a No. 931 phototube
(84 surfece) vhich was availeble in the Light licasuring Equlpnont
(se0 G. E. I. = 18268) and three glass filters (described by Hunter and
obtained from Photovolt Compeny, New York). Table IV gives the speotral
distribution data of this system and shws the caloulation of factors to
obtain epproximate agreement with the I. C. I. primaries 'i. Y and Z.
Column II gives the relative sensitivity Sq of the phototube, Columns
II1, IV and V give the relative transmissions Ty, Tg end Tp of the red,
green, and blue filters, Columns VI, VII and VIII';in the products of
Column II and Columme III, IV and V respectively. Summation of Columne
VI, VII and VIII results in
1) sy 1 use

(2)  sg 7 ® 5743

(3) ;?é;r Ty = 11133
That is, for en ideal whivb 1ight source (having equal energy throughout
the spestrum) the requﬁse of the phototube through the three filters
would be in the propyrtion 1166 + 5743 3 11133,
Adjusting for/ equal areas

}a.es Sp T = 1.746 87 Tg = 5,699 8y Ty = 10,000
A An approximtmn of the I. C. I. primaries (Fig. I) can be obtained
by using 1/5 of the blue value .899 Sy T, for the short wavelengths part
of the ?rfunotion and 4/5 of the red value 8.65 Sqp Tp for the long
wavo}gﬁ&tha purt of the X function and using tho green values for the Y
funétion and the blue values for the 2 function. Thus we obtain the

ree primeries of our filter=-tube system.
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( . (8) T3 .179 8y T 46,93 8, Ty ,‘
(6) B = 1.745 8p Ty
(7) © = .69 Sp Tp
These values are listed in Columns IX, X and XI of Table 'V an;l
plotted in Fig. VI.
compariaén of these tristimulus ,vﬁlnel for our system with
i the I. C. I. primeries (Fig. I) shows, that the egreement is not
very good, due mainly to the low respense of the 931 phototube
(2 in the r:d. 3etter agroement could be obtained by using e photocell
O instoed of the 931 piototube and by using a fourth filter for the
short wavelength portion of the' X funotion es described by Barnes (1.c.).
, Vithin these limitations of /e’.;scnnoy the tristimulue values of e
cathode rey tube cen be obtained by taking the relative light output K, G
end B through the throe f1lters end by transformtion aooording to equations
{3 5, 6 and 7 or, since ohlyf,éhe relative values enter into the trichromatic
coefficients, the apprp;:’linate, trisfimulus velues are obtained by

s 3’.97' R +.103 B

Y=g
‘ 22 6168
4 A
// /{‘:, 5 ‘ "!: ln ~"
' \ 2e B. P 2
/ fa*fa-‘:hr !} NP0 RN .l,a ot ‘i’ ‘6' i L}
/ S A, Petrattis C, Tl t.
Al 35k N0t Br 13 1G4
Countersigned K. C. Delalt /( W P # A
12-13~44
Ao 1, 1944



Table I

1,01, Tristimulus Values for
Speotrum Colors (Equal Energy)
(Prom Handbook of Colorimetry)

E

8883888488883 88:588 8 agsunyd

y 5
001‘ - 0068
043 001 + 206
0134 «004 ° 646
«284 012 1.386
347 023 1.740
2336 036 1.773
«201 « 060 1.669
2196 «091 1.288
«096 «139 813
«032 208 465
«0086 «323 «272
«009 »803 .168
«063 «7T10 078
01“ 0862 ) 00‘8
* 290 «964 «020
433 «995 -009
=594 986 004
2762 <962 002
«916 «870 002
1.027 <767 -001
; 1.062 «631 «001
1 0003 ] 503 -
.654 +381
«642 « 2656
+448 2175
« 284 «107
+165 +061
i . «087 032
' <047 <017
+023 «008
«011 «004



Teble II

Caloulation of Trichromatic Coefficients
of the Two Television Tube Screens Represented
by the Spectrophotometric Curves in Pig. II.

Curve 1 Curve 3
Vavelength | Relative Bt Y |5 % Relative |Ex X |B; Y |Bg %-
Energy By | Energy By
400 4 06 | - .26 15 1 2.00| .06 | 9.7
20 15 2,01 | .06 | 8.66 39 13.6 .9 |68.2
40 26.5 9,3 +6l |46.4 39,5 11.6 | 2.4 |65.8
60 38 10,9 | 2.1 |66.6 21 1.96| 2.85 [16.6
Lo 26 2.5 | 3.6 |2l.2 1 06| 3.56 | 3.0
500 16 +08 | 6,18 | 4.35 22 1.39]16.7 | 1.7
20 21 1.32 14,9 | 1.64 32 9.3 | 30.5 .6
0 27.5 7.96 |26.2 | 4.54 20 16,6 | 27.8 | .3
G0 30 17,72 |29.85 | .01 22.5 20.6 | 19.6 "
600 19.5 20,8 [12.35 15 12,8 | 4.9
20 14 11.956 | 6.34 u 4.9 | 1.92
40 8.5 3.81 | 1.49 7.5 1.2 .45
60 4 .66 | .24 4 .2 .06
80 1 .09 | .03 1 - -
700
R ellz vy =124 3 =160 Xg ® 117 Yp = 122,65 2Zg ® 166
X = LS| & .2069 x, ¥ B, B 289
X+Nre Ao+ Yo+ 2g
s 2,331 V3 . oo = 4300
J+eN +4y s xz‘_.zz,'_zz



Teble III

Trichromatio Coefficientes
of Spectrum Colors
(From Handbook of Colorimetry)

x 4 3

400 «1736 +0048 .0219
10 «1726 «0048 +8226
20 1714 .0051 -8235
30 «1689 .0069 «8242
80 .1666 0177 «8287
60 «1440 «0297 -8263
70 «1241 .0578 .8181
80 0913 «1327 «T760
90 0454 »2950 6696 -

500 0082 5364 4534
10 .0139 « 7602 « 2359
20 0743 «8338 ,0919
30 «1547 - 8069 « 0394
40 «2296 - TH43 .0161
60 .3016 T 46923 -0061
60 « 3731 6244 .0024
70 « 4441 - 0047 .0012
&0 «5125 « 4866 .0008
90 . 9752 - <4241 «0006

600 6270 « 3785 +0004
10 +6688 + 3339 0002
20 26915 <3083 .0001
30 « 7079 « 2920 «0001
40 o 7190 ® 8809 L
0 « 7260 « 2739 -

GO , » 7300 «2700
70 « 7320 -2680
€0 « T334 ; ° 2668
90 o T344 2656

700 o T340 + 26563
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II

931 Phototube Sy

Sensitivity of

I11

of Red Filter Ty

Transmission
Transmission

Table IV

Caloulation of Factors for 3-Filter System

Iy

of Green Filter Tg

v

of Blue F{lter TB

Transmission

4.6

37.4
42.2
43,4
41.2
32.8
2l.2
11.3
5.7
2,4
o9
3

Vi

Sp Ty

4.6
13.6
26,6
47.1
83.4

118.2
150
165.3
159.8
134.8
101.2

70.0

23.6
13.4
8,0
4.8
2.8
1.4

9

Vil

VIII

Sp T

163
8ce
1398

1740

1830
1796
1465
961
€KD07
258
106.86
38.6
1l.9

1073x(.179 SqTp - 6.93 S¢Tp) p

<027
<166
« 251
o312
° 328
321
+R62
172
.183
141
<203
0334
.580
- 820
1.040
1.142
1.096
«930
2703
<485
0299
<163
«093
«065
-033
.019
-009

10-3x1.745 Sp Tg

012

0286

2043
066
114
<195
«316
«484
- 687
«9086
1.217
1.182
1.042
816
653
«458
- 293
174
«095
«049
.022
017
.010
006
.003
»001

-3
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