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Abstract. The use of computers for colour generation is widely extended in colour
research. Sometimes the reproduction of colours whose chromaticity coordinates
correspond to a specific real standard is fundamental. In this paper we present a
review of the capabilities and limitations of CRT monitors to generate colours.
Finally, we propose a method for the optimum generation of real colours based on
visual perception.

Keywords: CRT colour control, colour calibration, colour gamut, visual perception.

Une nouvelle m éthode pour la g énération
optimale de couleurs vraies sur des  écrans
cathodiques

Résumé. Pour engendrer des couleurs sont trés utilisés es ordinateurs en
recherche sur les couleurs. La reproduction des couleurs dont les coordonnées
chromatiques correspondent a un standard réel spécifique est parfois
fondamentale. Dans cet article nous examinons les potentialités et les limitations
des écrans cathodiques pour engendrer des couleurs. Nous proposons enfin une
méthode pour la création optimale de couleurs réelles basée sur la perception
visuelle.

Mots cl és: Controle de couleur sur écran cathodiques, calibration des couleurs,
gamme de couleurs, perception visuelle.

1. Introduction fundamental as in the case of colours whose chromaticity
coordinates correspond to specific real standards. Here it is
The use of CRT monitors for colour generation is at present jmportant to know the chromatic capabilities of the monitor
widespread in colour research. Colour is also a basic being used. It is well known that monitors have a set of
element for computer engineers, although it is often used |imitations in the generation of colours: there are technical

as a secondary factor. Thus, software designers find the;ng physical limitations, and limitations due to the use of
option that is easier to use, but mostly on the basis of digital cards.

intuition or aesthetics. The use of colorimetric equations
is commonly avoided, hence.". a visually uniform colour
space is usually assumed in theory, although #é B
colour model is often used in practice’. However,
sometimes the exact reproduction of certain colours is

These limitations may vary with the capacity of new
devices. However, colorimetry is a tool to provide
standardization. If the devices change (a likely result
of technical improvements) the colorimetry needs to be
explicit. The XYZ’' representation is known as the
|| E-mail address: alberto.palomares@uv.es ‘device-independent’ representation [1]. We can reproduce
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the original colours only with additional knowledge of the 1 ‘ . . .
device’s colorimetric characterization.
In this paper, from a strictly colorimetric viewpoint, oer 1

we propose a simple and practical general method which
will allow the computer engineers and colour researchers to
know the capabilities of their devices for the reproduction

of real colours optimized on the basis of visual perception.

0.8~
0.7

0.6y

2. Technical limitations: working range
=035

The limitations of CRT monitors in the generation

of colours are well known. Post and Caihoun [2] 94
evaluated different methods for generating colours on the
screen. Artigaset al [3] analysed the dependency of

the chromaticity coordinates of the three primaries of the
monitor on the corresponding digital valueg,(G, B)

and the influence of screen area. Schuchard [4] studied g1
this problem by introducing visual threshold data in an
attempt to unify the scales. In any case, it is always 0
necessary to calibrate the monitor [5-8] before hand to

lish a working rangeBern | [9-11] showed in
establish a wo g rangeBernset al [9 ] showed Figure 1. Only the colours with chromaticity coordinates

an extensive and detailed paper the requirements to perform(x’ y) within the triangle defined by the three primaries of
the colorimetric characterization of CRT displays. the monitor can be generated.

0.2 0.4 06 0.8 1
X

3. Physical limitations: colour gamut (1) obtaining the chromaticity coordinates of the three
) _ _display phosphor primaries of the monitotxg, yr, zz),
It is clear that the generation of colours on a CRT monitor (X6, vG.26), (X, ys.z5), and that of the white point

is mainly restricted by the following factors. _ (x0, yo, 20) under a standard illuminant, by measuring them
(1) 1t is only possible to generate colours with \ith 5 colorimeter:

coordinates (x, y) within the triangle defined by the (2) determining the scaling factorgag, ag, az).

chromaticity coordinates of the three primaries of the These factors convert théxr, yr, zr), (xG, Yg,zg) and

monitor (xg, y&), (X, yc), (X5, yp) (figure 1). (x5, g, zg) Vvalues into trichromatic units. It is usual to
(2) The maximum digital value that each of the guns convert the white-point values into tristimulus values, and

can achieve gives the maximum possible luminance and itnormalize them with respect to the white-point luminance:
limits the colours that can be generated.

These factors define the CRT’s colour gamut (the full arXg +acxc +agxg = xo/yo
range of colours an imaging device can generate). arYR + aGye +agyp = 1 )
4. Digital cards’ limitations: quantization errors arZr +aGiG +apzp = Zo/Yo

or in matrix form:
The digital cards which control the CRT monitors, only

allow colours defined by integer values @, G, B). The YRXG B ary XO{yo >
colour space we can generate is therefore discrete. This YR VG VB | *\ 4G ’ (2)
introduces a quantization error that we minimize on the ROZG 1B 4B
basis of visual perception.

z0/Yo

The inverse of the matrix in equation '\2gives
the relationship between the scaling factdis, ag, ag)

5. Colorimetric characterization of the screen: and the normalized tristimulus values of the white point
matrix ‘A’ (x0/¥0, 1, zo/y0):
-1
The colorimetric characterization of the monitor is achieved ar R X6 XB Xo/yo
by calculating the matrix A’ which allows us to change ag | =\yr y¢ ys )| *| 1 | ©)
from normalized digital values with respect to the white ap <R G B z0/Yo
point (Ry, Gy, By) to normalized tristimulus values with If, in general form, we ad&y normalized units of red,
respect to the white-point luminan€¥ y, Y, Zy) [12]: Gy normalized units of green anbly normalized units of
blue, the resultind Xy, Yy, Zy) tristimulus values will be
Xy Ry . ; nulit
expressed as in the following equation:
Yn = Ax GN . (l)
Zy By ARXR AGXG ABXp Ry XN
. . aryr agyc apyp |*| Gy | =| Yw (4)
The calculation of A’ involves: ArZr  4GIG ABIp By VAN
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so A will be:
ARXRr AaGgXG dAdApXp
A=|aryr acyc agpys |- %)
arZr 4AgZc Aapip

It is useful to compute the matri&~* which allows us
to change from tristimulus normalized valugsy, Yv, Zy)
to normalized digital valuegéRy, Gy, By):

Ry Xo
(cv)=a+(x0) ©
By Zo

and the maximum normalized luminances for each primary:

YMax—r = arYr

@)

YMax-6 = acyc

YMax—B = apys.

6. The ability to generate the colour of
coordinates (z,y)

The next step is to analyse the mixtures of the monitor's
primaries to determine the digital valug®, G, B) that
yield a colour of certain chromaticity coordinatés, y).
The tristimulus values(X, Y, Z) corresponding to the
mixture of three primary colours are obtained by the sum
of their tristimulus values, as follows:

X=Xp+Xc+Xp

Y =Yr+Ys+VYp (8)
Z=Zp+Zs+ Zp.

Therefore, bearing in mind that the equations which

relate the tristimulus valueg¢X, Y, Z) of a colour to its
chromatic coordinateér, y) are the following:

X
x=1y
y
y
y="2y 9
’ ©
z="27
y

From the addition of equations (8) and the definition of
chromaticity coordinates it follows:

Yo

YG

y_)’R

Yy Y Y
_Yk Yo Vs

VB

(10)

substituting (9) into (8) and taking into account (10) we
obtain a system of equations:

Y Y, Y

R —x)+ S —x0)+ 2(x—x5) =0

YR Y6 VB

Y Y, Y
Lo—y+ G-y + 2 -y =0 (11)
YR Y yB

Y Y, Y,
Rz +-SG—z0)+ 2@ —25)=0
YR YG VB

which in matrix form is

X—XR
YR
YR

Optimum generation of real colours on CRT monitors
YR
Z—IR

s e G)-6)

The third row is a linear combination of the other two
rows, since x + y + z = 1'. Therefore this system has an
indeterminate solution. The result is logical since whenever
the proportions of the three primaries are maintained, a
colour with the same chromaticity coordinates y), but
with different luminanced’, will be generated. The infinite
solutions of this system may be expressed as follows:

X—XG
YG
Y=Ye
Y6
Z—ZG

Y6

X—Xp
VB
Y—)YB
VB
i—ZB
VB

Yr
Ye
Yp

(12)

Yr

X—Xp

Yg
X—Xg
YR
YR
YR

Yp

- ‘ X—Xp

wherek is an arbitrary constant.

If the three determinants of equation (13) are positive,
then the colour of the chromaticity coordinates y) will
fall within the chromatic triangle formed by the three
primaries of the monitor and can therefore be reproduced.
This does not imply that this will work with any luminance.

=k

YG
Y=Y
YG

VB
Y—=JyB

‘ X—Xg
B

X—Xg ‘

(13)

7. Limits to luminance: maximum luminance
allowed for a colour

We know that, visually, a greater or lesser luminance does
not simply mean that the colour is seen to be more or
less bright, since the chromaticity perceived by a human
observer varies with luminance (Bezold—Bruke effect) [13].
Therefore, in order to reproduce visually a colour as
accurately as possible, its luminance must be specified.

Therefore, the following step is to study the range of
luminances within which this colour may be generated.
Once the required proportion of each primary is known, the
brightness of the colour will be limited by the maximum
luminance that the monitor is able to generate with each of
the primaries (7). This means that for maximum brightness
of the colour Ymax, One of the primaries appears in the
mixture with the maximum luminance allowed by the
monitor, whereas the other two will have luminances below
their maximum luminance value.

To calculate Ymax, the constantKmax which appears
in equation (13) must be determined. The minimum of
the three values which result from introducing (7) into the
numerators of equation (13) is taken as the constant to solve
(11). That is:

Kyax = Minimum

Yvax—r . Ymax—G . Yvax—5
X—XG X—Xp |° X—Xp X—XR |° X—XR X—XG
l Y6 yB yB YR ‘ ‘ YR Y6 ’
Y=Y Y—VB Y—)YB Y—YR Y—IR Y=Y
Y6 VB yB YR YR Y6

(14)

This ensures that by using all the luminance permitted
by the monitor for this primary, the luminance of the other
two will be lower than the maximum. Once the constant
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(R_down,G_down,B_up)

(R_down,G_up,B_up)

(R_up,G_down,B_up)

(R_up,G_up,B_up)

RG,B)

(R_down,G_down,B_down)

(R_down,G_up,B_down)

(R_up,G_down,B_down)

(R_up,G_up,B_down)

Figure 2. The digital cards which control the CRT monitors, only allow colours defined by integer values (R, G, B). There
are eight possible assignations for generating the colour. This introduces a ‘quantization error’.

Kwmax has been calculated (14), the valu&g, Y5, Y3) can wherei = 1,2,..., 8 in order to formalize the operations
be obtained from equation (13), and then: below.

The problem now is to decide which of these eight

Ymax = Yr + Y6 + Y. (15) values is colorimetrically the closest to the colgur y, Y)

Therefore the colou¢x, y, Y) can only be generated if
its luminanceY, is equal to or lower thayax.

to be generated. Given that thRGB space has no
perceptual uniformity, the criterion of minimum distance is

not appropriate. It is helpful to transform the spat€ B
into a uniform one, for example a CIELUV space, where the

8. Generation of the colour of coordinates

minimum distance criterion is colorimetrically more correct

(X, y,Y) since the geometric distance corresponds, approximately,

After checking that the chromaticity, y) and luminance&’
of the colour can be generated, the valuesy, Y) are used

with the perceptual distance. We chose the uniform space
CIELUV because it was originally defined for light colours

to calculate its normalized tristimulus valu€$y, Yy, Zx) (as is the case of the monitor). Had we been dealing
with equations (9) App|y|ng the standard transformation with surface colours then we would have chosen CIELAB.

matrix (A~1) for CRT monitors, the normalized values Obviously to calculate the CIELUV coordinates, first its
(Ry, Gy, By) can be calculated by equation (6). The chromaticity coordinates have to be calculated inXhieZ

(R, G, B) values can be calculated from the normalized space (normalized to 100 for the luminance of the white
values, as follows: point). This is done for the eight points:

R Ry
<G):<2p_1)*(g,v) 19)
B By

where ‘p’ is the number of bits on the digital card.

X R
100
Y) = lA>x<<G) fori =1-8 (17)
Z7i B B/,

The equations for transforming the tristimulus values

9. Optimum assignation of the colour.
Quantization error

The three values$R, G, B) found in equation (16) are real
whereas the digital cards, which control the CRT monitors,
only allow integer values. Therefore we must decide which
integer value is to be assigned to each of these three real
values. There are eight possible assignations for generating
the colour (figure 2). This introduces a new error called the
‘gquantization error’. Here they are denoted &¥, G, B);

110

(X, Y, Z) to the CIELUV system(L*, u*, v*) proposed by
CIE in 1976 [14] are the following:

L*=1168Y/Yy)Y® — 16 Y/Y, > 0.008 85

u* = 13L*(u' — ug)

v* = 13L* (v — vgp)



with

, 4x
U =———
X + 15Y + 3Z

i 4X,

9™ Xo+ 15Y, + 3Z,
(18)

o oy
T X415y +3Z

)¢

vy = 0

Xo+ 15Yp + 3Zg

where(X, Y, Z) and(Xo, Yo, Zo) are the tristimulus values
of the colour and the reference white [14]. The CIELUV
difference,D,,, between two colours is calculated from:

Duy = V(ALH2 + (Au*)? + (Av¥)2. (19)

In the uniform colour spaces (CIELUV, CIELAB)
a difference in the order of five units permits the
visual differentiation of two colours (however, in certain
experimental conditions it is possible to reach lower
differential thresholds).

So, among the eight initial possibilities, we shall choose
the digital values defining a colour whose CIELUV distance
to the colour we want to reproduce is minimum. This
distance indicates the colorimetric error which occurs when
the given digital valuesR, G, B) are assigned to generate
the colour(x, y, Y).

10. Conclusion

We hope that this method will help software designers and

colour researchers to assess and control the coIorimetric[lz]
[13]

capacity of their display system. This preliminary step will
allow us to generate, where possible, any real colour defined
by its chromatic coordinates. By using a uniform colour

Optimum generation of real colours on CRT monitors

margins depending on the colorimetric precision of the
application.
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