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The contrast definitions of opposite colors red-green and blue-yellow, which have been described in the CIELAB and YC,C,, color
spaces, respectively, and a method to accurately control chroma and color differences on a cathode ray tube screen are presented
according to the color display characteristics of cathode ray tubes. Using target gratings on a cathode ray tube screen, measure-
ments of human vision contrast sensitivity to red-green and blue-yellow colors for 10 spatial frequencies (0.41, 0.82, 1.23, 1.97,
3.08, 3.79, 4.93, 7.04, 9.86 and 16.43 cpd) were carried out in 11 young observers in a dark environment. Contrast sensitivity
functions of opposite colors were obtained, which can be used for practical applications in image technologies.
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The contrast sensitivity function (CSF) is central to de-
scribing spatial vision and to models of visual coding. The
CSF describes the relationship between spatial frequencies
and contrast sensitivity which is described by the reciprocal
of the contrast detection threshold. Measurements of visual
contrast sensitivity are fundamental to modeling human
vision and predicting visual performance. Psychophysical
experiments can be influenced by many factors, such as
instrument performance, precision of the metering equip-
ment and the experimental environment and technique [1-7].
Some researchers are concerned with both studying the vis-
ual system and developing image technology. Early re-
search about CSFs has mainly concentrated on the lumi-
nance contrast sensitivity. Research studies and applications
of human vision color transmission characteristics have
only begun recently. However, color CSFs have greater
application value than luminance CSFs in electro-optical
image technology. With the development of the computer,
networks and digital technologies, the cathode ray tube
(CRT) display has become the primary means of presenting
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information, and image technology for the displays have
become more comprehensive. In this regard, measurements
of color CSFs on a CRT display have increasing importance
and are of significant practical application value [8-10].

In 2001, Wenzel studied the differences in contrast sensi-
tivity between normal and defective human vision using a
CRT display [5]. In 2000, Nadenau measured contrast sen-
sitivity of human vision to luminance and red-green and
blue-yellow colors, in CIELAB and YC,C, color spaces,
respectively, to study the image compression algorithm [7].
In 2004, Owens et al. measured the contrast sensitivity of
human vision to various single colors; i.e. red, green, blue
and yellow, which were displayed on a colored background,
using a CRT monitor [3]. However, they did not provide the
details of the measuring conditions, measuring process, tar-
get gratings and color contrast definitions. In this study,
contrast definitions of red-green and blue-yellow color
stripes are proposed for CIELAB and YC,C,, color spaces,
respectively, according to the experiences of previous stud-
ies and color display characteristics of a CRT [11-24]. A
method is proposed to accurately control the color of a CRT
display in a small range and a method for measuring
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contrast sensitivity to red-green and blue-yellow opposite
colors on a CRT display are detailed. Measurements were
carried out for 10 spatial frequencies (0.41, 0.82, 1.23, 1.97,
3.08, 3.79, 4.93, 7.04, 9.86 and 16.43 cpd) in 11 young ob-
servers, and CSFs of the opposite colors red-green and
blue-yellow under dark adapted conditions were obtained.

1 Methods

1.1 Contrast definitions for red-green and blue-yellow
colors

Human vision is based on differentiating and recognizing
environmental surface parts with different colors and lumi-
nances that are based on variations in light reaching the ret-
ina. The differentiation of surface parts with different lumi-
nance and color is based on luminance and color contrast. If
there are different luminance areas and colors in the visual
field, the contrast between the images is apparent. Therefore,
two aspects, luminance and color, must be considered sim-
ultaneously when measuring an image’s color contrast [3-5].
For numerical evaluation to be possible, the red-green and
blue-yellow color contrast definitions are interpreted as fol-
lows.

Because the CIELAB color space does not vary with
equipment variation, in color management, the original col-
or, screen color and printing color in the color space may be
calculated and communicated according to the correspond-
ing relationships to achieve color coincidence in the vision
and the realization of color conversion parameters for dif-
ferent equipment [10,11]. The color space of YC,C, for tel-
evision signals is used in the international BT.601 digital
television signal, which is obtained by zooming and trans-
lating from the color space of YUV [10,11]. If measure-
ments are carried out on a CRT display to obtain a CSF, the
color space of YC,C,, is very suitable.

According to the above considerations, the contrast defi-
nitions of red-green and blue-yellow color stripes are pro-
posed in this work, which are based on the color differences
and the color systems of CIELAB and YC,C, color spaces.
The definitions were determined as follows. Some color
spot in the color space was chosen, whose chroma is rec-
orded as a*=0, b*=0 or C,=0, C,=0, which are the values of
the coordinate origin in the reference frame of Figures 1 and
2. —a* or —C, means that the color is leaning toward green,
+a* or +C, means that the color is leaning toward red. +b*
or —C, means that the color is leaning toward yellow, and
—b* or +C, means that the color is leaning toward blue. The
target gratings were composed of red-green or blue-yellow
color stripes. v is described as the mean luminance of the
gratings, which is kept constant and whose unit is cd/m’.
The value of b* or C, is zero when measuring the contrast
sensitivity to the red-green color. And the value of a* or C,
is zero when measuring the contrast sensitivity to the
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blue-yellow color. According to the color difference defini-
tion of the CIE 1976 L*a*b* even color space, the contrast
definition of opposite color stripes in CIELAB and YC,C,
color spaces are indicated as egs. (1) and (2), respectively.
Thus, «,b',C,,C, and qa;,b;,C.,,C,, can be described as

r1° bl
the chroma of two opposite color blocks.
Aa’

c =B o 80 A =la-a|, Ab =|p -5, (1)
Y Y
AC C
C. =—=*,C, =—=£,
Y N 2
AC, =|C,,-C,|, AC, :|Cb2 _Cb1|‘

1.2 Experimental instruments and parameters

We used a Sony-G520, 21 inch CRT that had been used for
2 years, approximately for 4500 h, with a displaying effect
equivalent to a new monitor. The image gathering
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Figure 1 Founding color coordinate reference with origin of a'=b"=0
selected in CIELAB color space.
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Figrue 2 Founding color coordinate reference with origin of C,=C,=0
selected in YC,C,, color space.
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card was a Matrox Millennium P650 real-time image gath-
ering card with 10 bit-digital high definition and a stable
color display. The screen chronometer was made by the
American X-Rite Corporation. The screen photometer was a
ST-86LA model with a measuring luminance range between
0.01-19990 cd/mz, made by the Electro-optic Instruments
Factory of Beijing Normal University.

Target gratings with 10 spatial frequencies (0.41, 0.82,
1.23, 1.97, 3.08, 3.79, 4.93, 7.04, 9.86 and 16.43 cpd) were
vertical rectangle stripes, with a mean luminance of 52.5
cd/m”or 54.5 cd/m?. The color block was 8.5 cm x 8.5 cm
in size, located in the center of the screen of the display,
with a grey background that was 27.6 cd/m® in luminance.
The spatial viewing angle was 2.4347° and the viewing dis-
tance was 2 m. The CRT display was set into white Dgs
(measured real values: x=0.3122, y=0.3292, Y=100.36),
with the greatest luminance at 100.28 cd/m”. Measurements
were carried out under dark adapted conditions with stand-
ard grey walls. Observers were 11 young (20-32-years-old)
people with normal vision, who were undergraduate or
graduate students.

1.3 Method for precise control of chroma (L, a’, b
and color differences on a CRT in a small range

Measurements of human vision contrast sensitivity are psy-
chophysical tasks, which are influenced by many factors
[1-7]. For the measurement of contrast sensitivity using a
CRT display, the most important factor is how to control the
chroma and color differences on the CRT display. The con-
trast of target gratings of red-green and blue-yellow colors
must be controlled accurately with the three channels of the
CRT in coordination. To accurately control the chroma and
color differences, a CRT display must recognize the fol-
lowing four requests. The first is that requests for the con-
trast of opposite color stripes, which are defined as color
differences in CIELAB, must be satisfied. Namely, when
values of a* or b* change, it must be guaranteed that corre-
sponding values of b* or a* are zero or approaching zero
(C, or C, requirements are similar). The second is that the
display must be accurately controlled in the medium term
while measurements are being completed. The third is that
the contrast values of gratings that the display card can re-
alize must be lower than contrast detection thresholds of
human vision. The last is how to manufacture target grat-
ings that accurately display color on the CRT. A method is
proposed to solve the above problems, which is as follows.

The color on the CRT display follows the color princi-
ples of the RGB color space, and relies on the particular
equipment. Because the three channels of a CRT suppress
mutually, the relationship between the RGB color space and
the CIEXYZ color space which does not vary with variation
in the equipment, must be established to realize an open
style of color management. It is then transformed into the
CIELAB color space again [12,13].
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To date, the application of the lookup table (LUT) meth-
od or GOG model to characterize a CRT display generally
involves two steps. The first step is a non-linear process that
forms the luminance of the electron guns, resulting from a
digital quantity displayed by three channels of the display.
The second step is to obtain CIEXYZ chromaticity through
the luminance of three electron guns. Previous experiments
demonstrated that the first step does not directly take into
account the alternating effect among the three channels, but
indirectly involves it when measuring the luminance of a
neutral grey in the non-linear process of obtaining the lu-
minance from electron guns by a digital quantity driving the
three channels of the display. If the second step is used di-
rectly without the first step, the requirement for greater pre-
cision in the control of the CRT display color in a small
range cannot be fulfilled (the precision for characterizing a
CRT with the LUT method and GOG model are 0.42AE*ab
and 0.54AE*ab, respectively). Because a conventional
computer adopts an 8 bit image display card using three
channels, the requests for grating contrasts that the display
can realize must be lower than the contrast detection thresh-
olds of human vision. In this experiment, a 10 bit image
display card using three channels was adopted. Namely,
three values (0.25, 0.50 and 0.75) were inserted into the
chroma values of RGB, or R, or G or B of the 8 bit display
whose gap is 1, to describe color to match the requests. Ac-
cording to the gamma characteristic of luminance and color
display characteristic of the CRT, on the basis of linear in-
terpolation, a method is put forward to accurately control
the chroma and color differences of the CRT display in a
small range, which takes into account directly interaction
among the three channels and instability of the display in
the medium term, to realize the conversion among arbitrary
combination values of R, G and B in the CRT color space,
CIEXYZ and CIELAB chromaticity values. This allowed us
to meet the demands for accurately controlling and realizing
the smaller contrast values of target gratings. The exact
method is described as follows.

Step 1: Initially characterize the CRT display with the
LUT method; choose the values of R, G and B in a small
color range of the CRT display and the interval of 1 be-
tween two values; change the values of each channel, and
then measure the tri-stimulus values of Xg, Yz, Zr, Xg, YG,
Zg, Xp, Yp and Zg when three channels are working sepa-
rately.

Step 2: Measure tri-stimulus values of Xg_g-p, Yr-g-p and
Zr-g-p When three channels are working together, with an
interval of 1 between two values and changing values RGB
(R=G=B) in a small range.

Step 3: (a) Work out the differences between the
tri-stimulus values of Xgp_g-p, Yr-g-p and Zr_g-p and of
XR+X(3+XB, YR+YG+YB, ZR+ZG+ZB (See €q. (3)) (b) Based on
the values above, work out the overall ratios between the
tri-stimulus values presented by three guns separately and
ones together, namely x=Xg/Xr-g-p, X~Xc/Xr=G-B.
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x=Xp/Xr-G-B, Y=Yr/Yr-G-B. Y=Y 6/Yr-G=B, Y»=Y8/Yr-G-B,
ZrZZR/ZR:G:B’ ZgZZG/ZR:G:B7 Zb:ZB/ZR:G:Ba and solve their
respective averages. (c) Add the differences to the
tri-stimulus values of X, Yz, Zr, X, Yg, Zg, X5, Y, and Zg
when presented separately, on the basis of the proportions
between the tri-stimulus values presented separately by
three guns and ones together (see eq. (4)). Then solved val-
ues are taken as the tri-stimulus values of Xz, Yr1, Zr1, XG1,
Ys1, Zg1, Xg1, Ys1, Zp) presented separately by three chan-
nels.

X e Xrog-n Xy + X, + Xy
dif YR=G=B - YR +YG +YB > 3)
dif ZR=G=B ZR +ZG +ZB
Xdif 0 0 X X X XR XG XB
0 Y, O Yo Ve WMo |T o Y, Y
0 0 Zdif Z Z, g ZR ZG ZB
‘XRI ‘XGI XB] 4
=Y Yo Yy “)
Z Z Z

R1 Gl Bl

Step 4: According to the tri-stimulus values of Xg;, Ygi,
Zr1, XG1, Yo1, Zg1, X1, Y1, Zg1 and the 10 bit-display card
of the CRT display in the experiments, the values of R, G
and B are determined by the linear interpolation using the
interval of 0.25 to establish an interpolation table for the
channel (namely, a color LUT). For example, Table 1 shows
the LUT of the R channel.

Step 5: According to the color addition principle, arbi-
trarily arrange three values of three single channels to build
a LUT between the values of three single channels and the
value of CIEXYZ, then converted to the CIELAB color
space according to eq. (5).

If Y/Y >0.008856, or X /X, >0.008856, or Z/Z,

>0.008856,

1 1 1
L=116(Y/Y)’ -16, d" :500{(X/X")3 —(Y/Yn)3},

1 1
b =200{(Y/Yn)3 —(Z/Zn)3}.

Thereinto X,,=95.04, Y,=100.0, Z,=108.89.
Else if Y/Y,<0.008856, or X/X,K <0.008856, or

Z1Z,<0.008856,
L=9033(Y/Y,), a" =3893.5[(X/X,)-(Y/Y,)],
b =15574[(Y/Y,)-(Z/Z,)].

According to the above proposed method, an experiment
was designed to test whether the method was able to realize
accurate control of the chromaticity and color differences on
the CRT display. The experimental method was as follows.
The values of some small range of RGB and R, G and B in
the display color range were arbitrarily selected. According-
to above proposed method, the values of X, Y and Z corre-

®)
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Table 1 LUT of R channel

sponding to the different combined R, G and B values, were
determined, and then they were transformed into L*, a* and
b* values of the CIELAB color space by computation. The
results of comparing the values of L*, a* and b* of the
CIELAB color space by computation with values from
measurements in the medium term, according to the de-
mands of measurement contrast detection thresholds, show
that the control precise of the chromaticity of Y, L*, a* and
b* is 0.1711, 0.2782, 0.1108 and 0.1134, respectively, and
the precision of the control of color differences is
0.3543AE*ab, which is more precise than the existing LUT
method and the GOG model.

1.4 Method for manufacturing target gratings

Because contrast values of the gratings cannot be continu-
ously changed, pictures with different contrasts that are near
the human contrast detection threshold corresponding to a
spatial frequency of the opposite color stripes must be fin-
ished in advance if the contrast detection threshold of some
luminance and spatial frequency is to be measured.

(i) Method for manufacturing target gratings with the
contrast defined in the CIELAB color space. According to
the method of accurate control chromaticity and color dif-
ferences on a CRT display in a small range, the mutual
transformation values can be obtained among random com-
bination values of R, G and B of the RGB color space on
the CRT display, chromaticity values of CIEXYZ and ones
of CIELAB. Based on the precision of the display, values of
RGB and XYZ are selected corresponding to the values of
the CIELAB color space that +a* changes from +4 to zero
spaced in 0.25 intervals when b* is zero and that +b*
changes from +4 to zero in 0.25 intervals when a* is zero.
The mean luminance of the stripes of every grating is main-
tained at a constant luminance of 52.50 cd/m” or 54.5 cd/m’.
According to the contrast definition of eq. (1), the contrast
values in the experiment are determined by the values of the
CIELAB color space. Large numbers of pictures with dif-
ferent spatial frequencies and different contrast values are
designed according to corresponding values of R, G and B
that are selected and combined. The spatial frequencies of
pictures are realized by adjusting the width of the stripes.
The smallest contrast value of pictures may be 0.0095.

(i) Method for manufacturing target gratings with the
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contrast defined in the YC,C, color space. Regarding the
transformation between chromaticity values of RGB on a
CRT display and YC,C,, the predecessor has had a long
research history [10,11], and the precise transformation re-
lations have been determined as
Y =(77/256)R+(150/256)G +(29/256)B,
C.=(131/256)R—(110/256)G —(21/256)B+128, (6)
C, =—(44/256)R —(87/256)G +(131/256)B +128.

According to the transformed values between the chro-
maticity values of RGB on the CRT display and ones of
YC,C,, the values of RGB are selected corresponding to the
values of the YC,C, color space that +C, changes from +4
to zero in 0.25 intervals in turn when C, is zero and that =C.,
changes from +4 to zero spaced in 0.25 intervals in turn
when C,, is zero. The mean luminance of the stripes of every
grating is maintained at 52.50 cd/m? or 54.5 cd/m’. Accord-
ing to the contrast definition of eq. (2), the contrast values
of gratings in the experiment are determined by the values
of the YC,C, color space. Large numbers of pictures with
different spatial frequencies and different contrast values
are manufactured according to the corresponding values of
R, G and B that are selected and combined. The spatial fre-
quencies of pictures are realized by adjusting the width of
the stripes. The smallest contrast value of pictures may
achieve 0.0092.

1.5 Method to determine thresholds

The testing protocol starts with a dark adaptation time for
30 min (for each measurement) and then observers view the
target gratings on the display screen at a distance of 2 m.
Because the display screen may simultaneously demonstrate
many gratings, a psychophysical method for multi-contrast
interactive thresholds was adopted to determine contrast
detection thresholds [1-3,6]. The core of the method is to
simultaneously display 4 gratings on the display screen with
contrast gradually being reduced. The interval of color val-
ues Aa* (or Ab", or AC, or ACy) of the stripes of four grat-
ings gradually becomes smaller, and the order of the four
gratings on each screen is changed arbitrarily. The meas-
urement process is portrayed in Figure 3. The first step is to
display four gratings with different and increasing contrasts
of Cy, C,, C3 and C,, which gradually become smaller in the
beginning of the experiment, and Aa* also gradually be-
comes smaller, which is portrayed in the first map of Figure
3. Observers can determine the most unclear stripe gratings
easily, for example, the grating with a contrast value Cj.
The next step is to display four gratings whose contrast and
Aa* are both lower than that of the contrast of the first step
but including C4, which is portrayed in the second map in
Figure 3. Observers identify the most unclear stripes in the
grating again, for example, the grating with the contrast
value C;. Measurements are then carried out with the same
method until observers can barely identify the stripes while
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Figure 3 Method for determining contrast detection thresholds.

increasing the contrast gradually and also when reducing the
contrast. The contrast values are then the contrast detection
thresholds of human vision at that spatial frequency. Meas-
urements are carried out three times for each frequency per
person, and all the measurements are repeated once.

2 Results

Measurements were carried out on 11 observers using the
above method. The relational curve was obtained between
mean contrast sensitivity detection thresholds defined in
two color spaces and spatial frequencies. The maximum
deviation in 11 observers from the average values at each
frequency is given in Figure 4.

3 Discussion

To date, there have been few studies on measurements of
color CSFs with a CRT display. Figure 5 shows the results
obtained in 2004 with a monitor by Owens et al. [3] demon-
strating that human vision is sensitive to various single col-
ors of red, green, blue and yellow on a color background.
The monitor was calibrated with a PR650 chromometer to
the Dgs standard white, whose CIExy value x was 0.3140
and y was 0.3240. The observation distance was approxi-
mately 1 m [3].

By analyzing and comparing the experimental results of
Owens et al.’s study and this study, it can be seen that they
partially resemble each other. The size of the threshold val-
ues is the only thing that differs. Thresholds measured by
Owens et al. were smaller. The differences may be due to
three aspects. The first is that Owens et al. randomly se-
lected a white spot in the Boynton-Macleod color space and
took it as the origin of coordinates, and then selected dif-
ferent color directions as color coordinate values. In our
study, although opposite color was selected in a similar way,
the white spot was selected in the CIELAB and YC,C, color
spaces. Owens et al. did not give a color contrast definition.
The second is that the viewing angle was 8°-11° and Owens
et al. used six frequencies (2.53, 5.29, 9.7, 15.54, 19.39 and
29.09 cpd). The viewing angle in our experiment was
2.4347° and the frequencies were 0.4107, 0.8215, 1.2322,
1.9714, 3.0801, 3.7913, 4.929, 7.041, 9.857 and 16.429 cpd.
The last is that the color target gratings in our measurements
were displayed on a grey background with a luminance of



2430 YaoJ C  Chinese Sci Bull

100 ]—E—redgreen(CIELAB) ’-

> 80 I:i”“\‘l
2
% 60 [
» 0 l?\;_
8 e
5 20 B
S Tt

0

0 2 4 6 8§ 10 12 14 16 18

Spatial frequency (cpd)
100 I = red-green (YCC,) "
= 80
>
b= T+ o
a 60
2 H‘"‘!hﬁ,\
*g‘ 40 —= %
Py I B A S
= k4 —

© T 1®

0

0 2 4 6 8 10 12 14 16 18

Spatial frequency (cpd)

August (2011) Vol.56 No.23

100 i—e—blue-yellow(CIELAB) |'
Z 80
E
2 680
% 40 Ht ﬁ\{
g N
o
S8 =20 %
g
0
0 2 4 6 8 10 12 14 16 18
Spatial frequency (cpd)
100 I o blue-yellow (YCC,) |'
Zz 80
3
2 e0
w
g el
f=
8 20 —0
T\Eh}___;____; o
0

4 6 8 10 12

Spatial frequency (cpd)

14 16 18

Figure 4 Contrast sensitivity to opposite colors of red-green and yellow-blue measured on a grey background in CIELAB and YC,C,, color spaces.
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Figure 5 Contrast sensitivity to red-green and yellow-blue measured under weakly chromatic and chromatic backgrounds by Owens et al. [3].

27.6 cd/mz, while in the measurements of Owens et al., the
gratings were displayed in corresponding weak color or
colored backgrounds to study the contrast sensitivity of
human vision to various single colors of red, green, blue and
yellow [3].

In 2001, Wenzel et al. surveyed the differences in
red-green contrast sensitivity using a monitor between nor-
mal and defective vision, and the results are portrayed in
Figure 6 [5]. Wenzel et al. defined the contrast of red-green
color images using the ratio of the spectral radiance energy
of the dominant wavelength in the opposite color. Because
the goals of their study were mainly to study the differences
between normal and defective human vision, the report did
not give a description of the measurement conditions and
the measurement process in detail. However it may be dis-

covered from Figure 6 that the shape of the curves for the
results from Wenzel et al. are similar to the results from our
study, and the only difference is that the thresholds obtained
by Wenzel et al. were generally higher.

When Nadenau [7] studied the image compression algo-
rithm in 2000, he analyzed the contrast sensitivity of human
vision to red-green and blue-yellow in CIELAB and YC,C,
color spaces, respectively, on a monitor. Fitted results are
portrayed in Figure 7. However, the results are sketchy and
the experimental goal was to study the application of a CSF.
It was not a study of human vision contrast sensitivity per
se. Similarly, measurement conditions and the measurement
process in detail are not described.

We performed a non-linear fitting to our data with a least
squares method and the results are shown in Figure 8.
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Comparing and analyzing our fitted curves with those of
Nadenau shows that the shapes of both curves are the same,
while the CSFs in our measurements were higher than those

Yc,C,

L T

Contrast sensitivity

1= RG Opp
BY O =3 :
10 |':I1'|| pe L L L ELLLL 3 1
05 1 2 5 10 20 30

Spatial frequency (cpd)

August (2011) Vol.56 No.23 2431

from the Nadenau. The second aspect is the mutative ten-
dency of contrast sensitivity values that is basically con-
sistent, but results fitted in Nadenau’s measurements
changed more quickly. In the YC,C;, color space, when the
spatial frequencies were approximately 6 and 14.5 cpd,
contrast sensitivity values for blue-yellow and red-green
colors were smaller than 10. In the CIELAB color space,
when the spatial frequencies were approximately 11 and 8
cpd, contrast sensitivity to blue-yellow and red-green colors
was smaller than 10. In our study, however, spatial frequen-
cies in the corresponding two color spaces were 13 and 22.5
cpd, respectively, and 15 and 21 cpd, respectively, when
contrast sensitivity to blue-yellow and red-green color was
smaller than 10.

4 Conclusions
Comparing previous and current study results, contrast
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detection thresholds were similar but there were some dif-
ferences. Psychophysical measurements of contrast sensi-
tivity in human vision are influenced by many factors, such
as instrument performance, metering equipment precision,
experimental environment conditions and experimental
techniques.
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