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Abstract: Visual evaluation experiments of color discrimi-
nation threshold and suprathreshold color-difference com-
parison were carried out using CRT colors based on the
psychophysical methods of interleaved staircase and con-
stant stimuli, respectively. A large set of experimental data
was generated ranged from threshold to large suprathresh-
old color difference at the five CIE color centers. The visual
data were analyzed in detail for every observer at each
visual scale to show the effect of color-difference magnitude
on the observer precision. The chromaticity ellipses from
this study were compared with four previous published
data, of CRT colors by Cui and Luo, and of surface colors
by RIT-DuPont, Cheung and Rigg, and Guan and Luo, to
report the reproducibility of this kind of experiment using
CRT colors and the variations between CRT and surface
data, respectively. The present threshold data were also
compared against the different suprathreshold data to show
the effect of color-difference scales. The visual results were
further used to test the three advance color-difference for-
mulae, CMC, CIE94, and CIEDE2000, together with the
basic CIELAB equation. In their original forms or with
optimized K, values, the CIEDE2000 outperformed others,
followed by CMC, and with the CIELAB and CIE94 the
poorest for predicting the combined dataset of all color
centers in the present study. © 2005 Wiley Periodicals, Inc. Col Res
Appl, 30, 198-208, 2005; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/c0l.20106
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INTRODUCTION

Various advanced color-difference formulae such as CMC,!
CIEY94,? and the latest CIEDE2000? have been proposed
since the CIELAB# was recommended by the CIE in 1976.
These formulae were originally developed by fitting some
experimental data sets, such as RIT-DuPont,> Witt,® Leeds,’
BFD,? and so on. However, they can only be used under one
“reference” set of viewing conditions, that is, a pair of
samples viewed under a high luminance of daylight simu-
lator with hairline separation against a medium-gray back-
ground. To form a universal color-difference equation for
industrial applications to consider all viewing conditions,
the above formulae can be evaluated by fitting different
visual data obtained under different viewing parameters
such as background colors, separations, textures, media, and
colour difference magnitudes. Though the surface color
industries mainly deal with small color difference, large
color difference is gaining importance nowadays in appli-
cations of color reproduction, industrial design, and color
communication. The present study investigates a wide range
from threshold to large suprathreshold color difference at
the same time.

Two psychophysical experiments dealing with color dis-
crimination threshold and suprathreshold color differences
were conducted using the methods of interleaved staircase
and constant stimuli. In this study, the CRT colors were
used because of their efficiency, time saving, less labor
needed, cheaper cost, and flexibility compared with object-
color samples.?—10

EXPERIMENTAL PROCEDURES

All color stimuli used in this study were generated on a
Sony Multiscan G500 CRT monitor under the control of a
Cambridge Research Systems VSG 2/4 graphics board, with
15-bit luminance-calibrated look-up tables. The CRT dis-
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TABLE I. The CIELAB values for each color center
under the D65 and CIE1931 Standard Colorimetric
Observer conditions.

Color

center L* a* b* c* h°
Gray 61.65 0.11 0.04 0.12 20
Red 44.38 36.91 23.33 43.67 32
Yellow 86.65 —6.92 47.15 47.66 98
Green 56.09 —-32.13 0.44 32.13 179
Blue 35.60 4.83 —30.18 30.56 279

play was first calibrated carefully using the probe equipped
with the VSG system and was verified by the Minolta
CS-1000 spectral radiometer. The display accuracy and
stability of the CRT colors were confirmed in the colori-
metric characterization procedure prior to the whole exper-
iment.

Two experiments, color discrimination threshold and col-
or-difference comparison, were included, both of which
were carried out at the five CIE color centers!!-!? (a Gray, a
Red, a Yellow, a Green, and a Blue in CIELAB color
space). The CIELAB values of these color centers are listed
in Table I. Figures 1(a) to 1(c) show the sample distributions
in CIELAB a*b*, a*L*, and b*L* planes respectively. For
each color center, the stimuli measured were evenly distrib-
uted along 12 directions every 30° in a*b* plane [Fig. 1(a)]
and along 8 directions every 45° in a*L* and b*L* planes
[Figs. 1(b) and 1(c) respectively]. Observations were per-
formed in a darkened booth at a fixed viewing distance of
500 mm from the CRT to the eyes of observers. The
experiment for each color center was separated into three
sessions, one for each plane. Each session, started with a
3-min dark adaptation and a 1-min background adaptation,
lasted less than 25 min. A session of more than 25 min
would cause observer fatigue. A panel of eight observers
with normal color vision took part in the experiments. All
observers were university students and were naive to the
purposes of the experiments, and most of them had no
experience for such observations.

The viewing conditions of the two visual experiments
have been described in detail in the authors’ earlier article.!3
The experimental design is described below.

b* L* L*

30° 45° 45°

a* a* b*

(a) a*b* plane (b) a*L* plane (c) b*L* plane

FIG. 1. Color stimuli distribution in CIELAB space. (a) a*’b*
plane; (b) a*L* plane; (c) b*L* plane.
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FIG. 2. The test stimulus arrangement used in color dis-
crimination threshold experiment. A four-square array, with
0.1° separation and frame, was presented on a 6° back-
ground of center color, surrounded by a bright border of 8°
visual angle, out of which was black screen. See text for
details.

COLOR DISCRIMINATION THRESHOLD
EXPERIMENT

Stimuli

Figure 2 shows the color discrimination threshold experiment.
Each test stimulus is a square array of four 1° X 1° squares
with a small black dividing line of 0.1° visual angle. The
squares, with a black frame of 0.1°, were presented on a 6°
background set as the color of each color center. During the
experiment, only one of the four squares was set as the test
color and the remaining three squares to have the same color as
the background. The visual subtended angle of the test stimu-
lus at the center of CRT was about 2°, so that the CIE1931
Standard Colorimetric Observer (or 2° observer) was used in
calculations. As illustrated in Fig. 2, the pattern was sur-
rounded by a white border of 8°, with a luminance of 100
cd/m? and the chromaticity of D65. This border was displayed
to define the white point for the test pattern and to have the
CRT stimuli appear as simulated surface colors'# or related
colors rather than aperture colors. Outside of the white border
was black screen.

Procedure

Each assessment had 2 sec, including two periods of 200 ms
for showing background color and subsequently showing a
black gap before and after the 1200-ms presentation of test
stimulus. The responding time generally was less than 2 sec for
all observers so that observer judgment was not influenced by
the limited time for presenting test stimuli. The background
color and black gaps between trials effectively prevented the
possible cues from affecting the observer judgment caused by
the color changing process and observer’s adaptation to the
stimulus color. During gaps all areas, including the background
and the four-square array, were covered with black except for
the surrounding border, which remained to hold the complete
adaptation of the observer to the white point.
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FIG. 3. The test stimulus paradigm used in color-differ-
ence comparison experiment. The construction was almost
the same as that described in the legend to Fig. 2, except
that two color pairs were presented at the center of the
background, which color was set as Munsell N5 instead of
the test center color. See text for details.

In each trial, the test color was presented on one of the four
squares selected randomly by the software, with the other three
squares remaining the same color as the background. The test
color was determined according to the predicted color distance
from the test color center by the psychophysical method of
staircase. Each test color was assessed 3 times by each indi-
vidual from a panel of eight observers as mentioned earlier. To
avoid possible bias by observers from the presentation se-
quence of test stimuli, an interleaved staircase method was
used. Each session involved a group of stimuli in four ran-
domly selected directions with random presentation sequence.
In the initial trial of the staircase, an obviously discriminable
step was presented. The step size then decreased systematically
until a criterion value, determined by pilot experiments to
produce an efficient staircase, was reached to generate 10
repeats. The averages of the 10 reversals were calculated as
thresholds.

The visual task of the observer was to judge the position
of the square where a color different from the background
color was perceived and then to press the corresponding key
on the keyboard as his/her response; this stored the result
and started the next trial. The step size changed systemati-
cally, but the levels of color discrimination threshold are
different in individual directions for every observer, so the
numbers of steps were not the same in different color
directions for each observer; the mean steps were about 30.
In total, 12,600 observations were carried out by each
individual observer, that is, 28 directions X 3 assess-
ments X 30 steps X 5 color centers.

COLOR-DIFFERENCE COMPARISON EXPERIMENT
Stimuli

Figure 3 illustrates the arrangement of the test stimulus
pattern in color-difference comparison experiment. The
stimulus arrangement was similar with that used in the
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previous staircase experiment for color discrimination
threshold, except that at the center of the 6° background
were two color pairs instead of the square array and that the
background here was set to Munsell N5 neutral gray with
the chromaticity of D65. The two color pairs, designated as
reference and test pair respectively, consisted of two 1°X 1°
squares in upper and lower positions, with a black frame of
0.1° and a separation of 0.5° visual angle between them. The
total visual angle of these two pairs was 2.7° (width) X 2.3°
(height), so also met the demand for applying CIE1931
colorimetric system to calculations.

One color of the reference pair was selected as gray with
the chromaticity of D65 and a lightness (CIE Y) of 30, the
same as the CIE Gray, and the second color differed from it
along +L* axis in CLELAB space. Thus the color differ-
ences of the reference pair was only the luminance varia-
tions (+AL*) or called gray scales along +L* axis of
CLELAB space. For the test pairs, the color differences
were the selected color distances from the test color centers
according to a predetermined step size by a pilot experi-
ment. Hence the test pairs were formed by the center colors
and those stimuli evenly distributed around them in the
CIELAB color space.

Procedure

In color-difference comparison experiment, every trial of
observations began with a 200-ms gap and ended at receiv-
ing the response from each observer with no time constrain,
so the duration of one trial was different for individual
observers. During gaps only the reference and test pairs
were replaced by black colors, whereas the surrounding
border and background were remained there for each ob-
server to maintain the complete adaptation to the white
point and background throughout the entire experiment.

This experiment was designed based on the principle of
the psychophysical method of constant stimuli (MCS). The
test stimuli were chosen via a pilot experiment, so that the
color differences of the test pairs ranged from ‘“always
judged to be greater than the reference” to “never judged to
be greater than the reference,” with the majority lying
between these two extremes.'? Each observer was asked to
judge whether the color difference of test pair was greater or
less than that of reference pair and then to enter the answer
via a keyboard. The judgments were repeated sufficient
times to assign each test pair a probability of being judged
to have a color difference greater than the reference pair. An
iterative algorithm called probit analysis,>!>-1® a maximum-
likelihood model that relates experimental response func-
tions to occurrence probability estimates, was used to find
the most precise estimate at the tolerance of 50% rejection
probability. This corresponded to the color-difference value
visually equivalent to the reference color difference.

The color difference of the reference pair was set as 4, 8,
and 12 CIELAB AE units as the reference scales in the
present study. Each test pair was assessed 20 times, carried
out in two separate sessions with random orders of color
stimulus presentation, by individuals on a panel of eight
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TABLE II. Observer precision for individual observers and each visual scale from the staircase experiment for
color discrimination threshold and the MCS experiment for suprathreshold color difference.

Experiment Visual scale DK YK YT KF IN HT NM KS Mean
All All scales 18 25 25 35 19 22 18 34 24
Staircase Threshold 22 38 28 31 26 32 27 37 30
AV =4 15 25 17 41 12 14 11 12 18
- AV =8 11 21 11 31 14 17 11 6 15
MCS (Method of Constant Stimuli) AV = 12 12 17 16 31 16 17 17 10 17
Mean 13 21 15 34 14 16 13 9 17
Mean All scales 15 25 18 34 17 20 16 16 20
observers as used earlier. During the experiment, the stim- X, Y,
ulus arrangements of the left or right position of the refer- F= E? / 2)7, (6)

ence and test pair and of the upper or lower position in the
two color pairs were all randomly arranged in different trials
to avoid any experimental bias. For each color center, each
direction for each reference scale, nine test pairs, corre-
sponding to nine color stimuli distributed in this direction,
were compared with the reference pair. Following the sta-
tistical method of probit analysis, the equal color-difference
contours for each of the reference visual scales, 4, 8, and 12
CIELAB AE units, were obtained, which are analyzed under
RESULTS AND DISCUSSION.

In total, 75,600 observations were carried out by each
observer, that is, 28 directions X 9 pairs X 20 observa-
tions X 5 color centers X 3 magnitudes.

RESULTS AND DISCUSSION
Performance Factor

In this study, a performance factor (PF), first devised by Luo
and Rigg!” and then modified to PF/3 by Guan and Luo!8 as
given in Eq. (1), was adopted to ease the comparison be-
tween two sets of data.

PF/3 = 100[(y — 1) + Vs + CV/1001/3, (1

where CV and (Gamma) were proposed by Coates et al.,'”
and VAB derived by Schultz,?° respectively, and their def-
initions are as follows.

1 2
VW2 X =)

CcvV X 100,

2

and

and

Volume 30, Number 3, June 2005

where N is the number of compared pairs, and X; and Y; are
values of pair i. The PF/3 measure indicates a disagreement
in percentage between two sets of data, such as the observer
precision between the visual results of individual observers
and the mean of the values for the panel of eight observers.
A higher PF/3 value implies a worse agreement between
datasets, and a PF/3 of 30 indicates a disagreement of about
30%.

Observer Precision

As mentioned above, the observer precision in PF/3 mea-
sure was calculated between each observer’s and the mean
visual results for each visual scale from the staircase exper-
iment for color discrimination threshold and the MCS ex-
periment for suprathreshold color difference, as listed in
Table II. The mean value of precision for all observers was
24 PF/3 units ranging from 18 to 35 for the most and least
precise observers, respectively. The mean error for all visual
scales was 15 to 34 with a typical value of 20 PF/3 units.
These results were somewhat better than those found by Cui
and Luo?!?2 with CRT colors and by Guan and Luo!823
with surface colors, which all were based on the psycho-
physical experiments using gray-scale method. This agrees
with the study on comparison of constant stimuli and gray-
scale methods for color difference scaling by Montag and
Wilber.?*

The observer precisions for individual scales of suprath-
reshold color difference from MCS experiment were not
very different (with a mean value of 17 PF/3 units ranging
from 9 to 34 for all observers) and were obviously superior
to those of the threshold (22 to 38 with a mean of 30 PF/3
units) from staircase experiment. This indicates that the
suprathreshold judgments showed greater precision compar-
ing to the color discrimination threshold and that different
suprathreshold magnitudes hardly affect the observer preci-
sion. The different observer variations for threshold and
suprathreshold color difference should be because of the
different psychophysical methods used in the two experi-
ments, which implies that the method of constant stimuli is
more precise or repeatable than the staircase method. In any
case, these overall precisions are thought to be typical for
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TABLE Ill. Comparison of chromaticity ellipses at threshold with those for suprathreshold color difference.

Average Scaling
Visual scale Center A A/B (C] V7AB TAB factor PF/3
Grey 2.53 2.98 115 2.60
Red 3.19 2.84 76 3.36
Threshold Yellow 2.80 2.04 92 3.47 2.97 1.00
Green 3.26 3.42 136 3.12
Blue 2.11 2.67 110 2.29
Grey 5.46 1.96 115 6.91 12
Red 8.79 1.61 75 12.28 13
AV = 4 Yellow 9.19 2.00 103 11.53 11.64 0.25 19
Green 13.67 2.1 169 16.69 21
Blue 10.29 2.85 120 10.81 21
Mean 17
Grey 9.73 2.10 114 11.90 36
Red 14.68 1.69 83 20.02 22
AV = 8 Yellow 16.50 2.25 98 19.50 18.29 0.16 9
Green 17.24 1.68 153 23.60 18
Blue 15.37 2.75 123 16.43 16
Mean 20
Grey 12.47 1.84 114 16.28 36
Red 19.64 1.93 78 25.07 20
AV = 12 Yellow 23.37 2.31 101 27.24 24.13 0.12 14
Green 24.38 1.80 135 32.19 20
Blue 18.30 2.66 120 19.89 21
Mean 22

such visual experiments using the method of staircase and
constant stimuli.?!

Magnitude Effect of Color Difference on Chromaticity
Ellipse

The experimental results from this study were also fitted as
chromaticity ellipses. The parameters for each ellipse, in terms
of semimajor axis (A), ratio of semiaxes (A/B), orientation
angle (), and the square root of ellipse area, are given in Table
III. The ellipses for all color-difference scales, together with
those most inner ones of threshold, at the five color centers in
a*b* plane are presented in Fig. 4. The qualitative analysis can
be found in the author’s earlier article.'® A quantitative method
developed by Strocka er al.>> was also used to compare the
predicted AE values between two ellipse equations. Five hun-
dred color-difference pairs were randomly generated and their
AFE values were calculated, respectively, using the two ellipse
equations compared. The sizes of all five ellipses for each
suprathreshold magnitude were adjusted by a single scaling
factor, 0.25, 0.16, and 0.12 for AV = 4, 8, and 12 CIELAB AE
units respectively, to have the same scale as the threshold
ellipses. The results are also given in Table III in terms of the
PF/3 measure.

At Gray and Red centers, the prediction errors by ellipse
equations for visual scale (AV) of 4 CIELAB AE units were
better than those for AV of 8 or 12. For other centers, there
was no clear tendency. The mean variations for all color
centers were 17, 20, and 22 for AV of 4, 8, and 12, respec-
tively, with a weak sequence from worse to better as the
visual scale changing from small to large, though there was
no great difference of disagreement. The overall predicting
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accuracy of AE is considered to be good comparing to the
observer precision of 24 PF/3 units.

Comparison with Other Studies

The visual data produced by the present CRT experiments
were further compared with four previous published data-

80
60 - :
40 i
*
O
-20
\
-40
-40 200 0 20 40 6()
a %
FIG. 4. Chromaticity ellipses for all visual scales at the five

color centers plotted in a*b* plane. At each color center,
from inner to outer are threshold, visual scales of 4, 8, and 12
CIELAB AE units, respectively.
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TABLE IV. Comparison between visual results of this study and the previous published data of Cui and Luo,

RIT-DuPont, Cheung and Rigg, and Guan and Luo.

Average Scaling
Data set Center A A/B 0 V7AB V7AB factor PF/3
Cui and Luo AE}, ~ 2.5 (compared Grey 1.12 1.69 109 1.53 10
with the present study at AV = 4)
Red 2.99 2.01 35 3.74 12
Yellow 2.28 1.81 85 3.01 2.95 3.95 26
Green 2.83 217 172 3.41 9
Blue 2.98 3.01 124 3.05 32
Mean 18
RIT-DuPont AE}, ~ 1.0 (compared with Grey 1.33 1.53 102 1.90 24
the present study at threshold)
Red 2.39 1.71 37 3.25 22
Yellow 2.18 1.71 78 2.88 2.91 1.02 15
Green 2.44 1.86 169 3.17 18
Blue 3.43 3.29 119 3.35 23
Mean 20
Cheung and Rigg AE}, ~ 3-4 Grey 0.97 1.66 90 1.34 7
(compared with the present study at
AV = 4)
Red 2.72 2.18 40 3.26 23
Yellow 3.24 2.07 101 3.99 3.17 3.68 25
Green 2.87 2.27 176 3.37 33
Blue 4.32 3.90 119 3.88 34
Mean 24
Guan and Luo (GHM mode) AE}, ~ 13 Grey 1.49 1.43 127 2.20 8
(Compared with the present study at
AV = 12)
Red 1.85 1.32 59 2.86 10
Yellow 1.80 1.29 112 2.80 2.75 8.79 23
Green 2.02 1.28 157 3.16 11
Blue 1.76 1.33 106 2.71 17
Mean 14
sets of Cui and Luo2!22 with CRT colors, and RIT-DuPont,>
Cheung and Rigg,?® and Guan and Luo?® with surface
colors. The average ellipse parameters from the above ear- 80
lier studies are summarized in Table IV. The aims of these
comparisons are to analyze the reproducibility of this kind 60"

of visual experiments using CRT colors and the variations
between CRT and surface data.

Reproducibility of Experimental Data Using CRT
Colors

According to the detailed experimental conditions, the vi-
sual results for AV = 4 of this study were considered to be
comparable with Cui and Luo’s CRT data with an average
color difference of about 2.5 CIELAB AE units. Table IV
shows that, although the size of ellipses from the two studies
were rather different, the orientations (6) and shapes (A/B)
were very near, considering the different viewing parame-
ters used in the individual experiments, except for the Red
center, at which a discrepancy was seen in the 6 value.
The Strocka method was again used to compare the two
sets of ellipse equations from the present and Cui and Luo’s
studies. The sizes of all five ellipses in Cui and Luo data set
were adjusted by a single scaling factor of 3.95 to have the
same scale as the present ellipses of AV = 4. The visual
comparison can be seen in Fig. 5, in which the adjusted
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FIG. 5. The visual comparison between the adjusted el-
lipses of the Cui and Luo data set with an average color
difference of about 2.5 CIELAB AE units (dashed line) and
those of AV = 4 from this study (solid line) in a*b* plane for
all color centers.
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ellipses of Cui and Luo data set, plotted in dashed line, are
drawn with those of AV = 4 from this study, in solid line,
for all color centers. The quantitative comparison results are
also given in Table IV in terms of PF/3 measure. The mean
variation for the all five centers was 18, which shows the
present data agrees well with those of Cui and Luo com-
paring to the observer precision of 24 and the present
suprathreshold prediction accuracy of 17 PF/3 units for
AV = 4 against threshold. The above analysis indicates that
the reproducibility of visual evaluation experiments using
CRT colors is good.

Variations between CRT and Surface Data

The RIT-DuPont data, with an average color difference of
about 1.0 CIELAB AE units using surface colors, were com-
pared with the threshold data of this study. Generally, as listed
in Table IV, the ellipse shapes (A/B) of the present study were
more elongated than those of RIT-DuPont except for Blue
center, at which the case was opposite. The orientations (6)
were similar for the two sets of ellipses. The sizes of the
RIT-DuPont ellipses were almost the same as those of thresh-
old from this study, which resulted in a scaling factor of 1.02,
the nearest to 1.0 among the four compared data sets. The
graphical presentations of the two sets of ellipses in Figs. 6(a)
to 6(e) at the five color centers, respectively, give the same
story. The evaluation with Strocka method resulted in a mean
PF/3 value of 20, which is only a little worse than that between
the CRT data of Cui and Luo and the present AV = 4. Thus the
threshold data of this study based on CRT display agree well
with the RIT-DuPont data using surface colors, consistent with
the qualitative analysis.

The average color difference of Cheung and Rigg data set
was about 3—4 CIELAB AE units, so it was compared with the
present visual results for AV = 4. The Cheung and Rigg ellipse
at Blue center was rather elongated comparing to the present
one, which resulted in a relatively large prediction error of 34
PF/3 units as estimated using Strocka method at a large scaling
factor of 3.68. But the mean value of 24 for all color centers
implied a satisfactory agreement between the CRT and surface
data. Figure 7 illustrates the comparison between Cheung and
Rigg ellipses with about 3-4 CIELAB AE units and the
present ones of AV = 4 for all color centers.

The study of Guan and Luo for large color difference,
with a mean of about 13 CIELAB AE units, included several
viewing parameters, in which the data of GHM mode (Grey
background, Hairline separation, and medium luminance)
were considered to be comparable with the present ellipses
for AV of 12 CIELAB AE units, although the chromaticity
values of the color centers were not the same as the present
ones. The very large scaling factor of 8.79 reflects on the
rather different ellipse areas between the two datasets com-
pared. However, the least mean PF/3 value of 14, among the
four earlier studies, shows a very good consistency between
the Guan and Luo data in GHM mode and the present AV =
12 data, as can be seen in Fig. 8.

In conclusion, the variations between CRT and surface
data were 1424 PF/3 units, which cannot be thought to be
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serious as compared with that between CRT data of 18 and
the total observer precision of 24. This indicates that the
CRT colors can be used conveniently in visual experiments
with no obvious disadvantage.

Testing Color-Difference Formulae

Three advanced color-difference formulae, CMC, CIE9%4,
and CIEDE2000, together with the basic CIELAB equation
were tested with respect to their performance in predicting
different magnitudes of suprathreshold color difference
from the MCS experiment at the five CIE color centers. The
comparisons between color differences (AE) predicted by
individual formula and the corresponding visual scales (AV)
of 4, 8, and 12 CIELAB AFE units were carried out by two
methods: the first was to evaluate each formula using its
original form with K; = K. = K, = 1, and the second
using an optimized K, value with K~ = K, = 1 to give the
best fit to the visual scales. The test results, in terms of PF/3
measure, for each color center and individual formula and
for individual visual scale AV (only in formulae’s original
form) and the combined data set of all suprathreshold color
differences, respectively, are summarized in Table V with
the best performance in each case printed in bold font for
ease of comparison.

For the performance with the original forms of all color-
difference formulae, the detailed analysis has been partly
described in the authors’ previous article.!*> The ellipses
predicted by the three advanced color-difference equations,
CMC, CIEY94, and CIEDE2000, at all color centers are
presented in Figs. 9, 10, and 11, respectively, for compari-
son with those of the basic CIELAB formula in Fig. 4. The
CIEDE2000 outperformed all other formulae by a large
margin at Grey, Yellow, and Blue center. It is worth point-
ing out that all formulae performed almost worst at Blue
center among individual centers, but CIEDE2000, due to the
rotation item involved in its equation, still showed excellent
performance, even better than at Red and Green centers. At
Red center, CIEDE2000 was only slightly poorer than the
best CIE94. At the Green center, the performance differ-
ences among all formulae were small, but the CIEDE2000
was just better than the poorest CIE94. The poorest perfor-
mance of CIE94, even worse than CIELAB at most centers
except for the Red center, implies partly the influence of
viewing parameters in this study, which differed from its
original reference condition. For the combined data set of all
color centers, the CIEDE2000 again performed best, and
CMC was only somewhat poorer than the former. This
confirms the effective improvement of this latest equation of
CIEDE2000 and, meanwhile, the good prediction ability of
CMC for large color differences.

The color-difference predicting performances of different
formula at each AV of 4, 8, and 12 CIELAB AE units are
consistent with those for the combined data set of all visual
scales. For different visual scale, each formula performed
similarly in general, but the PF/3 results were not the same
for different formula and at different color center. At Gray
center, the performances of all formulae were better for
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FIG. 6. Variations between the ellipses of threshold data using CRT stimuli in this study (solid line) and of RIT-DuPont data
with an average color difference of about 1.0 CIELAB AE units using surface colors (dashed line) at the CIE color centers of
(@) Gray, (b) Red, (c) Yellow, (d) Green, and (e) Blue.

small color differences than large ones, that is, their PF/3 better at smaller color difference at Gray and Yellow cen-
values became larger with the visual scale changing from 4, ters, whereas at Blue center the order of its performance was
passing by 8, and the on to 12. The CIELAB performed in reverse, that is, the larger the visual scale, the smaller the
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FIG. 7. Comparison between Cheung and Rigg ellipses
with an average color difference of about 3-4 CIELAB AE
units (dashed line) and the present ones of AV = 4 (solid line)
for all color centers.

PF/3 value. At the Red center, all formulae performed best
for AV of 4 and worst for AV of 8, with the AV of 12
between them. The orders of PF/3 values for CMC and
CIE94 formulae were always the same with each other at
any color center, and those for CIEDE2000 were very
different at all centers. The above analysis indicates that the
effects of color-difference magnitude on the prediction per-
formance of different formula are different due to their
various modal configurations.

Using the individual optimized K, values for each color
center and each formula, the performances of all formulae
except CIELAB were improved to some different extents.
This reflects on the poor structure of CIELAB system and
the correlation between the values of parametric factors and
the practical viewing condition. The optimized K, values of
each formula were different for individual color centers. In
general, for all equations the K, values were greatest at
Green center, followed by Gray and the two very similar
Yellow and Blue centers. At the Red center, the K, values
were the least and all less than one as in their original forms.
This indicates that these formulae predicted color differ-
ences with rather different performances in different color
regions, which further implies the uniformity of correspond-
ing colorimetric space is poor. The limited improvement of
the overall performance for all equations, especially for
CMC (32.8 to 32.3 PF/3 units), with optimized K, shows
that they were not so sensitive to K, parameters (at least for
the present data set). However, for the combined data set
from all centers, the performance sequence form best to
poorest was hardly changed, that is, CIEDE2000, CMC,
CIE94, and CIELAB, in which only CIELAB fell from third
to the last position and exchanged with CIE94 compared
with those in their original forms.
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The CIEDE2000 color-difference formula is recommended
for use with the CIE 10° color-matching functions and for the
color differences under 5 CIELAB AE units. Whereas the
performance evaluation here shows that this equation outper-
formed all other formulae in most cases even under these
changed conditions of CIE 2° color-matching functions and the
large range of color differences from threshold to 12 CIELAB
AF units as the maximum in this study. However, it is worth
pointing out that these tests in this articles cannot be assumed
simply to fully validate this formula for use in large color
difference computations, because there are some mathematical
discontinuities in the CIEDE2000 computation that may be
significant for large color differences.?’

Except for CIEDE2000 formula at Gray, Yellow, and Blue
centers and CMC at Gray, Yellow, and Green centers, most
PF/3 values of all equations at each center were rather large in
comparison with the total observer precision of 24. This indi-
cates that these CIELAB-based advanced color-difference for-
mulae are far from the final goal, in the authors’ opinion, and
just the timely but important achievements leading to the ideal
aim for industrial color-difference evaluation.

CONCLUSIONS

A new visual data set at the scale of threshold to large
suprathreshold color difference at the five CIE color centers
in CIELAB space was generated using CRT colors based on
the psychophysical method of interleaved staircase and con-
stant stimuli, respectively. Detailed analysis shows that the
observer precision at threshold was inferior to that of su-
prathreshold color difference, which implies the difficulty in
color discrimination judgment and that the psychophysical

60

40

pl Sty

20

FIG. 8. The ellipse comparison between the Guan and Luo
data in GHM mode with a mean color difference of about 13
CIELAB AE units (dashed line) and the present AV = 12 data
(solid line) for all color centers.
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TABLE V. Performance of color-difference formulae in terms of PF/3 measure for individual color centers.

Color center AV CIELAB CMC CIE94 CIEDE2000
Original form with K, = Ko = K, = 1
Grey 4 24.9 15.8 25.6 14.3
8 26.0 16.1 26.7 15.1
12 27.0 171 28.0 17.6
All 29.7 23.4 30.7 21.4
Red 4 30.9 27.4 25.0 26.1
8 39.7 36.1 31.7 33.7
12 32.2 30.6 29.9 30.0
All 39.2 35.9 34.2 34.2
Yellow 4 25.4 19.5 36.1 17.8
8 26.0 18.1 34.7 15.3
12 27.8 19.5 34.8 16.3
All 30.0 22.4 38.1 19.6
Green 4 22.1 16.2 19.9 18.1
8 18.4 16.0 21.8 20.5
12 21.5 25.3 31.6 30.0
All 27.7 26.6 31.8 29.5
Blue 4 27.7 30.6 33.5 17.4
8 27.2 29.9 32.1 17.0
12 25.1 30.5 32.6 19.3
All 33.5 36.2 38.8 24.8
All centers All 38.0 32.8 39.4 32.6
Optimized K, with K¢ = K,, = 1
Grey K. 1.18 1.38 1.17 1.36
PF/3 26.2 24.3 27.0 18.5
Red K. 0.68 0.82 0.63 0.76
PF/3 29.9 34.3 42.7 35.4
Yellow K. 1.38 0.99 1.05 0.88
PF/3 33.9 22.6 36.0 22.8
Green K. 1.61 1.43 1.20 1.50
PF/3 37.7 26.5 28.8 27.6
Blue K. 0.87 1.21 0.81 0.88
PF/3 33.7 31.7 46.2 28.3
All centers K. 1.23 1.22 1.05 1.21
PF/3 40.0 32.3 38.4 31.5
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FIG. 9. Chromaticity ellipses predicted by CMC color- FIG. 10. Chromaticity ellipses predicted by CIE94 color-
difference equation with its original form at all the five CIE difference equation with its original form for all color centers
color centers plotted in a*b* plane. plotted in a*b* plane.
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FIG. 11.  Chromaticity ellipses predicted by CIEDE2000

color-difference equation with its original form for all color
centers plotted in a*b* plane.

method of constant stimuli is more accurate or repeatable
than the staircase method.

The experimental data in this study were compared with
other four previous studies: CRT data by Cui and Luo,
surface data by RIT-DuPont, Cheung and Rigg, and Guan
and Luo. The results indicate that the reproducibility of
average 18% for such kind of visual experiments using CRT
colors is rather good and that the CRT data agree well with
the surface data, with the mean variations of 14-24%. This
suggests that CRT display is a convenient and reliable tool
indeed in color vision study.

Three CIELAB-based color-difference formulae were
tested using the new data set produced in this study. The
CIEDE2000 and CMC equations outperformed CIE94 and
CIELAB for the combined dataset of all color centers, no
matter in their original forms or with K, optimized. The
former two formulae performed very similarly, but
CIEDE2000 was the best among all formulae, particularly at
Blue and Gray centers. In addition, the PF/3 values of all
formulae at different visual scales indicate that the effects of
color-difference magnitude on the prediction performance
of individual formula are rather different because of their
various modal configurations. However, the different opti-
mized K, values at each center and the relatively low
prediction accuracy of all equations suggest the further
progress in industrial color-difference study.
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